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SYSTEM AND METHOD OF PREDICTING GAS SATURATION OF A

FORMATION USING NEURAL NETWORKS

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] None.

BACKGROUND

[0002] In the oil and gas industry, there is an increasing emphasis on
estimating geophysical parameters, such as gas saturation, by nuclear
interrogation of the formation surrounding the borehole. While techniques have
been developed to estimate geophysical parameters based on nuclear
interrogation, any improvement in the processing of logging data obtained by
nuclear interrogation that makes predictions of geophysical parameters more
accurate, faster and/or less expensive to implement provides a competitive
benefit.

BRIEF DESCRIPTION OF THE DRAWINGS
[0003] For a detailed description of exemplary embodiments, reference will now
be made to the accompanying drawings in which:
[0004] Figure 1 shows a system in accordance with at least some
embodiments;
[0005] Figure 2 shows a simplified cross-sectional view of a logging tool in
accordance with at least some embodiments;
[0006] Figure 3 shows a plurality of graphs of count rate as a function of time in
accordance with at least some embodiments;
[0007] Figure 4 shows an alternative representation of gamma count rate decay
curves in accordance with at least some embodiments;
[0008] Figure 5 shows a neural network in accordance with at least some
embodiments;
[0009] Figure 6 graphically represents application of count values in time bins to
respective input nodes of a neural network in accordance with at least some

embodiments;
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[0010] Figure 7 shows post-processing of the outputs of a neural network in
accordance with at least some embodiments;
[0011] Figure 8 shows a computer system in greater detail in accordance with at
least some embodiments; and
[0012] Figure 9 shows a method in accordance with at least some
embodiments.

NOTATION AND NOMENCLATURE
[0013] Certain terms are used throughout the following description and claim to
refer to particular system components. As one skilled in the art will appreciate,
oilfield service 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.
[0014] 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.

[0015] “Gamma” or “gammas” shall mean energy created and/or released due to
neutron interaction with atoms, and in particular atomic nuclei, and shall include
such energy whether such energy is considered a particle (i.e., gamma particle)
or a wave (i.e., gamma ray or wave).

[0016] “Gamma count rate decay curve” shall mean, for a particular gamma
detector, a plurality of count values, each count value based on gammas counted
during a particular time bin. The count values may be adjusted up or down to
account for differences in the number of neutrons giving rise to the gammas or
different tools, and such adjustment shall not negate the status as a “gamma

count rate decay curve.”
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DETAILED DESCRIPTION

[0017] 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,
and not intended to intimate that the scope of the disclosure, including the claims,
is limited to that embodiment.

[0018] Figure 1 illustrates a nuclear logging system 100 constructed in
accordance with a least some embodiments. In particular, system 100 comprises
a logging tool 10 placed within a borehole 12 proximate to a formation 14 of
interest. The tool 10 comprises a pressure vessel 16 within which various
subsystems of the tool 10 reside, and the pressure vessel 16 is suspended within
the borehole 12 by a cable 18. Cable 18, in some embodiments a multi-
conductor armored cable, not only provides support for the pressure vessel 16,
but also communicatively couples the tool 10 to a surface telemetry module 20
and a surface computer 22. The tool 10 may be raised and lowered within the
borehole 12 by way of the cable 18, and the depth of the tool 10 within the
borehole 12 may be determined by depth measurement system 24 (illustrated as
a depth wheel). In some embodiments, the pressure vessel 16 may be covered
with a thermal neutron absorptive coating 26 (the thickness of which is
exaggerated for clarity of the figure); however, in other embodiments the thermal
neutron absorptive coating may be only partially present, omitted altogether, or
may be in the form of a polymeric sleeve telescoped over the pressure
housing 16.

[0019] Figure 2 shows a simplified cross-sectional view of the logging tool 10 to
illustrate the internal components in accordance with at least some embodiments.
In particular, Figure 2 illustrates that the pressure vessel 16 houses various
components, such as a telemetry module 200, borehole shield 202, a plurality of
gamma detectors 204 (in this illustrative case three gamma detectors) configured

to more favorably receive gammas from the formation, computer system 206, a
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neutron shield 208 and a neutron source 210. While the gamma detectors 204
are shown above the neutron source 210, in other embodiments the gamma
detectors may be below the neutron source. Short gamma detector 204C, in
some embodiments, may be on the order of 12 inches from the neutron
source 210. The far gamma detector 204B may be on the order of 24 inches
from the neutron source 210. Finally, long gamma detector 204A may be on the
order of 36 inches from the neutron source 210. Other spacings may be
equivalently used. The favorability of gamma detectors 204 to formation-sourced
gammas is created, at least in part, by the shield material 202, which may be a
high density material (e.g., HEVIMET® available from General Electric Company
of Fairfield, Connecticut).

[0020] In some embodiments the neutron source 210 is a Deuterium/Tritium
neutron generator. However, any neutron source capable of producing and/or
releasing neutrons with sufficient energy (e.g., greater than 10 Mega-Electron
Volt (MeV), and in some cased about 14 MeV) may equivalently used. The
neutron source 210, under command from a surface computer 22 or computer
system 206, generates and/or releases energetic neutrons. In order to reduce
the eradiation of the gamma detectors 204 by energetic neutrons from the
neutron source 210, the neutron shield 208 separates the neutron source 210
from the gamma detectors 204. The neutron shield may be constructed of a high
density material (e.g., HEVIMET®). Because of the speed of the energetic
neutrons (e.g., 30,000 kilometers second and/or more), and because of collisions
of the neutrons with atomic nuclei that change the direction of movement of the
neutrons, a neutron flux is created around the logging tool 10 that extends into
the formation 14.

[0021] Neutrons generated and/or released by the source 210 interact with
atoms by way of inelastic collisions and/or thermal capture. In the case of
inelastic collisions, a neutron inelastically collides with atomic nuclei, a gamma is
created (an inelastic gamma), and the energy of the neutron is reduced. The
neutron may have many inelastic collisions with the atomic nuclei, each time
creating an inelastic gamma and losing energy. At least some of the gammas
created by the inelastic collisions are incident upon the gamma detectors 204.
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One or both of the arrival time of a particular gamma and its energy may be used
to determine the type of atom with which the neutron collided, and thus
parameters of the formation.

[0022] After one or more inelastic collisions (and corresponding loss of energy)
a neutron reaches an energy known as thermal energy (i.e., a thermal neutron).
At thermal energy a neutron can be captured by atomic nuclei. In a capture event
the capturing atomic nucleus enters an excited state and the nucleus later
transitions to a lower energy state by release of energy in the form of a gamma
(known as a thermal gamma). At least some of the thermal gammas created by
thermal capture are also incident upon the gamma detectors 204. One or both of
the arrival time of a particular gamma and its energy may be used to determine
the type of atom into which the neutron was captured, and thus parameters of the
formation 14.

[0023] Sitill referring to Figure 2, the gamma detectors 204 detect arrival and
energy of gammas. Referring to gamma detector 204A as indicative of all the
gamma detectors 204, a gamma detector comprises an enclosure 212, and within
the enclosure 212 resides: a crystal 216 (e.g., a three inch by four inch
yttrium/gadolinium silicate scintillation crystal); a photo multiplier tube 218 in
operational relationship to the crystal 216; and a processor 220 coupled to the
photomultiplier tube 218. As gammas are incident upon/within the crystal 216,
the gammas interact with the crystal 216 and flashes of light are emitted. Each
flash of light itself is indicative of an arrival of a gamma, and the intensity of light is
indicative of the energy of the gamma. The output of the photomultiplier tube 218
is proportional to the intensity of the light associated with each gamma arrival,
and the processor 220 quantifies the output as gamma energy and relays the
information to the surface computer 22 (Figure 1) by way of the telemetry
module 200, or to the computer system 206 within the tool.

[0024] Figure 3 shows a plurality of graphs as a function of corresponding time
in order to describe how the gamma arrivals are recorded in accordance with at
least some embodiments. In particular, Figure 3 shows a graph relating to
activation of the neutron source 210, as well as gamma count rates for the short
detector 204C, the far detector 204B, and the long detector 204A. The graph
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with respect to the neutron source 210 is Boolean in the sense that it shows when
the neutron source is generating and/or releasing neutrons, and when the
neutron source is not. In particular, with respect to the neutron source graph, the
neutron source is generating and/or releasing neutrons during the asserted
state 300, and the neutron source is off during the remaining time. In accordance
with the various embodiments, a single interrogation (at a particular borehole
depth) comprises activating the neutron source for a predetermined amount of
time (e.g., 80 microseconds) and counting the number of gamma arrivals at each
of the detectors not only during the activation time of the neutron source, but also
for a predetermined amount of time after the source is turned off. In at least
some embodiments, the total amount of time for a single interrogation (i.e., a
single firing of the neutron source and the predetermined amount of time after the
neutron source is turned off) may span approximately 1250 microseconds, but
other times may be equivalently used.

[0025] Sitill referring to Figure 3, with respect to counting gamma arrivals by the
gamma detectors 204 and 206, the interrogation time is divided into a plurality of
time slots or time bins. With reference to the graph for the short detector 204C as
illustrative of all the gamma detectors, the interrogation time is divided into 61
total time bins. In accordance with at least some embodiments, the first 32 time
bins each span 10 microseconds, the next 16 time bins each span 20
microseconds, and the remaining time bins each span 50 microseconds. Other
numbers of time bins, and different time bin lengths, may be equivalently used.
Each gamma that arrives within a particular time bin increases the count value of
gammas within that time bin. While in some embodiments the actual arrival time
of the gammas within the time bin may be discarded, in other embodiments the
actual arrival may be retained and used for other purposes. Starting with time
bin 0, each gamma detector counts the gamma arrivals and increases the count
value for the particular time bin for each gamma arrival. Once the time period for
the time bin expires, the system starts counting anew the arrivals of gammas
within the next time bin until count values for all 61 time bins have been obtained.
In some cases, the system starts immediately again by activating the neutron

source and counting further time bins; however, the count values within each time
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bin (for a particular borehole depth) are recorded either within the tool 10 by
computer system 206, or by way of the surface computer 22.

[0026] lllustrative count values for each time bin are shown in Figure 3 as dots
in the center of each time bin. The count value for each time bin is represented
by the height of the dot above the x-axis (i.e., the y-axis value). Taking all the
count values for a particular detector together, the dots may be connected by an
imaginary line (shown in dashed form in Figure 3) to form a mathematical curve
illustrative of the number of gamma arrivals as a function of time detected by the
particular gamma detector. In accordance with the various embodiments, the
plurality of count values is referred to as a gamma count rate decay curve. All the
curves taken together (the curve for each gamma detector) may be referred to as
full-set decay curves.

[0027] The illustrative plots of Figure 3 are shown with respect to time. Figure 4
shows similar information, except that the x-axis of the plot is bin number rather
than time. In particular, if each bin for all the gamma detectors is uniquely
numbered there are 183 bins (61 bins times 3 detectors equals 183). Thus,
Figure 4 should not be interpreted to imply that the detector counts take place
sequentially; rather, Figure 4 should only be interpreted as an alternative
mechanism to view the count values for a particular interrogation (at a particular
borehole depth). Figure 4 also shows interesting characteristics of the decay
curves that were not visible in the illustration of Figure 3. In particular, and
referring to the decay curve for the far detector 204B, the count values take an
initial jump to approximately 2800 counts (as a peak) and then fall off at
approximately bin number 89. However, the count values jump after bin 89,
particularly at point 400 and again at point 402. These apparent increases in
count values are indications of increased time bin span, as opposed to an
absolute jump in gamma ray count rate. In general, the count values for each
detector take an initial jump (during the period of time when the neutron source is
activated) and the count values decay as a function of time (or as a function of
increasing time bin). The count value within each time bin is proportional not only
to formation geophysical parameters, but also the number of neutrons created
and/or released by the neutron source during the burst time. In some
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embodiments, the count values are adjusted to account for fluctuations of the
source output, as discussed more below.

[0028] The various embodiments are primarily concerned with calculation of gas
saturation of the formation surrounding the borehole. Unlike related systems that
require knowledge beforehand of the formation porosity to make the
determination as to gas saturation, in accordance with the various embodiments
gas saturation can be determined without knowing in advance the formation
porosity. In some embodiments, formation porosity is not determined at all in the
processing of the count rate decay curves. In other embodiments, formation
porosity is predicted and/or estimated simultaneously with predicting and/or
estimating gas saturation. The processing of the pre-selected count values
(whether from the windowed/partial count rate decay curves or the full-set decay
curves combined in different manners) to calculate and/or predict gas saturation,
and possibly other geophysical parameters, is based on artificial neural networks
in the various embodiments.

[0029] A brief digression into neural networks is helpful in understanding the
innovative contributions of the inventors. In particular, Figure 5 illustrates a
simplified neural network 500. The neural network 500 comprises a plurality of
input nodes 502. Input nodes 502 are the points within the neural network to
which a datum (i.e., a scalar value) is provided for further processing. Moreover,
the neural network 500 comprises one or more output nodes 504. Each output
node 504 represents a calculated and/or predicted parameter based on the input
data at the input nodes 502. Between the input nodes 502 and the output nodes
504 are one or more layers of hidden nodes 506. As shown in Figure 5, the
hidden nodes 506 are coupled to some, or all, of the input nodes 502. Likewise,
the hidden nodes 506 are coupled to some, or all, of the output nodes 504. Each
of the hidden nodes 506 performs a mathematical function that is determined or
learned during a training phase of the neural network 500. While the illustrative
Figure 5 shows three input nodes 502, three output nodes 504, and four hidden
nodes 506, any number of input nodes 502 and output nodes 504 may be used.
Likewise, any number of hidden nodes 506, and multiple layers of hidden nodes
506, may be used to implement the neural network.
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[0030] In accordance with some embodiments, the data applied to the input
nodes 502 is at least a portion of each gamma count rate decay curve. In some
cases, additional scalar values may also be provided. Figure 6 graphically
illustrates application of the count values to the input nodes 502. In particular,
Figure 6 illustrates a full-set decay curve 600 for a particular depth, pre-
processing 602, and a neural network 604. As illustrated, the count rates from
the count rate decay curves are applied in these embodiments to pre-
processing 602. It is noted that although the full set decay curve 600 is recorded
in each logging job, it might not be necessary to be used in full during pre-
processing, as the various count values may be drawn directly from the specified
time bins and detectors. In accordance with at least some embodiments, seven
input nodes 502 of the neural network are used, with each node accepting a
scalar value. In these embodiments the seven illustrative inputs are: short
detector count rate (SCRT); short detector inelastic count rate (SSIN); far detector
count rate (FCRT); far detector inelastic count rate (FSIN); long detector count
rate (LCRT); long detector inelastic count rate (LSIN); and formation capture
cross-section (FCCS).

[0031] Each of the count rate values (the *CRT scalar values) are
representative of thermal gamma count values for the respective detector at the
particular depth. For example, in some embodiments each *CRT scalar value is
the sum of a predetermined number of count values of the count rate decay curve
(e.g., the count value of a plurality of bins when the gammas counted are
substantially due to thermal capture) for the particular detector at the particular
depth. Each of the inelastic count rate values (the *SIN values) are
representative of inelastic gamma count values for the respective detector at the
particular depth. For example, in some embodiments each *SIN scalar value is
the sum of a predetermined number of count values of the count rate decay curve
(e.g., the count value of a plurality of bins when the gammas counted are
predominantly due to inelastic collisions) for the particular detector at the
particular depth. Thus, pre-processing 602 may select and/or sum count values
from each decay curve to create the scalar values applied to each input node 502
of the neural network.
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[0032] Sitill referring to Figure 6, in some embodiments additional parameters,
such as formation capture cross section (FCCS), are also applied to an input
node of the neural network. Formation capture cross section (sometimes known
as macroscopic capture cross section) is a scalar value indicative of the statistical
likelihood that atomic nuclei of the formation will capture a neutron at or near
thermal energy. In some embodiments, the formation capture cross section is
known in advance (e.g., based on tools previously run in the borehole, or based
on the capture cross section determined by data from boreholes in close
proximity to the borehole under investigation). Thus, in some embodiments the
pre-processing 602 obtains the formation capture cross section values. In yet still
other embodiments, the pre-processing 602 may calculate the formation capture
cross section from the decay curves (e.g., by using a double exponential model).
[0033] In accordance with at least some embodiments, the seven illustrative
input scalar values are applied to the neural network 604 input nodes 502, and
the neural network 604 calculates and/or predicts, simultaneously, output values.
While any number of output values may be calculated, with the simplest case
being a single output value indicative of gas saturation, in accordance with at
least some embodiments four output values are determined and/or calculated by
the neural network 604: a numeric value indicative of gas saturation (gas
saturation); a logic indication (e.g., 0 or 1) of whether liquid in the formation is oil
(oil indication); a logical (e.g., 0 or 1) depletion indicator (i.e., gas pressure within
formation pores) (depletion indicator); and a numeric indication of formation
porosity (porosity). Thus, in the embodiments illustrated in Figure 6 the neural
network comprises seven input nodes 502 and four output nodes 504. Figure 6
illustrates a single hidden layer 506 comprising six nodes, but other numbers of
hidden layers, and other numbers of hidden nodes, may be equivalently used.
[0034] In accordance with yet still other embodiments, rather than a portion of
each decay curve being applied to the input nodes 502 of the neural network, the
value in each bin of each decay curve is applied to an input node 502. In the
illustrative situation of Figure 6, 183 bins are defined, and thus in the alternative
embodiments the neural network 506 implements 183 input nodes for the full set
decay curves, and one or more additional nodes for the additional values (such
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as the formation capture cross section). The 183 bins can also be reduced to 45
condensed bins with each condensed bin summing the count rate over about 4
contiguous original bins. In yet still other embodiments, some decay curves may
be applied in their entirety (e.g, the decay curves for the short and far detectors),
but only a smaller portion of other decay curves (e.g., the decay curve for the long
detector).

[0035] In some embodiments the output values at the output nodes 504 may be
used directly. For example, a plot (e.g., paper plot or “log”, or a plot on a display
device) of some or all the outputs may be made directly from the values at the
output nodes 504. In other embodiments, however, the neural network
predictions may subject to post-processing to classify logical outputs, resolve
prediction uncertainty, and optimize decision making. Figure 7 graphically
illustrates that the output values of the neural network 604 applied to post
processing 700. In some embodiments, the output values from the neural
network are the only values applied, and in yet still other embodiments additional
parameters may be applied to the post processing 700.

[0036] The post processing system 700 may perform any desired task. For
example, in some embodiments the post processing system 700 performs quality
control checks and may modify outputs based on the engineering and multi-
disciplinary judgment. For example, situations where the formation surrounding
the borehole at a particular depth is water filled, the gas saturation should be
zero, and the oil and depletion indicators should be well positioned in a “no oil”
and “no gas density” range as well; however, because the each of the values of
the output nodes of the neural network 604 is a scalar value, the scalar values for
gas saturation and depletion indicator not reach precisely zero in this illustrative
case, and the oil indication may not be firmly in the value range indicating no oil.
The post processing system 700 may thus perform quality control, and make
slight modifications to the output values to more fully align the output values with
the particular situation. In the illustrative case of a water filled formation
proximate to the depth of interest, the post processing system 700 may zero
otherwise non-zero (but small) values for gas saturation and depletion indicator.
Likewise, the post processing system 700 may modify the value for oil indication
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to ensure that the value is firmly within a range of values indicating the lack of oil.
The situation of a water filled formation proximate the depth of interest is merely
illustrative of the types of quality control that the post processing system 700 may
perform.

[0037] In accordance with at least some embodiments, the post-processing 700
performs the various tasks based on a fuzzy logic system. Fuzzy logic systems
are logic systems based on multi-valued logic where decisions are made based
on degrees of truth, rather than binary or Boolean logic. Multi-disciplinary rules
can be implemented with fuzzy system to modulate neural network output, or
generate its own output and form a surrogate model ensemble with neural
network to provide robust prediction. For example, the cross section area of bulk
density and neutron porosity curves plotted in a particular scale may indicate a
gas zone with low density and high porosity. Once these curves are available and
interpreted in rules with other curves and used in conjunction with neural network
prediction, a better decision in determining gas saturation may be achieved.
Other logic systems, including a further neural network, may be equivalently used
for the post processing system 700.

[0038] Neural networks do not inheritently know how to calculate and/or
estimate geophysical parameters, and thus training of the neural network is
needed. The training may take many forms depending on the situation and the
type of data available. For example, the inventors of the present specification
have found that neural network 604 may be sufficiently trained using such limited
sources as data obtained from computer simulated formation, or from laboratory
models. However, where actual formation data is available (e.g., from test wells
proximate to the formation of interest) further training with the actual data is
possible.

[0039] The number of neutrons generated and/or released by the neutron
source 210 may vary. Stated otherwise, all other geophysical parameters held
constant, the count values will change depending on the number of neutrons
generated and/or released by the neutron source. The reasons the neutron
source may generate and/or release different numbers of neutrons are many.

For example, downhole temperature may affect the number of neutrons the
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neutron source generates and/or releases. Moreover, the neutron source may
have inherent fluctuations in the number of neutrons generated and/or released,
particularly with sources where the neutrons are created by collisions of atoms on
a target material. In some embodiments differences in gamma count values
based on the number of neutrons released may be addressed by pre-
processing 602 (that is, before applying the count values to their respective input
nodes of the neural network). The pre-processing to account for fluctuations in
released neutrons may be referred to as normalization, and the normalization
may take many forms. In some embodiments the logging tool 10 may comprise a
neutron counter integral with the neutron source 210, or the tool 10 may comprise
a separate neutron counter at a spaced apart location from the neutron
source 210. Regardless of the precise placement of the neutron counter, in
embodiments where normalization takes place, the gamma count values may be
increased or decreased as a function of the number of neutrons released during
the burst period of the interrogation. In yet still other embodiments, the gamma
count values may be adjusted based on count values from previous
interrogations within the same borehole, or based on neutron logging and
corresponding count rates from boreholes in the vicinity of the borehole of
interest. Further still, the count values may be adjusted based on count values
received from a different logging tool within the same or a different borehole.
However, normalization of the count values does not destroy the status of a
plurality of count values as being a gamma count rate decay curve.

[0040] In accordance with at least some embodiments, the processing to
determine gas saturation and other geophysical parameters may be performed
contemporaneously with obtaining the gamma count rate decay curves (e.g., by
the computer system 206, or by the surface computer 22), or may be performed
at a later time (e.g., by surface computer 22 at the central office of the oilfield
services company). Figure 8 illustrates in greater detail a computer system 808.
The computer system 808 described with respect to Figure 8 could be the surface
computer 22 proximate to the borehole during the time period within the tool 10 is
within the borehole, or the surface computer 22 could be located at the central
office of the oilfield services company. Likewise, the computer system 808 could
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be computer system 206 within the tool 10. The computer system 808 comprises
a processor 800, and the processor couples to a main memory 802 by way of a
bridge device 804. Moreover, the processor 800 may couple to a long term
storage device 806 (e.g., a hard drive) by way of the bridge device 804.
Programs executable by the processor 800 may be stored on the long term
storage device 806, and accessed when needed by the processor 800. The
program stored on the long term storage device 806 may comprise programs to
implement the various embodiments of the present specification, including
programs to implement the artificial neural networks, as well as the pre-
processing and post-processing. In some cases, the programs are copied from
the long term storage device 806 to the main memory 802, and the programs are
executed from the main memory 802. The geophysical parameters predicted by
the computer system 808 may be sent to a plotter that creates a paper-log, or the
geophysical parameters may be sent to a computer screen which may make a
representation of the log for viewing by a geologist or other person skilled in the
art of interpreting such logs.

[0041] Figure 9 illustrates a method in accordance with at least some
embodiments. In particular, the method starts (block 900) and proceeds to
obtaining a gamma count rate decay curve one each for a plurality of gamma
detectors of a nuclear logging tool, the gamma count rate decay curves recorded
at a particular borehole depth (block 904). The obtaining may be
contemporaneously with further processing to determine gas saturation and other
geophysical parameters, or the obtaining may be from a database of gamma
count rate decay curves generated based on operation of the nuclear logging tool
non-contemporaneously with the applying. In some embodiments the illustrative
method next involves normalizing the gamma count rate decay curves
(block 908), such as to account for fluctuations in the number of neutrons
released during the interrogation. Next the illustrative method comprises to
applying at least a portion of each gamma count rate decay curve to input nodes
of a neural network (block 912). The neural network predicts a value indicative of
gas saturation of a formation surrounding the borehole at the particular depth, the
predicting by the neural network in the absence of a porosity value supplied to the
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neural network (block 916). Additional geophysical parameters may also be
determined. The obtaining of the gamma count rate decay curves, normalization,
applying to the inputs of a neural network and predicting a value of gas saturation
may be repeated for a plurality of borehole depths (block 920). Finally, a plot of
the value indicative of gas saturation as a function of borehole depth is made
(block 924), and the method ends (block 928). If additional geophysical
parameters are calculated, additional plots may be made.

[0042] 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 computer-readable
media that stores a software program to implement the method aspects of the
various embodiments.

[0043] The above discussion is meant to be illustrative of the principles and
various embodiments. Numerous variations and modifications will become
apparent to those skilled in the art once the above disclosure is fully appreciated.
For example, though individual neural networks are illustrated in the various
drawings, it will be understood that ensembles of neural networks may be
equivalently used, particularly in situations where multiple geophysical
parameters are being estimated for any particular borehole depth. The member
networks of an ensemble might be trained on the data of diverse individual wells
with various numbers of inputs, different input normalizations and data
transformation. Moreover, in some embodiments the neural network processing
is performed contemporaneously with the gathering of the data by the tool 10. In
the contemporaneous situations, the surface computer 22 may not only control
the logging tool 10, but may also collect and perform the neural network-based
processing of the data to produce the various logs. In other embodiments, the
full-set decay curves may be processed at a time after collection of the data, such
as by processing by central computer at the home office. Finally, other pre-
processing of the data may take place, such as dead-time correction and
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environmental correction, automatic depth matching, and abnormal signal
intensity modulation without affecting scope of this specification. It is intended that
the following claims be interpreted to embrace all such variations and
modifications.
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CLAIMS
We claim:
1. A method comprising:

obtaining a gamma count rate decay curve one each for a plurality of
gamma detectors of a nuclear logging tool, the gamma count rate
decay curves recorded at a particular borehole depth;

applying at least a portion of each gamma count rate decay curve to input
nodes of a neural network;

predicting by the neural network a value indicative of gas saturation of a
formation surrounding the borehole at the particular borehole depth,
the predicting by the neural network in the absence of a formation
porosity value supplied to the neural network;

repeating the obtaining, applying and predicting for a plurality of borehole
depths;

producing a plot of the value indicative of gas saturation of the formation
as a function of borehole depth.

2. The method of claim 1 further comprising predicting further comprises
predicting by the neural network the value indicative of gas saturation and
simultaneously predicting the formation porosity value.

3. The method of claim 1 further comprising:
predicting further comprises predicting by the neural network the value
indicative of gas saturation and at least one additional parameter
selected from the group consisting of: an indication of whether liquid
in the formation is oil; an indication of gas depletion within the

formation; a formation porosity; and
producing further comprises producing a plurality of plots, one each for the
value indicative of gas saturation and at least one additional

parameter.
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4. The method of claim 3 wherein, after predicting and before producing the
plot, applying the value indicative of gas saturation and the at least one additional
parameter to post-processing, the post processing based at least in part on fuzzy

logic.

5. The method of claim 1 wherein obtaining further comprises operating the

nuclear logging tool in the borehole contemporaneously with the applying.

6. The method of claim 1 wherein obtaining further comprises obtaining from
a database of gamma count decay curves generated based on operation of the

nuclear logging tool non-contemporaneously with the applying.

7. The method of claim 1 wherein applying further comprises applying scalar
values to each input node of the neural network, and wherein the scalar values
comprise a value indicative of formation capture cross-section, a value indicative
of count rate for a first gamma detector, a value indicative of inelastic count rate
for the first gamma detector, a value indicative of count rate for a second gamma
detector, a value indicative of inelastic count rate for the second gamma detector,
a value indicative of count rate for a third gamma detector, and a value indicative

of inelastic count rate for the third gamma detector.

8. The method of claim 1 further comprising, before applying, normalizing the

gamma count rate decay curves.

9. A system comprising:

a downhole tool comprising a source of neutrons and a plurality of gamma
detectors, each gamma detector counts gamma arrivals to create a
gamma count rate decay curve for the respective gamma detector,
each gamma count rate decay curve comprising a plurality of time

bins with respective count values;
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a computer system comprising a processor and a memory, the computer
system communicatively coupled to recorded gamma count rate
decay curves;

the memory stores a program that, when executed by the processor,
causes the processor to:

apply at least a portion of each gamma count rate decay
curve to input nodes of a neural network of the
program; and

predict by the neural network a value indicative of gas
saturation of a formation surrounding the borehole for
each of a plurality of depths within the borehole, the
prediction by the neural network in the absence of a
formation porosity value supplied to the neural

network.

10.  The system of claim 9 wherein the neural network of the program on the
memory further causes the processor to predict by the neural network the value
indicative of gas saturation and simultaneously predict the formation porosity

value.

11.  The system of claim 9 wherein the computer system is communicatively
coupled to the downhole tool by way of a wireline.

12.  The system of claim 9 wherein the neural network of the program on the
memory further causes the processor to predict an indication of whether liquid in
the formation is oil, an indication of gas depletion of the formation, and the

formation porosity value.

13.  The system of claim 9 further comprising:
wherein when the processor predicts, the program further causes the
processor to predict the value indicative of gas saturation and at
least one additional parameter selected from the group consisting



WO 2010/123494 PCT/US2009/041222
20

of: an indication of whether liquid in the formation is oil; an
indication of gas depletion within the formation; a formation
porosity; and

the program further causes the processor to produce a plurality of plots,
one each for the value indicative of gas saturation and at least one

additional parameter.

14.  The system of claim 13 wherein the program further causes the processor,
after the prediction and before production of the plot, to perform post-processing
using the value indicative of gas saturation and the at least one additional

parameter, the post-processing based at least in part on fuzzy logic.

15.  The system of claim 9 wherein the downhole tool comprises:
a first gamma detector at a first elevation, the first gamma detector
positioned to favorably receive gammas from the formation;
a second gamma detector at a second elevation more distant from source
of neutrons than the first elevation; and
a third gamma detector at a third elevation more distant from the source of

neutrons than the second elevation.

16.  The system of claim 9 wherein, prior to application of the count values to
the input nodes, the program normalizes the gamma count rate curves to
account, at least in part, for fluctuations of a number of neutrons released by the

source of neutrons.

17. A computer-readable storage media storing a program that, when
executed by a processor, causes the processor to:
obtain a gamma count rate decay curve for each of a plurality of gamma
detectors, each gamma count rate decay curve comprising a
plurality of count values for a respective plurality of time bins;
apply at least a portion of each gamma count rate decay curve to input
nodes of a neural network implemented by the program; and
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generate by the neural network implemented by the program a predicted
value indicative of gas saturation of a formation surrounding the
borehole, the prediction by the neural network in the absence of a

formation porosity value supplied to the neural network.

18.  The computer-readable storage media of claim 17 wherein when the
processor generates, the program causes the processor to generate at least one
additional parameter selected from the group consisting of: an indication of
whether liquid in the formation is oil; an indication of gas depletion within the
formation; and a formation porosity.

19.  The computer-readable storage media of claim 17 wherein, prior to
applying, the program causes the processor to modify the gamma count rate
decay curves based on fluctuations of a number of neutrons released by the

source of neutrons.

20. The computer-readable storage media of claim 17 wherein when the
processor applies, the program further causes the processor to apply scalar
values to each input node of the neural network, and wherein the scalar values
comprise a value indicative of formation capture cross-section, a value indicative
of count rate for a first gamma detector, a value indicative of inelastic count rate
for the first gamma detector, a value indicative of count rate for a second gamma
detector, a value indicative of inelastic count rate for the second gamma detector,
a value indicative of count rate for a third gamma detector, and a value indicative
of inelastic count rate for the third gamma detector.
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