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VIRTUAL CORE GENERATION AND MODELING

Cross Reference to Related Applications

[001] This application claims priority to and the benefit of co-pending U.S. Patent Application
Serial No. 16/271,960 filed February 11, 2019 titled "VIRTUAL CORE GENERATION AND
MODELING,” the full disclosure of which is hereby incorporated herein by reference in its
entirety for all purposes.

BACKGROUND

1. Field of the Invention

[002] The present disclosure relates to downhole measurement systems. More specifically, this
application relates to generating virtual borehole measurements using different downhole
measurements.

2. Description of Related Art

[003] Obtaining petrophysical models often involves the use of many specialized and/or
expensive downhole operations. For example, core sampling may provide useful data related to
a composition and structure of a wellbore, however, such sampling is expensive and may be
difficult in certain formations. Moreover, core sampling may take long periods of time to
evaluate, which may lead to non-productive time at a well site. Other high resolution (e.g.,
vertical resolution) and high-end logging tools may provide certain formation characteristics, but
again suffer from the same drawbacks associated with cost. Moreover, in certain formation
types, high-end logging tools may be unavailable or undesirable, such as formations where
wellbores are too small to accommodate the tools. Additionally, certain high resolution images
may only provide a limited amount of data, which may be insufficient to fully characterize a

well.
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SUMMARY

[004] Applicant recognized the problems noted above herein and conceived and developed
embodiments of systems and methods, according to the present disclosure, for determination of
downhole formation properties.

[005] In an embodiment, a computing system includes a device processor and a memory
device. The memory device includes instructions that, when executed by the device processor,
enable the computing system to retrieve one or more high resolution logs, the one or more high
resolution logs corresponding to a wellbore formed in a formation. The instructions also enable
the computing system to extract a high resolution lithology model and a low resolution lithology
volumetric model from one or more high resolution logs. The instructions also enable the
computing system to obtain a low resolution mineralogy log. The instructions also enable the
computing system to split the low resolution lithology volumetric model and the low resolution
mineralogy log into low resolution mineral compositions for one or more lithology types. The
instructions also enable the computing system to generate a high resolution virtual core, the
virtual core corresponding to a mineral composition of the wellbore.

[006] In an embodiment, a computing system includes a computing device processor and a
memory device. The memory device includes instructions that, when executed by the computing
device processor, enable the computing system to extract a low resolution lithology volumetric
model and a high resolution lithology model from at least one imaging log. The instructions also
enable the computing system to split the extracted low resolution lithology volumetric model
into one or more mineral compositions for one or more lithology types. The instructions also
enable the computing system to generate a high resolution virtual core via the low resolution

lithology volumetric model and at least one high resolution lithology model, the high resolution
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virtual core utilizing a moving window analysis to accommodate between different resolutions of
the high resolution lithology model and the low resolution lithology volumetric model.

[007] In an embodiment, a method includes extracting a low resolution formation property
model and a high resolution formation property model from at least one log. The method also
includes splitting the extracted low resolution formation property model into one or more
property compositions. The method also includes generating a high resolution virtual core via
the low resolution formation property model and at least a second high resolution formation
property, the high resolution virtual core utilizing a moving window analysis to accommodate
between different resolutions of the second high resolution formation property model and the
low resolution property composition.

BRIEF DESCRIPTION OF DRAWINGS

[008] The present technology will be better understood on reading the following detailed
description of non-limiting embodiments thereof, and on examining the accompanying drawings,
in which:

[009] FIG. 1 is a schematic side view of an embodiment of a wireline system, in accordance
with embodiments of the present disclosure;

[0010] FIG. 2 is an illustration of an embodiment of a minerology characterization, in
accordance with embodiments of the present disclosure;

[0011] FIGS. 3A-3C are illustrations of embodiments of high resolution log data, in accordance
with embodiments of the present disclosure;

[0012] FIG. 4 is a flow chart of an embodiment of a method for generating a virtual core, in

accordance with embodiments of the present disclosure;
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[0013] FIG. 5 is a schematic diagram of an embodiment of an environment that may be utilized
with embodiments of the present disclosure;

[0014] FIG. 6 is a graphical representation of a lithology extraction process, in accordance with
embodiments of the present disclosure;

[0015] FIG. 7 is a graphical representation of a lithology composition splitting process, in
accordance with embodiments of the present disclosure;

[0016] FIG. 8 is a graphical representation of a lithology composition splitting process and the
reproduced mineralogy logs, in accordance with embodiments of the present disclosure;

[0017] FIG. 9 is a graphical representation of a virtual core generation process, in accordance
with embodiments of the present disclosure;

[0018] FIG. 10 is a graphical representation of a virtual core generation process using a moving
window analysis, in accordance with embodiments of the present disclosure; and

[0019] FIG. 11 is a graphical representation of a verification process, in accordance with

embodiments of the present disclosure.

DETAILED DESCRIPTION

[0020] The foregoing aspects, features, and advantages of the present disclosure will be further
appreciated when considered with reference to the following description of embodiments and
accompanying drawings. In describing the embodiments of the disclosure illustrated in the
appended drawings, specific terminology will be used for the sake of clarity. However, the
disclosure is not intended to be limited to the specific terms used, and it is to be understood that
each specific term includes equivalents that operate in a similar manner to accomplish a similar

purpose.
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[0021] When introducing elements of various embodiments of the present disclosure, the articles
"a", "an", "the", and "said" are intended to mean that there are one or more of the elements. The
terms "comprising”, "including", and "having" are intended to be inclusive and mean that there
may be additional elements other than the listed elements. Any examples of operating parameters
and/or environmental conditions are not exclusive of other parameters/conditions of the

n

disclosed embodiments. Additionally, it should be understood that references to "one
embodiment”, "an embodiment”, “certain embodiments”, or “other embodiments” of the present
disclosure are not intended to be interpreted as excluding the existence of additional
embodiments that also incorporate the recited features. Furthermore, reference to terms such as
“above”, “below”, “upper”, “lower”, “side”, “front”, “back”, or other terms regarding orientation
or direction are made with reference to the illustrated embodiments and are not intended to be
limiting or exclude other orientations or directions.

[0022] Embodiments of the present disclosure are directed to solving for high-resolution
mineralogical compositions of the formation. In various embodiments, a workflow may be
developed including: 1) extracting lithology volumetric models from high resolution image logs
combined with other conventional logs; 2) splitting the mineralogical compositions from lower-
resolution geochemical logs into mineral compositions for various lithology types; 3) obtaining
high-resolution mineral model; 4) performing quality check by comparing the computed results
with core measurements or other input data. In certain embodiments, the inputs to obtain the
high-resolution mineral model include a pulsed neutron spectroscopy tool derived mineralogical

characterization of a formation (e.g., mineral weight fractions at the pulsed neutron tool

resolution) and an image log or a combination of high resolution measurements, providing a high
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resolution lithological description of the formation — higher resolution than that of pulsed
neutron spectroscopy data.

[0023] In various embodiments, the first step in the workflow uses a probabilistic approach to
provide a petrophysical interpretation of a high resolution lithology description model consisting
of various lithology types such as sand, shale, and carbonate. This approach delivers pseudo
linear simultaneous solutions of formation lithology and their relative volumes using various
logging responses and modeling input parameters. In various embodiments, the second step in
the virtual core workflow is to split spectroscopy mineralogy into mineral compositions for
various lithology types with lithology volumes. The lithology volumes may be obtained from
the first step and may also utilize pulsed neutron tool mineralogy as an additional input. In the
third step, mineral composition properties are assigned to high resolution lithology layers.
Moreover, in various embodiments, virtual core compositions are computed at high resolution
and high sampling rate. It should be appreciated that the third step may include moving
windows due to the different resolutions and sampling rates of given lithology and high
resolution lithology models. The final step in the virtual core workflow is to perform quality
check by comparing resampled virtual core vs. pulsed neutron spectroscopy mineralogy and
report relative error. In various embodiments, known core measurements may also be used to
perform a quality check.

[0024] In an embodiment, a computing system includes a computing device processor and a
memory device. The memory device includes instructions that, when executed by the computing
device processor, enable the computing system to retrieve one or more high resolution logs, the
one or more high resolution logs corresponding to a wellbore formed in a formation. The

instructions also enable the computing system to extract both, a high and a low resolution
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lithology volumetric model. In various embodiments, the high-resolution lithology volumetric
model is used to get a final high resolution mineralogy. The high resolution lithology model may
be resampled to get a low resolution model to match the resolution of the mineralogy logs. The
instructions also enable the computing system to obtain a low resolution mineralogy log. The
instructions also enable the computing system to split the low resolution lithology volumetric
model and the low resolution mineralogy log into low resolution lithology compositions. The
instructions also enable the computing system to generate a high resolution virtual core, the
virtual core corresponding to a mineral composition of the wellbore.

[0025] In an embodiment, a computing system includes a computing device processor and a
memory device. The memory device includes instructions that, when executed by the computing
device processor, enable the computing system to extract both a high resolution and a low
resolution lithology volumetric model from at least one imaging log having a higher resolution.
The instructions also enable the computing system to split the extracted low resolution lithology
volumetric model into one or more lithology compositions. The instructions also enable the
computing system to generate a high resolution virtual core via the low resolution lithology
compositions and at least one high resolution lithology model, the high resolution virtual core
utilizing a moving window analysis to accommodate between different resolutions of the high
resolution lithology model and the low resolution lithology volumetric compositions.

[0026] In an embodiment, a method includes extracting both a high resolution and a low
resolution lithology volumetric model from at least one imaging log having a higher resolution.
The method also includes splitting the extracted low resolution lithology volumetric model into
one or more lithology compositions. The method further includes generating a high resolution

virtual core via the low resolution lithology volumetric compositions and at least one high
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resolution lithology model, the high resolution virtual core utilizing a moving window analysis to
accommodate between different resolutions of the high resolution lithology model and the low
resolution lithology volumetric compositions.

[0027] FIG. 1 is a schematic side view of an embodiment of a wellbore system 100 that includes
a tool 102 (which may be part of a tool string) being lowered into a wellbore 104 formed in a
formation 106 from a surface location 108. The illustrated wellbore system 100 may be referred
to as a wireline system because the tool 102 is conveyed on a cable 110, such as an electric
wireline although this system could also be deployed on a drill string for measurement while
drilling. In various embodiments, the electric wireline may transmit electric signals and/or
energy from the surface location 108 into the wellbore, for example to provide operational power
for the tool 102 and/or to transmit data, such as data obtained from sensors arranged on the tool
102. In various embodiments, the tool 102 may be utilized to perform downhole logging
operations, and may be an imaging tool, a resistivity tool, a nuclear tool, or any other logging
tool that may be used in a downhole environment. Moreover, in various embodiments, the tool
102 may include multiple logging or imaging tools therein. For simplicity, the all logging or
imaging tools described herein will be described with reference to the tool 102. However, in
various embodiments the logs or images obtained from the various tools may be obtained at
different times using different tools 102.

[0028] As described above, in various embodiments the tool 102 may be part of a tool string
112, which may include various components utilized for wellbore operations. For example, the
tool string 112 may include various other tools 114A-114C that may include sensors,
measurement devices, communication devices, and the like, which will not all be described for

clarity. In various embodiments, the tool string 112 may include one or more tools to enable at
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least one of a logging operation, a perforating operation, or a well intervention. For example,
nuclear logging tools, fluid sampling tools, core sampling devices, and the like may be utilized in
logging operations. Perforating operations may include ballistic devices being lowered into the
wellbore to perforate casing or the formation. Furthermore, well interventions may include
operations related to analyzing one or more features of the wellbore and proceeding with
performing one or more tasks in response to those features, such as a data acquisition process, a
cutting process, a cleaning process, and the like. Accordingly, in various embodiments, the tool
string 112 may refer to tools that are lowered into the wellbore. Additionally, passive devices
such as centralizers or stabilizers, tractors to facilitate movement of the tool string 112 and the
like may also be incorporated into the tool string 112.

[0029] In various embodiments, different power and/or data conducting tools may be utilized by
embodiments of the present disclosure in order to send and receive signals and/or electrical
power. As will be described below, in various embodiments sensors may be incorporated into
various components of the tool string 112 and may communicate with the surface or other tool
string components, for example via communication through the cable 110, mud pulse telemetry,
wireless communications, wired drill pipe, and the like. Furthermore, it should be appreciated
that while various embodiments include a wireline system, in other embodiments rigid drill pipe,
coiled tubing, or any other downhole exploration and production methods may be utilized with
embodiments of the present disclosure.

[0030] The wellbore system 100 includes a wellhead assembly 116 shown at an opening of the
wellbore 104 to provide pressure control of the wellbore and allow for passage of equipment into
the wellbore 104, such as the cable 110 and the tool string 112. In this example, the cable 110 is

a wireline being spooled from a service truck 118. The illustrated cable 110 extends down to the
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end of the tool string 112. In operation, the cable 110 may be provided with slack as the tool
string 112 is lowered into the wellbore 104, for example to a predetermined depth. In various
embodiments, a fluid may be delivered into the wellbore 104 to drive movement of the tool
string 112, for example where gravity may not be sufficient, such as in a deviated wellbore. For
example, a fluid pumping system (not illustrated) at the surface may pump a fluid from a source
into the wellbore 104 via a supply line or conduit. To control the rate of travel of the downhole
assembly, tension on the wireline 110 is controlled at a winch on the surface, which may be part
of the service tuck 118. Thus, the combination of the fluid flow rate and the tension on the
wireline may contribute to the travel rate or rate of penetration of the tool string 112 into the
wellbore 104. The cable 110 may be an armored cable that includes conductors for supplying
electrical energy (power) to downhole devices and communication links for providing two-way
communication between the downhole tool and surface devices. Moreover, in various
embodiments, tools such as tractors and the like may further be disposed along the tool string
112 to facilitate movement of the tool string 112 into the wellbore 104. Thereafter, in various
embodiments, the tool string 112 may be retrieved from the wellbore 14 by reeling the cable 110
upwards via the service truck 118. In this manner, logging operations may be performed as the
tool string 112 is brought to the surface 108.

[0031] FIG. 2 is an illustration of a mineralogy characterization 200 of a wellbore, in accordance
with embodiments of the present disclosure. In various embodiments, the characterization 200
may be provided from one or more downhole logging operations, such as the BHGE Formation
Lithology eXplorer™ (FLeX™) elemental spectroscopy wireline logging tool, a pulsed neutron
spectroscopy tool, or any other tool that provides “low resolution” (LR) logging data. As used

here, resolution refers to a vertical distance that the logging data corresponds to. Accordingly,
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“low resolution” may refer to tools that cover a few feet (e.g., approximately 2 feet), whereas
“high resolution” (HR) may refer to tools that cover a few inches or a fraction of an inch (e.g.,
0.1 inches). As such, the LR logging data may not be able to identify thin layers or small
features in a formation, but rather, an average over a larger (comparatively) distance, such as
approximately 1 foot. On the other hand, HR logging data may provide features in smaller
scales, and as a result, provide dynamic information to facilitate reservoir evaluation and
exploration. It should be appreciated that while various embodiments may be described with
respect to lithology or mineralogy, that in other embodiments different formation properties may
be evaluated such as porosity, permeability, and the like. Moreover, geomechanical properties
may also be determined. Accordingly, while certain imaging techniques are described in detail
herein, it should be appreciated that other formation evaluation techniques such as density logs,
acoustic logs, and the like may also be utilized, as either high resolution or low resolution data.
In the illustrated embodiment, mineralogical characterizations are provided by the different
segmented areas, which represent a weight fraction of certain components within the log. For
example, the area 202 may correspond to quartz, the area 204 may correspond to calcite, and the
area 206 may correspond to clay material, such as illite. The characterization 200 is low
resolution and includes a frame 208 representative of a section of the wellbore. In various
embodiments, the areas 202, 204, 206 may represent an average composition of the wellbore
over a range, such as approximately 2 feet, and as a result the characterization 200 may be
referred to as LR. In certain embodiments, as will be described below, the characterization 200
may be broken down into different lithology compositions, which may facilitate improved
characterization of the wellbore when evaluated against a HR log, as described by various

embodiments of the present disclosure.
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[0032] FIG. 3A is an illustration of a lithology characterization 300 of a wellbore, in accordance
with embodiments of the present disclosure. The illustrated characterization 300 may be referred
to as a HR characterization because information is provided over a small distance, for example
less than 0.1 inches. The characterization 300 includes a frame 302 representative of a section of
the wellbore. In various embodiments, the frame 302 may be equal to the frame 208. However,
it should be appreciated that, in other embodiments, the frames 302 and 208 may be different.
As noted above, the frames generally correlate to a section of the wellbore over which the
measurements were taken. The illustrated characterization 300 includes various levels 304,
corresponding to a dominating lithology type. For the same lithology type, the mineral
composition can change along the depth. As a result, an area 306 may correspond to sand, but the
composition may be different at various depths. The illustrated embodiment further includes an
area 308 corresponding to carbonate, and an area 310 corresponding to shale.

[0033] FIGS. 3B and 3C are illustrations of a gamma ray log 312 and an image log 314. The
image log 314 may be referred to as HR while the gamma log 312 is LR. Each includes a
respective frame 316, 318, which represents a segment of wellbore. As noted above, the frames
316, 318 may be equal in various embodiments. The gamma ray log 312, for example, may be
utilized to determine a composition of the formation including the wellbore. In certain
embodiments, the gamma ray log 312 may measure naturally occurring gamma radiation in order
to characterize the rock or sediment of the formation and may be utilized with the wireline
operation illustrated in FIG. 1. FIG. 3C illustrates the image log 314, which produces the
illustrated two-dimensional image of the borehole wall. The tools utilized to generate the image
log 314 may be optical, acoustic, electrical, or the like. As will be described below, information

from the gamma ray log 312 and the image log 314 may be utilized in order to determine various
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properties of the wellbore formation, and in various embodiments, may be combined with
information from LR logs.

[0034] FIG. 4 is a flow chart of a method 400 for developing a virtual borehole model. It should
be appreciated that the steps of the method 400 may be performed in any order or in parallel,
unless otherwise specifically stated. Furthermore, the method 400 may include more or fewer
steps. In this example, one or more HR image logs are obtained 402. The image logs may be
obtained from a data store and/or from real or near real-time acquisition at a well site. The
image logs may be referred to as HR, as described above, due to the vertical extent that the logs
capture. In various embodiments, lithology volumetric models are extracted from the HR image
logs 404. As will be described below, extraction may include using a probabilistic approach to
provide a petrophysical interpretation of a HR lithology description model consisting of various
lithology types such as sand, shale, and carbonate. For example, an average reading for various
compositions may be determined at various different levels of the HR image. These averages
may be correlated to the thickness of the material, which may then be arranged within the
lithography model.

[0035] In various embodiments, the method further includes splitting mineralogical
compositions from LR logs into lithology types 406. For example, in embodiments, a moving
window may be utilized to obtain granular information over a larger window of information with
respect to the lithography models. In certain embodiments, the step 406 may include receiving
an input corresponding to the extracted lithology volumetric model and also other LR
geochemical logs. As will be described below, utilizing the moving window enables various
variables to be calculated for without using an iterative or determinative approach. The moving

window enables a solution to a system of equations would otherwise be unstable because the
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number of unknowns are larger than the number of equations, creating an underdetermined
system. Furthermore, as will be described, various embodiments also utilize a reference model
to guide the solution towards predefined lithology types.

[0036] Next, mineral composition properties are assigned to HR lithology layers 408. As will be
described in detail below, the HR and LR images have different sampling rates, as well as
resolution, and as a result a one-to-one correlation may not be available to assign composition
properties. As described above, a moving window approach may be utilized in order to look at
various volumes at both high and low resolutions. The HR images may then be correlated to the
LR images to generate a composition and form a HR model 410. Thereafter, the model may be
compared to a known or similar composition to verify accuracy 412. In this manner, the
combination of HR and LR logs may be utilized to generate the virtual borehole. It should be
appreciated that this approach enables the use of various LR logs, which may be easier to obtain,
when compared to the HR logs.

[0037] FIG. 5 is a schematic diagram of an environment 500 in which various aspects of various
embodiments of the present disclosure can be implemented. In this example, a computing device
502 is able to make a call or request across one or more networks 504 to a formation property
environment 506 that includes a system that may be utilized to generate a virtual borehole using
a combination of HR and LR logs. The network(s) can include any appropriate network, such as
the Internet, a local area network (LAN), a cellular network, an Ethernet, or other such wired
and/or wireless network. The formation property environment 506 can include any appropriate
resources for evaluating information from the computing device 502, and may include various
servers, data stores, and other such components known or used for providing content from across

a network (or from the “cloud”). Individual computing devices 502 may be any of a wide
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variety of computing devices, including personal computing devices, terminal computing
devices, laptop computing devices, tablet computing devices, mobile devices (e.g., smartphones),
and various other electronic devices and appliances.

[0038] In this example, the computing device 502 may submit wellbore data captured by one or
more tools 102. For example, the computing device 502 may transmit information from a
logging tool of the tool string 112, which may include a HR or LR log. The wellbore data may
be received at, for example, a network interface layer 508. The network interface layer can
include any appropriate elements known or used to receive requests from across a network, such
as may include one or more application programming interfaces (APIs) or other such interfaces
for receiving such requests. The network interface layer 508 might be owned and operated by the
service provider, or leveraged by the service provider as part of a shared resource or “cloud”
offering. The network interface layer can receive and analyze the data from the computing
device, and cause at least a portion of the information in the data to be directed to an appropriate
system or service of the system.

[0039] For example, in various embodiments, the data may be transmitted to an extraction
module 510. The extraction module 510 may be utilized to extract lithology volumetric model
data from HR imaging logs, as described above. However, as described above, other types of
data models may also be utilized that enable determination of permeability, porosity, and the
like. In various embodiments, the HR logs may be transmitted from the computing device 502.
However, in other embodiments, the data may be obtained from a data store 512, or a
combination thereof. For example, the extraction module 510 may receive information from

both the computing device 502 and the data store 512. The information may enable the
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extraction module to form the lithology volumetric model from a variety of HR logs, which may
provide improved analysis and subsequent results.

[0040] The illustrated environment 506 also includes a splitting module 514. As described
above, the splitting module 514 may be utilized to split lithology compositions into their
component parts. For example, the lithology compositions may include components for shale,
carbonate, and sand. The splitting module 514 may generate independent lithology compositions
for each component, in various embodiments. The illustrated splitting module 514 may receive
information from the extraction module 510, for example the extracted lithology volumetric
model, as well as additional information from the data store 512.

[0041] In various embodiments, the environment 506 further includes a mineral component
assignor 516. As described above, in various embodiments mineral components may be
assigned to the split lithographic models, for example, using a moving window system that is
weighted based on the information from the HR and LR logs. Each moving window may
comprise different lithology mineral compositions. In embodiments, taking the average
composition from all the corresponding moving windows and then assigning it to the thin layer
may enable assignment with high confidence. The illustrated environment 506 further includes a
core generator 518. The core generator 518 may be utilized to compile the virtual core, for
example, from the assigned mineral components from the mineral component assignor 516.
[0042] In various embodiments, information utilized by the environment 506 may be used to
train a machine learning system 520, which may be used to analyze one or more components of
the system. In various embodiments, the machine learning system 520 can include a neural

network such as a convolutional neural network (CNN).
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[0043] A neural network is one example of potential machine learning systems 520 which may
be utilized with embodiments of the present disclosure. Furthermore, various types of activation
functions may be used, such as but not limited to a rectified linear unit (ReLU) model with a
nonlinear activation. In some embodiments, neural network models may be linear or nonlinear,
and may include a deep learning model or a single hidden layer. Other types of machine learning
models may be used, such as decision tree models, associated rule models, neural networks
including deep neural networks, inductive learning models, support vector machines, clustering
models, regression models, Bayesian networks, genetic models, various other supervise or
unsupervised machine learning techniques, among others. The model may include various other
types of models, including various deterministic, nondeterministic, and probabilistic models.

[0044] For example, convolutional neural networks are a family of statistical learning models
used in machine learning applications to estimate or approximate functions that depend on a
large number of inputs. The various inputs are interconnected with the connections having
numeric weights that can be tuned over time, enabling the networks to be capable of “learning”
based on additional information. The adaptive numeric weights can be thought of as connection
strengths between various inputs of the network, although the networks can include both
adaptive and non-adaptive components. Convolutional neural networks exploit spatially-local
correlation by enforcing a local connectivity pattern between nodes of adjacent layers of the
network. Different layers of the network can be composed for different purposes, such as
convolution and sub-sampling. There is an input layer which along with a set of adjacent layers
forms the convolution portion of the network. The bottom layer of the convolution layer along
with a lower layer and an output layer make up the fully connected portion of the network. From

the input layer, a number of output values can be determined from the output layer.
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[0045] The illustrated environment includes a training database 522, which may be utilized to
provide information to the machine learning system 520. In this manner, certain types of log
data may be recognized and classified by the machine learning system 520. For example, the
training database 522 may include previously obtained information that correlated core samples
with HR and LR logs. That is, core samples that were extracted from a formation and evaluated,
for example in a lab, and then associated with logging information obtained proximate the
location where the core samples were removed may be used as information to enable the
machine learning system to correlate log data to generate virtual boreholes.

[0046] In various embodiments, the machine learning system 520 may be utilized for
classification via a classifier module 524. The classifier module 524 may be trained to identify
certain parameters of formations, for example, based on their high or LR log information.

[0047] FIG. 6 is a graphical representation of the extraction process 600 described above, where
HR imaging logs are utilized to generate HR lithology descriptions and LR lithology models.
For example, the illustrated embodiment includes a LR gamma ray log 602, a HR imaging log
604, a HR lithology description 606, and a LR lithology model 608. Information from the HR
imaging log 604 may be utilized to generate the HR lithology description 606. For example, in
various embodiments, peaks 610 in the LR gamma ray log 602 may be evaluated with reference
to the HR imaging log 604 to determine a corresponding area 612 in the HR lithology description
606.

[0048] The illustrated embodiment includes the LR lithology model 608, which may be obtained
by evaluating the HR lithology description 606 using a window, such as a 2 foot window, as well
as a low sampling rate. Accordingly, more detail may be obtained regarding certain portions of

the formation. For example, in the illustrated embodiment, various portions of the HR lithology
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description 606 appear to be entirely formulated by a single component, such as being entirely
sand or shale. However, when evaluated using the windows to obtain the LR lithology model
608, it can be seen that while certain components may form a high percentage of the areas, other
components are also present.

[0049] FIG. 7 is a graphical representation 700 of a LR lithology model 702 (which may be the
model generated from FIG. 6) along with a LR mineralogy model 704. In the illustrated
embodiment, certain features of each of the models 702, 704 correspond to one another. For
example, areas of high shale content 706 are generally aligned, along with areas of high sand
concentration 708. As such, the models may be utilized to split into different lithological
compositions, such as a composition 710, a composition 712, and a composition 714. It should
be appreciated that each composition 710, 712, 714 may have a different or varying composition
for each lithology type.

[0050] As described above, in various methods a moving window method may be utilized to
evaluate the models 702, 704 in order to split the mineral compositions. In various
embodiments, a weight fraction mineralogical composition at a specific depth may be obtained

via the mineralogy model 704, and may be represented as

Wm, i=12...M

(D
[0051] where M represents the number of minerals. Moreover, a volume fraction lithological
composition of the formation at specific depth level as seen by the high resolution

measurements, within a volume of investigation may be represented as

VI, j=12,..L

()
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[0052] where L represents the number of lithologies. Accordingly, the weight and volume

fractions may be normalized to one.

in =1L

(3)
>V, =1

4)

[0053] Accordingly, mineralogy of each lithology, at each depth level, within a volume of
Investigation may be characterized using estimated weight fractions, which may be represented
as

wm, (=12,..M; j=12,...,L &)
[0054] and also satisfy the following condition

Z§=1 wm iV =Wmy; i =1,2,..,M (6)
[0055] It should be appreciated that, in various embodiments, for each mineral, the sum of its
weight fractions in each lithology, weighted by the corresponding volumetric fractions, add up to
the LR mineralogy model 704. Such an arrangement would traditionally establish an
undetermined system of equations, where the number of variables exceeds the number of
equations to solve for the variables. However, embodiments of the present disclosure overcome
this problem by utilizing a moving window over multiple depths, as well as optional references
models, which may be utilized to define the system. Accordingly, the system of equations may

be expressed as
WVl = Wm (7

[0056] where W represents a matrix of dimension (M x L) describing the mineralogy of each

lithology, and at each depth, over the logging volume of investigation; Vi represents a vector of
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length L, describing the volumetric proportion of lithologies, at each depth, over the logging

volume of investigation; and Wm represents a vector of length M, describing the mineralogy of
the formation, at each depth, over the logging volume of investigation. The system can be
applied at K depths where at each depth level, a number of levels around the depth level is
considered, thereby generating a redundant system of equations, which may be transposed and
solved, for example via the Least Squares Method.

[0057] The solutions obtained via Least Squares Method are independent, and therefore the
system may be rewritten to enable simultaneous solutions for each lithology at each depth level

(i.e. the central depth level of the K selected). As a result, the system may be expressed as

A Wm
Ullwm]l=| Uy (8)
R wmy

[0058] where Wm represents vector of unknowns; A represents a matrix of lithology volumetrics;
U represents a matrix for weight fraction constraints; R represents a reference model, Wm

represents a vector of rock mineralogy, for example from the LR mineralogy model 404; Uv
represents a unit vector for weight constraints; and Wm,, represents a reference model matrix.
Solving the equation enables stabilization of the system by utilizing data in a moving window of
multiple depths. The illustrated shale composition 710, carbonate composition 712, and sand
composition 714 may be generated using the equations described above. Advantageously, the
solution may be processed quickly, for example thousands of feet may be processed in a few
seconds.

[0059] FIG. 8 is a graphical illustration of a split composition flow 800. The split composition
flow 800 illustrates inputs 802 corresponding to a mineralogy model 804 and a lithography
model 806. In various embodiments, as described above, the inputs 802 are low resolution and
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may be obtained utilizing a variety of different logging tools. In embodiments, the splitting
module described above may produce an output 808 including various different compositions,
such as shale 810, carbonate 812, and sand 814. In certain embodiments, the mineralogy may be
reproduced 816 and compared against an error 818 to verify the splitting into different
component portions. In this manner, low resolution input may be split into different component
parts for later evaluation for generating a virtual borehole or core.

[0060] FIGS. 9 and 10 are graphical illustrations of a virtual core generation process 900. As
described above, in various embodiments a virtual core 902 is generated by assigning mineral
composition properties into HR lithology layers and computing a virtual core composition at HR
and high sampling rate. In the illustrated embodiments, a shale component 904, a carbonate
component 906, and a sand component 908 are utilized as input, along with a HR lithology
description 910.

[0061] As noted above, the shale component 904, carbonate component 906, and sand
component 908 are generated as LR lithology compositions, and as a result, cannot be directly
assigned to the HR lithology description 910 due to the different vertical resolutions and
sampling rates. However, as illustrated in FIG. 10, multiple moving windows 912 may be
utilized to evaluate thin layers of the HR Lithology description 910. In the illustrated
embodiment, each moving window 912 comprises different lithology mineral compositions, and
as a result, the average composition from all corresponding moving windows may be assigned to
a thin layer. However, it should be appreciated that, in various embodiments, at least some of
the moving windows may have a higher confidence for their given compositions, and as a result,
those compositions should be given a higher weight. In various embodiments, the confidence for

each composition may be directly linked to volume fractions. Accordingly, a weighting
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function, based on lithology volumes, may be incorporated to determine an alignment between
the thin layers evaluated in the windows 910 and a lithology model. Thereafter, the HR lithology
description 910 may be combined with the lithology compositions to generate the HR virtual
core 902. The virtual core 902 describes the mineral compositions in image log resolution, but
does so by utilizing low resolution data.

[0062] FIG. 11 is a graphical illustration 1100 of a quality check that may be performed after
calculation of the virtual core. In the illustrated embodiment, a virtual core 1102 is resampled to
be converted from a HR model to a LR model 1104. This low resolution model 1104 may then
be compared to the original input LR minerology model 1106 and evaluated for error 1108. The
quality check enables verification of the system. Moreover, in embodiments, the data may also
be compared against core samples for further verification.

[0063] It should be appreciated that different information and data logs may also be
incorporated. For example, permeability may be determined by evaluating various data logs,
such as density logs, acoustic logs, and the like. Moreover, certain lithology or mineralogical
compositions may be associated with correlated with particular formation properties.
Accordingly, embodiments of the present disclosure are not limited to mineralogical and
lithology evaluation, extraction, and combination. But rather, a variety of data logs may be used
in order to determine various types of formation properties or geomechanical properties.

[0064] Embodiments may also be described in view of the following clauses:

1. A computing system, comprising:
a device processor;
a memory device including instructions that, when executed by the device processor,

cause the computing system to:
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retrieve one or more high resolution logs, the one or more high resolution logs
corresponding to a wellbore formed in a formation;

extract a high resolution lithology model and a low resolution lithology
volumetric model from the one or more high resolution logs;

obtain a low resolution mineralogy log;

split the low resolution lithology volumetric model and the low resolution
mineralogy log into low resolution mineral compositions for one or more lithology types; and

generate a high resolution virtual core, the virtual core corresponding to a mineral

composition of the wellbore.

2. The computing system of claim 1, wherein the instructions, when executed further enable
the computing system to:
split mineralogical compositions to the low resolution lithology compositions using a

moving window approach.

3. The computing system of claim 1, wherein the instructions, when executed further enable
the computing system to:

compare the high resolution virtual core to a core sample;

determine an error between the high resolution virtual core and the core sample; and

save the high resolution virtual core when the error is below a threshold level.

4. The computing system of claim 1, wherein the instructions, when executed further enable
the computing system to:

calculate high resolution lithology compositions based at least in part on the low
resolution mineral compositions and the low resolution lithology volumetric model; and

assign the high resolution lithology compositions to the high resolution lithology model.

5. A computing system, comprising:

a computing device processor;
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a memory device including instructions that, when executed by the computing device

processor, enable the computing system to:

extract a low resolution lithology volumetric model and a high resolution
lithology model from at least one imaging log;

split the extracted low resolution lithology volumetric model into one or more
mineral compositions for one or more lithology types; and

generate a high resolution virtual core via the low resolution lithology volumetric
model and at least one high resolution lithology model, the high resolution virtual core utilizing a
moving window analysis to accommodate between different resolutions of the high resolution

lithology model and the low resolution lithology volumetric model.

6. The computing system of claim 5, wherein the instructions, when executed further enable
the computing system to:

obtain a low resolution mineralogy log before splitting the extracted low resolution
lithology volumetric model;

align features of the low resolution lithology volumetric model to the low resolution
mineralogy log; and

assign mineralogical compositions to the one or more lithology types.

1. The computing system of claim 5, wherein a high resolution model has a smaller vertical

range than a low resolution model.

8. The computing system of claim 5, wherein the instructions, when executed further enable
the computing system to:

retrieve at least one high resolution imaging log.

9. The computing system of claim 5, wherein the instructions, when executed further enable
the computing system to:
determine an average composition of a layer of the at least one imaging log having the

higher resolution; and
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correlate the average composition of the layer to a thickness of the layer to determine the

lithology composition.

10. The computing system of claim 5, wherein the instructions, when executed further enable
the computing system to:

determine a confidence for a lithology volume, based at least in part on a volume directed
to a certain lithographic material; and

apply a weighting function, based on the confidence, to the moving window analysis.

11. The computing system of claim 5, wherein the instructions, when executed further enable
the computing system to:

compare the high resolution virtual core to a core sample;

determine an error between the high resolution virtual core and the core sample; and

save the high resolution virtual core when the error is below a threshold level.

12. The computing system of claim 5, wherein the at least one imaging log comprises at least

one image log and at least one geochemical log.

13. The computing system of claim 5, wherein the moving window analysis extends over a

range corresponding to the vertical resolution for the low resolution models.

14. The computing system of claim 5, wherein the moving window analysis corresponds to

multiple data points represented in the high resolution or low resolution models.

15. A method, comprising:

extracting a low resolution formation property model and a high resolution formation
property model from at least one log;

splitting the extracted low resolution formation property model into one or more property
compositions;

generating a high resolution virtual core via the low resolution formation property model

and at least a second high resolution formation property, the high resolution virtual core utilizing
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a moving window analysis to accommodate between different resolutions of the second high

resolution formation property model and the low resolution property composition.

16. The method of claim 15, further comprising:

obtaining the low resolution mineralogy log and the high resolution lithology model
before splitting the extracted low resolution lithology volumetric model;

aligning features of the low resolution lithology volumetric model to the low resolution
mineralogy log; and

assigning mineralogical compositions to the one or more mineral compositions for the

one or more lithology types.

17. The method of claim 15, further comprising:

retrieving at least one high resolution imaging log.

18. The method of claim 15, wherein at least one of the formation property is a lithology
model, further comprising:

determining a confidence for a lithology volume, based at least in part on a volume
directed to a certain lithographic material; and

applying a weighting function, based on the confidence, to the moving window analysis.

19. The method of claim 15, further comprising:
comparing the high resolution virtual core to a core sample;
determining an error between the high resolution virtual core and the core sample; and

saving the high resolution virtual core when the error is below a threshold level.

20. The method of claim 15, wherein the at least one imaging log comprises at least one
image log and at least one geochemical log.
[0065] The foregoing disclosure and description of the disclosed embodiments is illustrative and

explanatory of the embodiments of the invention. Various changes in the details of the illustrated

27



WO 2020/167604 PCT/US2020/017217

embodiments can be made within the scope of the appended claims without departing from the
true spirit of the disclosure. The embodiments of the present disclosure should only be limited by

the following claims and their legal equivalents.
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CLAIMS

1. A computing system, comprising:
a device processor;
a memory device including instructions that, when executed by the device processor,
cause the computing system to:
retrieve one or more high resolution logs (604), the one or more high resolution
logs (604) corresponding to a wellbore formed in a formation;
extract a high resolution lithology model (606) and a low resolution lithology
volumetric model (608) from the one or more high resolution logs (604);
obtain a low resolution mineralogy log (602);
split the low resolution lithology volumetric model and the low resolution
mineralogy log into low resolution mineral compositions (808) for one or more lithology types;
and
generate a high resolution virtual core (902), the virtual core (902) corresponding

to a mineral composition of the wellbore.

2. The computing system of claim 1, wherein the instructions, when executed further
enable the computing system to:
split mineralogical compositions to the low resolution lithology compositions using a

moving window approach (912).

3. The computing system of claim 1, wherein the instructions, when executed further
enable the computing system to:

compare the high resolution virtual core (1102) to a core sample;

determine an error (1108) between the high resolution virtual core (1102) and the core
sample; and

save the high resolution virtual core (1102) when the error is below a threshold level.

4. The computing system of claim 1, wherein the instructions, when executed further

enable the computing system to:
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calculate high resolution lithology compositions based at least in part on the low
resolution mineral compositions and the low resolution lithology volumetric model; and

assign the high resolution lithology compositions to the high resolution lithology model.

5. A computing system, comprising:
a computing device processor;
a memory device including instructions that, when executed by the computing device
processor, enable the computing system to:
extract a low resolution lithology volumetric model (608) and a high resolution
lithology model (606) from at least one imaging log (602, 604);
split the extracted low resolution lithology volumetric model (702) into one or
more mineral compositions (710, 712, 714) for one or more lithology types; and
generate a high resolution virtual core (902) via the low resolution lithology
volumetric model and at least one high resolution lithology model (910), the high resolution
virtual core (910) utilizing a moving window analysis (912) to accommodate between different
resolutions of the high resolution lithology model and the low resolution lithology volumetric

model.

6. The computing system of claim 5, wherein the instructions, when executed further
enable the computing system to:

obtain a low resolution mineralogy log (704) before splitting the extracted low resolution
lithology volumetric model;

align features of the low resolution lithology volumetric model to the low resolution
mineralogy log; and

assign mineralogical compositions to the one or more lithology types.

1. The computing system of claim 5, wherein a high resolution model has a smaller

vertical range than a low resolution model.

8. The computing system of claim 5, wherein the instructions, when executed further

enable the computing system to:
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retrieve at least one high resolution imaging log.

9. The computing system of claim 5, wherein the instructions, when executed further
enable the computing system to:

determine an average composition of a layer of the at least one imaging log having the
higher resolution; and

correlate the average composition of the layer to a thickness of the layer to determine the

lithology composition.

10. The computing system of claim 5, wherein the instructions, when executed further
enable the computing system to:

determine a confidence for a lithology volume, based at least in part on a volume directed
to a certain lithographic material; and

apply a weighting function, based on the confidence, to the moving window analysis.

11. The computing system of claim 5, wherein the instructions, when executed further
enable the computing system to:

compare the high resolution virtual core (1102) to a core sample;

determine an error (1108) between the high resolution virtual core and the core sample;
and

save the high resolution virtual core when the error is below a threshold level.

12. The computing system of claim 5, wherein the at least one imaging log comprises

at least one image log and at least one geochemical log.

13. The computing system of claim 5, wherein the moving window analysis extends

over a range corresponding to the vertical resolution for the low resolution models.

14. The computing system of claim 5, wherein the moving window analysis

corresponds to multiple data points represented in the high resolution or low resolution models.
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