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matrix material present in an invaded zone around a wellbore and beyond the invaded zone to record a set of log curves of density

and bulk modulus of the fluids and the surrounding rock matrix material present in the invaded zones and beyond the invaded zone
versus depth; recording a set of shale trend compaction curves in each wellbore; solving a set of response equations for rock and
fluid volumes based on the recorded set of log curves and shale trend compaction curves to compute lithology, porosity and
hydrocarbon saturation to build computer models to estimate hydrocarbon saturation for the rock matrix material penetrated in the
wellbore; and using the estimated densities and the bulk modull of the fluids and the rock matrix material near the wellbore, the
shale trend compaction curves and the computed lithology, porosity and hydrocarbon saturation near the wellbore to characterize
elastic properties of a subsurface formation at various fluid saturation conditions.
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(57) Abstract: A computer-implemented method of characterizing elastic
properties of a subsurface formation at various fluid saturation conditions
1s disclosed. The method includes the features of estimating densities and
bulk moduli of fluids and surrounding rock matrix material present in an
invaded zone around a wellbore and beyond the mvaded zone to record a
set of log curves of density and bulk modulus of the fluids and the sur-
rounding rock matrix material present in the invaded zones and beyond the
invaded zone versus depth; recording a set of shale trend compaction
curves 1n each wellbore; solving a set of response equations for rock and
fluid volumes based on the recorded set of log curves and shale trend com-
paction curves to compute lithology, porosity and hydrocarbon saturation
to build computer models to estimate hydrocarbon saturation for the rock
matrix material penetrated in the wellbore; and using the estimated densi-
ties and the bulk moduli of the fluids and the rock matrix material near the
wellbore, the shale trend compaction curves and the computed lithology,
porosity and hydrocarbon saturation near the wellbore to characterize elas-
tic properties of a subsurface formation at various fluid saturation condi-
tions.
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WORKFLOW FOR PETROPHYSICAL AND GEOPHYSICAL FORMATION
EVALUATION OF WIRELINE AND LWD LOG DATA

BACKGROUND

1. Field of the Invention
[0001] The present invention relates generally to processing of geological data and
more particularly to a computer-implemented method for petrophysical and geophysical

formation evaluation of wircline and loggimg-while-drilling (LWD) log data.

2. Description of the Related Art

[0002] The geology of a borchole may be evaluated using borehole logging tools.
Measurements of various properties of the subsurface formations through which the borehole
penetrates can be made, and a log of the measurements against depth 1s produced. This
borchole data can be collected via a number of techniques including resistivity/conductivity
measurements, acoustics, ultrasound, NMR, and gamma radiation, for example. Generally,
borchole data 1s analyzed by human interpreters in order to characterize a subsurface
gecological formation to allow decisions to be made regarding commercial potential of the
well or to determine information about the nature of the surrounding geologic arca. Borechole
data of this type may be used to replace or supplement the collection of cores for visual
inspection and measurements 1n the laboratory.

[0003] Geophysicists often use log data and interpreted results supplied by a
petrophysicist as iput to tasks such as well-seismic ties, models of Amplitude as a function
of Offset (AVO) models, seismic inversion and estimation of reservoir properties from
seismic attributes. The computer-implemented method presented in this disclosure 1s
designed to streamline the petrophysicist’s task of preparing data for the geophysicist’s use,
reduce the geophysicist’s workload, avoid duplication of effort and impose consistency

between the two disciplines.

SUMMARY

[0004] Aspects of embodiments of the present disclosure provide a computer-

implemented method of characterizing elastic properties of a subsurface formation at various



CA 02784405 2012-06-14
WO 2011/075280 PCT/US2010/057420

fluid saturation conditions, the method comprising estimating densities and bulk moduli of
fluids and surrounding rock matrix material present in an invaded zone around a wellbore and
beyond the mvaded zone to record a set of log curves of density and bulk modulus of the
fluids and the surrounding rock matrix material present in the invaded zones and beyond the
invaded zone versus depth; recording a set of shale trend compaction curves in each wellbore;
solving a set of response equations for rock and fluid volumes based on the recorded set of
log curves and shale trend compaction curves to compute lithology, porosity and hydrocarbon
saturation to build computer models to estimate hydrocarbon saturation for the rock matrix
material penetrated in the wellbore; and using the estimated densities and the bulk moduli of
the fluids and the rock matrix material near the wellbore, the shale trend compaction curves
and the computed lithology, porosity and hydrocarbon saturation necar the wellbore to
characterize elastic properties of a subsurface formation at various fluid saturation conditions.
[0005] Aspects of embodiments of the invention may include a computer-readable
medium encoded with computer-executable instructions for performing the foregoing method
or for controlling the foregoing system.

[0006] Aspects of embodiments of the invention may include a system configured
and arranged to provide control of the system in accordance with the foregoing method. Such
a system may incorporate, for example, a computer programmed to allow a user to control the
device 1n accordance with the method, or other methods.

[0007] Projects involving petrophysical-geophysical integration typically include
from a few to a few tens of wells. When working with this number of wells 1t 1s normal for
the user to give each well individual attention to verity data consistency with the data set as a
whole, and to scan cach well’s results as part of quality control.

[0008] The computer-implemented method as described below in various aspects of
the present invention 1s used when sufficient log data 1s available to make a fit for purpose
petrophysical interpretation 1n geological environments where the Gassmann equation,
described further below, 1s valid. These are principally clastic and mixed lithology o1l and
gas reservolrs. The method may be applied from top to bottom of the logged interval
wherever sufficient wireline and LWD data are available. Some wells typically have partial
or no shear sonic log coverage. In these cases, the shear slowness (the reciprocal of the shear
wave velocity) can be estimated using locally derived parameters simultancously with fluid

substitution, described further below.
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[0009] These and other objects, features, and characteristics of the present invention,
as well as the methods of operation and functions of the related elements of structure and the
combination of parts and economies of manufacture, will become more apparent upon
consideration of the following description and the appended claims with reference to the
accompanying drawings, all of which form a part of this specification, wherein like reference
numerals designate corresponding parts 1n the various FIGS. It 1s to be expressly understood,
however, that the drawings are for the purpose of 1llustration and description only and are not
intended as a definition of the limits of the invention. As used 1n the specification and 1n the

X b B Y 4
d

claims, the singular form of an”’, and “the” include plural referents unless the context

clearly dictates otherwise.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] FIG. 1 illustrates an example of a computer-implemented method in
accordance with an embodiment of the present invention.

[0011] FIG. 2 illustrates an example for computing porosity in accordance with
various aspects of the present disclosure

[0012] FIG. 3a and 3b illustrate an example approach for silt estimation in accordance
with various aspects of the present disclosure.

[0013] FIG. 4 illustrates an example of a computer-implemented method using the
Greenberg-Castagna model 1in accordance with an embodiment of the present invention.
[0014] FIG. 5 1s an example schematic illustration of an embodiment of a system for

performing methods 1n accordance with embodiments of the present invention.

DETAILED DESCRIPTION

[0015] In a given region of an exploration area, there may be a large number of wells
drilled. Some wells are drilled with the intention that they will be production wells, others
are for fluid 1injection, or for exploration, delineation or appraisal purposes. During, or after,
drilling of each well, one or more well logs may be recorded, measuring properties of the
subsurface formations through which they are drilled.

[0016] Geophysicists base their modeling on trend curves extracted from log data to
characterize variations 1n ¢lastic and reservoir properties with depth. Consistency 1s achieved

between the two disciplines by the petrophysicist deriving these trends early in the method,
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using them for the petrophysical analysis, and passing them to the geophysicist as part of the
result package. If the zone of interest 1s small enough vertically that compaction effects are
insignificant, trend curves can be replaced by constant numbers. Petrophysical analysis starts
with standard multi-well data analysis, including the use of cross-plots to help i1dentity
inconsistencies 1n tool calibration, consistency or otherwise of earth trends, and their relation
to depth below ocean bottom or sea level and different geo-pressure regimes from well to
well.

[0017] FIG. 1 1illustrates an example computer-implemented method in accordance
with an embodiment of the present invention. The method, indicated generally at 100, begins
at 105 by loading wireline and logging-while-drilling (LWD) logs into a software program,
such as a petrophysical applications package. At 120, logs curve intervals that may have
crroncous data may be ecrased, and consecutive runs are spliced to maximize vertical
coverage. Log curves may be depth matched, and borechole corrections may be made as
appropriate. Borehole corrections are the amount by which a log measurement must be
adjusted 1n order to remove the contribution of the borchole. For example, 1n resistivity
logging, the correction removes the contribution from the borehole from the measured signal,
and 1n nuclear logging, the correction adjusts the reading to that which would be found m a
standard condition, such as a borchole of a given diameter filled with fresh water at a
standard temperature. Resolution enhancement techniques may be used to improve the
accuracy of the logs where beds are 1dentified but not fully resolved. The resolution of the
logs used for compositional petrophysical analysis may be matched as much as possible to
avold spurious bed boundary effects in the computed results.

[0018] In some aspects, the method may be optimized for datasets comprising from a
few to a plurality of wells. It may be equally applied to a single well without the steps
concerned with well to well consistency. The maximum number of wells may be determined
by the need to give some individual attention to each well.

[0019] At this stage of the method, sonic logs in deviated wells, which are wellbores
intentionally drilled away from vertical, should be corrected for the effects of anisotropy.
Sonic logs are a type of acoustic log that records travel time of P-waves and S-waves (also
called compressional and shear waves, respectively) versus depth. For example, sonic logs
are typically recorded by pulling a tool on a wireline up the wellbore. The tool emits a sound
wave that travels from the source to the formation and back to several receivers mounted on

the tool.
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[0020] Deviated wells may have anisotropic formations where various properties of
the formations, such as permeability and stress, may be directionally dependent. For
example, most shale formations are made up of fine laminations with differing elastic
properties, and have different stiffness, and therefore velocity, parallel and perpendicular to
the bedding. If the sonic logs are not corrected for anisotropy, they should be used with
caution or not at all. After the sonic logs are corrected for anisotropy, sampled curves are
ready for mput to a petrophysical compositional analysis application.

[0021] In some aspects, the interpreted interval may be maximized. This often
involves working with limited logging suites, such as gamma ray and resistivity only, 1n the
overburden. The method may be able to solve for lithology, porosity and saturation using
limited log data supplemented by ecarth trends. The same capability also enables
reconstruction of the density and compressional sonic logs where they are absent or affected
by adverse borehole conditions.

[0022] In some aspects, continuous elastic logs (density and sonic) and log analysis
results from top to bottom of the interpreted interval may be needed, and so this data may
need to be synthesized over intervals where the logs are absent or erroncous. Since synthetic
data should not be used for developing interpretive insights or trends, it 1s necessary to
identify and distinguish “original” raw data from the final curves that may be spliced hybrids
of recorded and synthetic data.

[0023] Formation pressure and temperature trends and fluid data such as formation
water salinity, o1l gravity and gas-oil ratio, gas gravity and mvading filtrate properties at 110
and 115 are needed for petrophysical evaluation and fluid substitution. Morecover, bulk
moduli of rocks 1n and around the mvaded zone are also needed for fluid substitution. For
example, properties from pressure and temperature trends and basic salinity, gas-to-oil ratio
(GOR) and/or gravity inputs may be used to estimate the fluid property trends using programs
such as the Colorado School of Mines/University of Houston FLAG application.
Alternatively, laboratory measurements of fluid property samples may be used.

[0024] The method at 140 then yields fluid property curves versus depth in the wells
representing the density and bulk modulus of the fluids present 1n the invaded and
undisturbed zone, and the properties of any hypothetical fluids to be used for subsequent

modeling based the fluid property trends of 140.
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[0025] The method continues at 130 by taking the edited, depth-matched and/or
normalized logs to produce a set of shale trend compaction curves or density trends 1n each
well, where shale property trends may be defined with respect to a common datum and set up
in cach well. The set of curves are typically density, neutron, compressional sonic and
resistivity versus depth. The data may dictate a single trend for the region, or separate trends
for each well, or groups of wells. Mis-calibrated logs may be identified at this stage. For
example, 1f the sonic, neutron and resistivity logs of the well in question follow a regional
trend defined by several wells, but the density 1s displaced, it may be shifted to normalize at
125. Any normalized log curves produced at this step may supersede the log curves at step
1035.

[0026] A first pass log interpretation 1s then performed at 145 based on the regional
shale compaction trends determined at 130 and the computed fluid property curves of 140.
The first pass computes an 1nitial lithology, porosity and/or saturation at 150. Based upon
these computed parameters, a regional sand porosity compaction trend 1s created at 1535, a
data rchabilitation model 1s created at 160 and a silt estimation logic 1s developed at 165. The
method runs 1terative passes until a final pass log interpretation 1s performed at 170. In some
aspects, a log interpretation model that explicitly quantifies the fluids present in the mvaded
zone allows for a sense check on the petrophysical analysis and enables fluid substitution to
adjust the recorded logs by removing invasion effects and represent the earth’s properties at
the well location.

[0027] In some aspects, silt quantification 1s a useful visual cue for distinguishing
interbedded sand-shale intervals with porous sand laminations from hard silty intervals, and
for better understanding the variation of ¢lastic properties with lithology. Even where the
carth 1s mineralogically binary (sand-clay), it 1s often ternary 1in acoustic properties (sand-silt-
shale). In these circumstances, compressional impedance may correlate better with computed
silt fraction than with sand or shale fraction.

[0028] In some aspects, shear slowness may be needed for fluid substitution, but 1s
not usually available over the entire interval of interest 1n all the wells. Shear slowness 1s
estimated using an iterative Gassmann/Greenberg-Castagna optimization built into the fluid
substitution program, discussed further below.

[0029] Density logs record the apparent density of the near wellbore formation, not its

true bulk density. This 1s due to characteristics of the measurement physics and the tool
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calibration. Elastic properties of the earth are related to the true bulk density. Determining
the volume and propertics of the water, oi1l, gas and invading drilling fluid filtrate sensed by
the tool as explicit invaded zone fluid saturation enables casy conversion from apparent to
true bulk density.

[0030]

hydrocarbon saturation of the rock formation 1n and around the borehole. A general set of

The method continues by computing initial lithology, porosity and

log response equations are solved for rock and fluid volumes. The log response equations are
a set of equations that are solved simultancously by a computer program, transforming a set
of log curves and properties assigned to a suite of rock, mineral and fluid components to a set
of volumetric fractions of the formation components. Table 1, shown below, lists typical
response parameters for a simple analysis of a formation into shale, sand, water and o1l using
four recorded logs including gamma ray, density neutron porosity and conductivity, plus the
implied unity equation that states that the four volumes sum to one. This 1S an
overdetermined set of equations for which the solution 1s arrived at by a mathematical

optimization, such that if one of the mputs were missing, a solution would still be possible

with the remaining four equations and four unknowns.

[0031]

into shale, sand, water and oil using four recorded logs including gamma ray, density

Table 1: Typical response parameters for a simple analysis of a formation

neutron porosity and conductivity, plus the implied unity equation

Input Name | Symbol Units Shale Sand Oil Water
Unity 1 1 1 1 1
Gamma Ray | GR API Units | 120 4() 0 0
Density D g/cm3 2.7 2.65 1 0.7
Neutron PN fraction 0.3 0 1 1
Conductivity | Ct mS 0 0 0 10000

[0032]

natural gamma ray logs. This unit 1s based on an artificially radioactive concrete block at the

The API units 1dentified in Table 1 represents a unit of radioactivity used for

University of Houston, Texas, USA, that 1s defined to have a radioactivity of 200 American
Petroleum Institute (API) units. The response parameters may be used 1n the following set of
simultancous equations, shown as equation set 1, to solve for the volume fractions of shale,

o1l and water.
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1= VShaZe T VSand T VOz’l +V,

Water

GR=120xV, +40xV +0xV

Water

+0x7V,,
p, =2 1xVg . +2.65xV,  +1xV,

Water +O°7X VOz’Z (1)
¢N — 04 X VShale T O X VSand T 1 X VWater T 1 X VOfZ

Ct"” =0xV,  +0xV, +C» %V +0xV,

Water Water
[0033] Property inputs can be constants or trend curves, and the solid fraction can be
made up of a combination of “rocks™ such as shale and “minerals” such as orthoclase. The
log curves from 120 and 125 and the property trends from 110 and 115 above are used as
inputs to compute the lithology, porosity and hydrocarbon saturation of the rock formation in
and around the borechole.
[0034] In addition to miscellaneous quality control curves, computation results
relevant to subsequent fluid substitution include the following parameters. A first parameter
includes frame by frame rock and mineral volume fractions that together with porosity sum to
onc. These are passed to the fluid substitution application as rock and mineral inputs. A
second parameter includes total and effective porosity and bound water volume fractions. A
third parameter includes saturations of fluids in the invaded and undisturbed zones referenced
to total or effective porosity. Total or effective invaded zone connate water, filtrate and
hydrocarbon saturations are thus available for mput to the fluid substitution application.
[0035] “Output” curves can be used reconstructed using mathematical techniques
such as linear superposition of volumes and response parameters. For example, 1f the density
log 1s absent or affected by bad hole conditions, it would not be used to compute the volume
fractions. It would instead be reconstructed from the computed volume fractions using the
response equations shown above as equation 2. This response equation 1S the same as the p,

equation from equation set 1.

p, =21xVy, +2.65xV,  +1xV, +0.7xV,, (2)

[0036] The reconstructed logs may be used in circumstances where density 1s absent
or affected by a bad hole and, 1s therefore, not used 1n the analysis. Morcover, “output”
curves may also be used to generate a “true” as distinct from an “apparent” bulk density log.
This feature also allows the user to combine minerals (for example sandstone = quartz +
orthoclase + plagioclase) to sitmplify the fluid substitution rock model.

[0037] In some aspects, the general set of log response parameters for rock and fluid
volumes may be optimized for a preselected number of key wells selected to maximize

comprehensive good quality log and core data and vertical coverage.
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[0038] Typical clean sand porosity compaction trends are derived at 155 from the
results of the computed 1nitial lithology, porosity and hydrocarbon saturation of the rock
formation 1n and around the borechole using a combination of statistical and visual data
analysis techniques. For example, common statistical data analysis techniques include
finding the “best fit line” (linear, polynomial, exponential, logarithmic, etc.) that minimizes
the measured data residuals. Data residuals are the differences between an original data point
and the estimated data poimnt using the formula of the “best fit line.” The minimization of the
data residuals can be done 1n a variety of ways; for example, least squares or absolute value.
Visually an expert may also draw a line which he feels best represents the relationship
between two different variables cross-plotted against cach other. A wvisually drawn
relationship can then be reduced to a numeric formula to be used m further analysis.
Alternatively, the expert could divide the data 1n a series of continuous depth bins and pick an
average or median value of the log data within each depth bin. This resulting data can then
be interpolated using a method such as a spline fitting process. The statistical or visual data
analysis may be done on the totality of the data set, or subdivided into data ranges to better
follow the trends 1n the data. In some aspects, several wells may be used to derive regional
trends. In some aspects, regional trends may be defined well by well. These trends have two
purposes which include estimating clastic log (density and sonic) propertiecs where the logs
arc absent by creating a data rehabilitation model 160 and using the clean sand porosity trend
as an mput to develop a silt estimation logic 1635.

[0039] The data rchabilitation model 160 fills in missing log data, in particular
density, compressional sonic and computed porosity, by using previously found relationships
between these particular data types, including the regional sand porosity compaction trend
model 155, the regional shale compaction trend 130 and available well log data (e.g.,
resistivity and gamma ray) 1n the missing well log data interval. The missing well logging
curves may be because of a lack of mnitial recording of the well logging data, or deletion of
these data during the quality control portion of this method (step 120). The data
rchabilitation model 160 enables a volumetric analysis 1n intervals with very limited data, for
example resistivity and gamma ray only, and predicts logs such as density to overwrite
intervals where the original log 1s absent or poor quality. These models may be run on all
wells.

[0040] For example, porosity computation is heavily dependent on the density log,

and the density log 1s also an important component of the elastic behavior of the formation.
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If the density log was not run or was unusable due to adverse hole conditions, an alternative
method 18 needed for computing porosity, and the formation density also needs to be
estimated. FIG. 2 1llustrates an example approach for computing porosity in accordance with
various aspects of the present disclosure and shows porosity ratio variations relative to shale
fraction. As shown 1n FIG. 2, “porosity ratio” 1s plotted on the y-axis and 1s the ratio of

computed effective porosity to the typical clean sand porosity from the sand porosity

compaction trend, or ¢, . = Prpive.  BIG. 2 shows a trend that is a sigmoidal line fit

@T ypical

cnabling porosity ratio to be computed from shale fraction (that can be rehably estimated

without the neced for a density log).  Effective porosity 1s then estimated as

Prpociive = Pravionsimated X Propicar - AL this point water saturation §,, may be computed from

resistivity, porosity and shale fraction, and the volume fractions of hydrocarbon and water in
the porosity determined. Referring to the example 1n paragraphs [0028]-[0031], the density

log may then be estimated using

pb (EStlmated) — pShaZe X VShaZe T pSand X VSand T pHydrocarbon X VHydrocarbon T pWater X VWater

Where VHydrocarbon — (pEjfective X (1 o S Water) > VWater — (pEjfective X S Water and VSand — 1 - VShale o (pEﬁ”ective ‘

The result of this exercise 1s a continuous estimated porosity and density log that may be used
to fill gaps where the density log was unavailable. Similar reasoning may be applied to other
log types.

[0041] Implementing the optional silt estimation logic 165 provides the analyst with a
visual indication of the variation in porosity with shale fraction that, in turn, 1s a useful
indicator of whether the interval in question should be characterized as a sand-silt-shale
sequence where the logs are fully resolving the beds and interpreted using the interpretation
model 170, or whether 1t 1s better characterized as a laminated interval requiring the
laminated petrophysical analysis 175. Effective porosity, loosely the hydraulically connected
part of the total porosity that contributes to formation permeability, typically reaches a
maximum defined by compaction and diagenesis 1n shale free sands, and reduces to zero 1n
shales. FIGS. 3a and 3b illustrate an example development of silt estimation logic 165.

“Porosity ratio” plotted on the y-axes 1s the ratio of computed effective porosity to the typical

o (DEjfeczfve

clean sand porosity from the sand porosity compaction trend, or ¢, . = In the

Typical

laminated example shown 1n FIG. 3a, effective porosity varies linearly between the sand and
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shale 1puts because the formation 1s made up of unresolved shale and porous sand
laminations. Porosity reduction occurs more rapidly as shale fraction increases in the sand-
silt-shale example as shown 1n FIG. 3b. In this non-limiting example, silt fraction plotted as

contours on the two plots 1s determined from shale fraction and porosity ratio using the

formula V., =1-V, —@, . . Note that in this context silt fraction 1s a visual indicator of

porosity loss with respect to shale fraction, not the term often understood by geologists who
define silt according to the rock’s grain size range. The created regional sand compaction
trends 1535, the created data rehabilitation model 160 and the developed silt estimation logic
165 1s then fed back to compute a subsequent log interpretation until the final log
interpretation 18 performed at 170.

[0042] Finally, the interpreted log results may be manually edited, to allow the
analyst to override the computed results where he judges that his understanding of the
formation enables him to improve upon the computed values yielded by the log interpretation
program. Two illustrative, non-exhaustive examples are now described. First, spurious low
hydrocarbon saturations, typically a few percentage points, are often sporadically computed
in 1ntervals that are known to be 100% water filled. The analyst would overwrite the
computed saturations with 100% water saturation and 0% hydrocarbon saturation. Second,
certain geological conditions give rise to the presence of low saturation immovable or
(colloquially) “f1zz” gas 1n a porous and permeable rock formation, typically present over
tens or hundreds of vertical feet. Variations in the hydrocarbon saturations computed using
resistivity-based saturation cquations may be inconsistent with the relatively constant
indications of saturation indicated by the recorded compressional velocity. Because modeled
fluid effects are very dependent on sat<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>