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(57) ABSTRACT 

A process for constructing a three-dimensional geologic 
model of a subsurface earth volume Wherein resolution 
scales of multiple diverse data types, including seismic data, 
are accounted for by generating multiple frequency pass 
band models and combining them together to form the 
complete geologic model. Preferably, a model is generated 
for each of a low-frequency passband, a mid-frequency 
passband, and a high-frequency passband. When integrating 
seismic data into the modeling process, the seismic-fre 
quency passband constitutes the mid-frequency passband 
model. The process further contemplates updating tentative 
frequency-passband models through optimization of 
assigned rock property values in each tentative model 
according to speci?ed geological criteria. Such optimization 
is carried out by perturbation of the rock property values in 
a manner Wherein the frequency content of each model is 
maintained. 

114 

Seismic data from 
one or multiple 
2-D or 3-D 

seismic surveys 

Update rock properties 
in the perturbed tentative 
frequency-passband 

model(s) and/or 
complete geologic model. 

(108 

Other 2-D or 3-D ? 
data types 1 1 8 

110 Perturb rock property 
(' values in one or more 

Desired tentative frequency 
criteria passband model(s) and/or 

complete geologic model. 

Calculate statistics for one or 
more tentative frequency 
passband model(s) and/or 
complete geologic model. 

8 116 120 
Output final 

complete geologic 
model and, optionally, 
each final frequency 
passband model. 

ls match between Yes 
statistics and desired 

criteria within 
specified limits? 



US 2007/0219765 A1 

f2 
Frequency —> 

~0‘Mon0“ 0 0&00000000000000001 .wgnowononon0N0».nonononononononh‘vw A||| 25.35,‘ 

Patent Application Publication Sep. 20, 2007 Sheet 1 0f 6 

FIG. 1 



Patent Application Publication Sep. 20, 2007 Sheet 2 0f 6 US 2007/0219765 A1 

mg Ilm and Ed 00.? :ozumi 22w 





Patent Application Publication Sep. 20, 2007 Sheet 4 0f 6 US 2007/0219765 A1 

one: E5 Or: am mQS_N> DQ923501 A 
V\/ 

w .GE 

_muoE wanna-“95:200.: 0332.2 m E wuo: 2.5 m “a wu:_~> GEE A 

ucv + NQQMA 

8i 2...? 2:25: 3o: 2 swims-g m>=8=2 35:. £2.61 8 "-92:23 52230 wash-63M 



Patent Application Publication Sep. 20, 2007 Sheet 5 0f 6 US 2007/0219765 A1 

( 202 

Specify initial geologic 
architecture 

l ( 204 

Generate model blocks 

l i ( 20a 
Assign intial rock properies 
to blocks in all freqency 

passband models 

l (210 
Combine all initial frequency 
passband model to create 
the initial complete geologic 

model 

l (214 
Specify geoloical training 
critria for the complete 

geologic model 

i ( 222 
Calculate statistics on 
specifie criteria in the 

complete geologic models 

FIG. 5A 



Patent Application Publication Sep. 20, 2007 Sheet 6 of 6 US 2007/0219765 A1 

( 226 

Specify initial objective 
function 

W ( 230 

Perturb rock properties 
in selected b|ock(s) in the v 

complete geologic model 

Calculate objective 
function of tentative 

complete geologic model 

(256 
Write final 

complete geologic 
model to file 

246 ( 252 

Update the rock properties 
and objective function in 
complete geologic model 

Keep the 
perturbation 

? 

FIG. 5B 



US 2007/0219765 A1 

METHOD FOR CONSTRUCTING 3-D GEOLOGIC 
MODELS BY COMBINING MULTIPLE 

FREQUENCY PASSBANDS 

[0001] This Application is a continuation of US. applica 
tion Ser. No. 09/934,320, ?led Aug. 21, 2001, Which claims 
the bene?t of US. Provisional Patent Application No. 
60/229,407, ?led Aug. 31, 2000. 

BACKGROUND OF THE INVENTION 

[0002] 1. Field Of The Invention 

[0003] This invention generally relates to geologic-mod 
eling. More speci?cally, this invention relates to a three 
dimensional geologic modeling technique Wherein multiple 
frequency-passband model units are combined together to 
form the complete geologic model. 

[0004] 2. Description Of The Prior Art 

A. Geologic Modeling 

[0005] As used in the context of the present invention, a 
geologic model is a computer-based representation of a 
region of the subsurface, such as a petroleum reservoir or a 
depositional basin. A geologic model may take on many 
different forms. Most commonly, descriptive or static geo 
logic models built for mining or petroleum applications are 
in the form of a three-dimensional array of individual model 
units or blocks (also referred to as cells) or less commonly 
points. Hereafter, geologic models Will be referred to in 
terms of blocks. The entire set of blocks constitutes the 
geologic model and represents the subsurface volume. Each 
block represents a unique portion of the subsurface, so the 
blocks may not intercut each other. Dimensions of the blocks 
should be chosen so that the rock-properties assigned to each 
block (e.g., lithology, porosity, acoustic impedance, perme 
ability, and Water saturation) are relatively homogeneous 
Within a block, yet Without creating an excessive number of 
blocks. Most commonly, blocks are square or rectangular in 
plan vieW and have thickness that is either constant or 
variable, but any shape may be used. 

[0006] The geologic modeling process assigns values of 
the rock-properties of interest to all blocks Within the 
geologic model, Which is a process knoWn to practitioners of 
geologic modeling. The value that is to be assigned to the 
block is calculated using one of many estimation methods, 
though the most common methods used are geostatistical. 
Geostatistical methods take into account spatial continuity 
of the rock property. The three-dimensional continuity of a 
rock property may be captured by a variogram, Which 
quanti?es the spatial variability of the rock property as a 
function of both separation distance and direction. Also, the 
model is generally constrained by stratigraphic or structural 
surfaces and boundaries (e.g., facies changes) that separate 
regions of different geologic and geophysical properties. The 
geologic or geophysical data and interpretations that are 
integrated into the geologic model come from many differ 
ent sources, including core, Wireline logs, outcrop analog, 
and 2-D or 3-D seismic data. 

B. Geostatistical Methods of Geologic Modeling 

[0007] Deterministic geostatistical methods, such as krig 
ing, are averaging methods that assign Weights to the neigh 
boring data as a function of distance from the estimation 
block and the variogram model. Stochastic geostatistical 
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methods, such as sequential-Gaussian simulation and 
sequential indicator simulation, generate geologic models 
that honor desired heterogeneity. The estimation process ?rst 
uses a deterministic method (e.g., kriging) to produce a 
conditional distribution of possible values of the rock prop 
er‘ty for the block. Monte Carlo sampling of this distribution 
is used to select the value of the property to assign. Since the 
order in Which blocks are estimated affects rock property 
assignment, a 3-D random path typically is used. This 
process can generate a suite of geologic models for the 
property being modeled. 

C. Frequency-Domain Description of Data and Spatial 
Scales 

[0008] The spatial heterogeneity of rock-properties Within 
a petroleum reservoir has a large effect on ?uid ?oW. 
Reservoir heterogeneity can be described over a Wide range 
of spatial scales. Each data source that is integrated into the 
geologic model represents a speci?c scale of information. 
For example, Well data generally provide ?ner-scale infor 
mation than do seismic data. The proper integration of 
different data types into the geologic model should account 
for the scale of information represented by each type. 
Because spectral frequency is a representation of scale in the 
space domain, it is useful to consider the frequency content 
of the input data When building the geologic model. Short 
range or ?ne-scale variability in the reservoir corresponds to 
high-frequency heterogeneity, Whereas long-range or 
coarse-scale variability corresponds to loW-frequency het 
erogeneity. These different scales of information can be 
described in the frequency domain (also knoWn as the 
“spectral” domain). 
[0009] It can be shoWn that random functions such as 1-D 
Well log or a 3-D geologic model can be decomposed into a 
sum of sinusoids, each representing a different frequency 
and unique amplitude. This decomposition is accomplished 
using the Fourier transform and results in a composite 
amplitude spectrum 10 (see FIG. 1) Which is a plot of 
amplitude as a function of frequency. A de?ned frequency 
band representing a speci?c spatial scale can be ?ltered from 
this composite spectrum in the frequency domain. A typical 
and Well-known loW-pass ?lter is the ButterWor‘th ?lter 
Which is characterized by a cutoff frequency and a slope 
(frequency taper) above the cutoff frequency. This ?lter is 
easily converted to either band-pass or highpass ?lter types. 
The loW-pass ?lter is speci?ed from 0 to f1 HZ resulting in 
loW-frequency band 12, the band-pass ?lter from f 1 to f2 HZ 
resulting in mid-frequency band 14, and the high-pass from 
f2 to Nyquist frequency (theoretical maximum frequency for 
a given data sample rate) resulting in high-frequency band 
16, Where f1 and f2 represent user de?ned cutoff frequen 
cies. 

[0010] The Fourier transformation of a random function 
also results in phase information. Phase information con 
tains data relating to the spatial distribution of values, 
Whereas the amplitude spectrum contains information about 
spatial variability of values. 

D. Modeling Technologies Which Account for Variations in 
Spatial Scale 

[0011] Several geostatistical methods knoWn to practitio 
ners of geologic modeling attempt to account for variations 
in different scales of heterogeneity. The most basic method 
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is termed “kriging With a trend,” by Which the geologic 
model is represented as the sum of a trend (loW-frequency) 
component and a residual (high-frequency) component. The 
trend is generally modeled as a smoothly varying determin 
istic component, and the residual component is modeled as 
a stationary random ?eld With Zero mean. 

[0012] Factorial kriging is a method related to kriging With 
a trend, except that the model is represented as the sum of 
one or more independent stochastic components. Each com 
ponent corresponds to one structure of the variogram model 
speci?c to a certain spatial scale. Factorial kriging can be 
considered as a process to decompose spatially correlated 
data (e.g., Well log, seismic data, or a geologic model) into 
a number of independent components, each of Which can be 
?ltered from the original data. Filtering occurs in the space 
domain (seismic time or depth) instead of the frequency 
domain. 

[0013] Kriging With a trend and factorial kriging demon 
strate a number of de?ciencies and disadvantages. One such 
disadvantage is identifying components of the data. With 
factorial kriging, it may be dif?cult to identify components 
that have a physical interpretation, for example, to identify 
the component that exactly represents the spatial scale of the 
seismic data. Second, With the geostatistical methods each 
component is modeled deterministically. Third, the geo 
statistical methods assume that each component is indepen 
dent of all other components, i.e., they are modeled sepa 
rately and summed together to form the complete geologic 
model. 

[0014] The application of the Fourier transform (or fast 
Fourier transform) has also been used to isolate (?lter) 
individual spatial components so that they can be modeled 
individually. The Fourier transform converts stationary data 
from the space domain into an amplitude spectrum in the 
frequency domain. Different data sources represent different 
frequency ranges in the composite spectrum. Merging spec 
tra from different data sources can generate a composite 
spectrum. The inverse Fourier transform of this composite 
spectrum Will directly yield a version of the integrated result 
in the space domain (eg a geologic-model realiZation). 

[0015] For example, a Fourier transform method has been 
applied to integrate static information from geologic inter 
pretations (e.g., from seismic data) With dynamic informa 
tion from Well tests. (Huang and Kelkar, Integration of 
Dynamic Data for Reservoir Characterization in the Fre 
quency Domain, Proceedings of the SPC Technical Confer 
ence and Exhibition, Denver, Colo., Pages 209-219, Oct. 
6-9, 1996.) This method assumes that static interpretations 
represent loW-frequency information Whereas Well-test data 
represent high-frequency information. This high-frequency 
information Was optimiZed in the frequency domain to agree 
With the measured data. With this process, an initial geologic 
model of permeability (generated With static data) Was 
converted to the frequency domain using the Fourier trans 
form. The spectrum of a de?ned high-frequency component 
Was perturbed and the composite spectrum then converted 
back to the space domain using the inverse Fourier trans 
form. Pressure and production rate Were simulated for the 
resulting geologic model and these estimates Were compared 
With measured values using a simulated-annealing algo 
rithm. If convergence Was not met, the process Was repeated; 
otherWise, it Was terminated. 
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[0016] Prior art technologies that apply the Fourier trans 
form or FFT to account for spatial scales in modeling 
demonstrate a number of de?ciencies and disadvantages. 
One such disadvantage is that model perturbations are 
performed in the amplitude spectrum in the frequency 
domain. It is much more dif?cult to control the effect of the 
perturbation When it occurs in the frequency domain than in 
the space domain. In addition, the model cannot easily be 
conditioned to Well data When perturbation occurs in the 
frequency domain. Second, the process of merging spectra 
of different components to form a composite spectrum 
assumes that the individual components are independent of 
all other components. 

[0017] Seismic-inversion methods for characterizing a 
given geology must also account for spatial scale. It is 
understood by practitioners of seismic inversion that infor 
mation on the loW-frequency spatial distribution of acoustic 
impedance in the subsurface is absent in frequency band 
limited seismic data. HoWever, a loW-frequency acoustic 
impedance component can often be obtained independently 
using measurements from Well data or seismic stacking 
velocities, or possibly through inference from seismic-strati 
graphic or seismic-facies interpretations. This loW-fre 
quency component can be merged With the seismic-fre 
quency information to provide maps or models of acoustic 
impedance. For example, in studies by Pendrel and Van Riel 
(Estimating Porosity from 3D Seismic Inversion and 3D 
Geostatistics, 6th Annual International Meeting of the Soci 
ety of Exploration Geophysicists, Expanded Abstracts, 
Pages 834-387, 1997) and Torres-Verdin et al. (Trace-based 
and Geostatistical Inversion of 3D Seismic Data for Thin 
Sand Delineation: An Application in San Jorge Basin, 
Argentina, The Leading Edge, September, 1999, Pages 
1070-1077), the loW-frequency component Was derived by 
interpolation of Well-impedance data ?ltered to an appro 
priate bandWidth. The resulting loW-frequency component 
Was then merged With the seismic data that had been 
inverted to a model of frequency band-limited acoustic 
impedance. 
[0018] Seismic-inversion methods are generally de?cient 
for purposes of geologic modeling because they result in 
models of acoustic impedance only and contain no infor 
mation at ?ner resolution than seismic scale. In addition, 
these methods assume that the seismic-frequency and loW 
frequency components are independent sources of informa 
tion. 

E. De?ciencies of the Prior Art Modeling Techniques 

[0019] Prior art geologic modeling technologies do not 
properly account for different spatial scales of multiple 
diverse data types. As such, inaccuracies in the geologic 
model can result. Use of an inaccurate model may be very 
costly, resulting in inaccurate estimates of hydrocarbon 
reserves, missed hydrocarbon-reservoir targets, and inappro 
priate reservoir-development strategies. 

[0020] Most prior art geologic-modeling technologies fail 
to recogniZe that different data types used in constructing the 
model contain information at different scales and frequency 
content. This de?ciency is particularly true When integrating 
seismic information into the geologic model. Seismic-am 
plitude data do not contain signi?cant loW-frequency infor 
mation. As a consequence of omitting this information, 
seismic data do not directly measure absolute rock property 
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values nor generally measure slowly varying trends in these 
properties, e.g., as a result of burial compaction. For 
example, seismic data may be used to estimate porosity 
values Within a reservoir, though these values may be 
strongly in?uenced by a sloWly varying compaction trend. 
Direct integration of these estimates into the model Without 
also integrating the loW-frequency information Will lead to 
inaccuracies. 

[0021] Seismic-amplitude data also do not contain signi? 
cant high-frequency information. As a consequence of omit 
ting this information, seismic data measures properties over 
volumes of the subsurface Which are much coarser than that 
measured by Well data. For example, most prior-art geo 
logic-modeling techniques assume that the rock-properties 
estimated from the seismic data and integrated into the 
geologic model represent a volume that is no different than 
that measured by the Well data. If these estimated properties 
are integrated directly into the geologic model, the result 
might not properly re?ect the high-frequency heterogeneity 
that occurs in the reservoir and that affects simulated ?uid 
?oW. 

[0022] As previously discussed, some geologic-modeling 
technologies attempt to account for the different spatial 
scales of multiple diverse data types. Some of these tech 
nologies construct the model in the space domain, While 
others construct it in the frequency domain. De?ciencies in 
these methods include an inability to identify spatial com 
ponents that have physical interpretations, a di?iculty in 
controlling model perturbations, and, most notably, an 
assumption that the individual spatial components are inde 
pendent sources of information. 

[0023] For example, if shale volume (VSH) is modeled by 
summing multiple spatial components, the sum of all com 
ponents can never exceed 100% because this Would repre 
sent a physical impossibility since the total value Would 
exceed 100%. If all spatial components are generated inde 
pendently and summed to produce the complete geologic 
model, there is a good probability that shale volume Will 
exceed 100% at several locations Within the model. There 
fore, each component is not independent of all other com 
ponents. 

SUMMARY OF THE INVENTION 

[0024] The present invention provides a geologic model 
ing method Wherein different resolution-scale data types are 
integrated. In accordance With the method, one or more 
frequency-passband models are constructed, combined, and 
then optimiZed to form the complete geologic model. The 
method provides the model builder With the ability to 
integrate multiple data types With greater accuracy. 

[0025] One embodiment of the method involves construct 
ing the complete geologic model by combining loW-fre 
quency, seismic-frequency, and high-frequency-passband 
models. For example, as illustrated in FIG. 2, a shale 
volume model may be represented by one frequency-pass 
band model for information measured at the seismic-fre 
quency band (e.g., 20-56 HZ), a second frequency-passband 
model for information beloW seismic frequency (e.g., 0-20 
HZ), and a third frequency-passband model for information 
above seismic frequency (e.g., >56 HZ). In combination, 
these models represent all frequencies in the complete 
shale-volume model. A more general embodiment of the 
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method involves constructing the geologic model from one 
or more frequency-passband models that can represent any 
frequency passband, including a full-frequency band (>0 
HZ). 
[0026] In practicing the method, initial models, built in 
either time or depth, may be constructed for each of the 
frequency-passband models. An initial complete geologic 
model is constructed by combining the individual fre 
quency-passband models. The initial complete geologic 
model is then optimiZed based on various desired criteria, 
either directly by optimiZing the initial complete geologic 
model, or indirectly by optimiZing one or more of the initial 
frequency-passband models that combine to result in the 
initial complete geologic model. These initial models may 
be optimiZed by assessing the match betWeen calculated 
statistics that describe the characteristics of the rock-prop 
erty values assigned to each initial model and the desired 
rock-property values. If the match is not Within speci?ed 
limits, perturbation of the rock-property values in at least 
one of these initial models is made using any one of several 
knoWn numerical algorithms. The assessment of the match 
betWeen the model values and the desired values and further 
perturbation continues until the model values are Within 
speci?ed limits. 

[0027] In constructing the geologic model using the 
approach of the present invention, several different rock 
properties may be modeled independently or simulta 
neously. These properties include, but are not limited to, 
porosity, shale volume, net sand percentage, net pore vol 
ume, hydrocarbon saturation, hydrocarbon pore volume, and 
impedance. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0028] The present invention and its advantages may be 
more easily understood by reference to the folloWing 
detailed description and the attached draWings in Which: 

[0029] FIG. 1 illustrates the loW-frequency, mid-fre 
quency, and high-frequency passbands in a plot of amplitude 
versus frequency; 

[0030] FIG. 2 illustrates a cross-section through a geologic 
model in accordance With the general embodiment of the 
present invention and Wherein three initial frequency-pass 
band models are constructed and combined to form the 
initial complete geologic model of the subsurface earth 
volume; 

[0031] FIG. 3 summarizes the steps involved in practicing 
a general embodiment of the geologic modeling method of 
the present invention and the types of data that may be used; 

[0032] FIG. 4 illustrates the operation of perturbing rock 
property values in a tentative frequency-passband model to 
produce neW values Wherein a Zero-phase operator is cal 
culated and added to the tentative values; and 

[0033] FIGS. 5A and 5B illustrate in detail the steps of a 
preferred embodiment of the geologic modeling method of 
the present invention. 

[0034] While the invention Will be described in connection 
With its preferred embodiments, it Will be understood that 
the invention is not limited thereto. On the contrary, it is 
intended to cover all alternatives, modi?cations and equiva 
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lents that may be included Within the scope of the invention, 
as de?ned by the appended claims. 

DETAILED DESCRIPTION OF A GENERAL 
EMBODIMENT 

[0035] With reference to FIG. 3, the geologic modeling 
method of the present invention involves integrating differ 
ent resolution-scale data types by constructing one or more 
initial frequency-passband models, combining these initial 
models to form an initial complete geologic model, and then 
optimiZing one or more of these initial models to form the 
?nal complete geologic model. This is done using data 
Which includes interpreted geologic architecture 102 that 
de?nes the limits of the model, regions Within the model and 
stratigraphic correlations Within the model, and desired 
criteria 110 that de?ne the distributions and relations of rock 
properties in the complete geologic model and/or one or 
more of the individual frequency-passband models. Option 
ally, and desirably, several data types may be used in 
constructing the initial frequency passband models, includ 
ing rock property data 104 derived from core and Well logs, 
seismic data 106 derived from seismic surveys, and other 
data types 108 that could be used to indicate distributions of 
rock properties Within the model. 

[0036] The initial frequency-passband models 111 are 
generated by assigning at least one rock property value to all 
model blocks Within each model. The initial complete geo 
logic model, in either seismic time or depth, is constructed 
by mathematically combining all frequency-passband mod 
els. The rock properties assigned to blocks may include, but 
are not limited to, porosity, shale volume, net sand percent, 
net pore volume, hydrocarbon saturation, hydrocarbon pore 
volume, impedance or permeability. This step may be done 
in any convenient Way, though the frequency content of the 
rock properties assigned to each initial frequency-passband 
model should be consistent With the frequency band repre 
sented by that model and results may be improved if the 
initial models are consistent With desired criteria. 

[0037] If each initial frequency-passband model repre 
sents a frequency band that does not overlap With the 
frequency band of any other initial frequency-passband 
model, then the initial complete geologic model can be 
constructed by summing all frequency-passband models. If, 
hoWever, multiple initial frequency-passband models have 
overlapping frequency bands, special consideration must be 
given to correctly combining them together to obtain the 
initial complete geologic model. One method of combining 
such models is to perform the combination as a Weighted 
summation in the frequency domain. Weights are speci?ed 
as a function of frequency for each initial frequency-pass 
band model. This can be simpli?ed someWhat by assigning 
a global Weight such that all frequencies Within the passband 
of a given initial model have the same assigned Weight 
(global value) and have Zero Weight outside this band. These 
Weights represent the relative contribution for each initial 
model during the summation process. For example, given n 
initial frequency-passband models With Weights provided as 
a function of frequency for each model, the equation that 
represents the summation process in the frequency domain 
is as folloWs: 
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Where GMinit(f) is the initial complete geologic model as a 
function of frequency, FPBMiniti(f) is the ith initial fre 
quency-passband model as a function of frequency, and 
Wi(f) are the frequency Weights for the ith initial frequency 
passband model. 

[0038] After the initial models are generated, calculations 
114 are made of statistics that describe the characteristics of 
rock properties in one or more of these models. These 
characteristics describe, for example, the spatial attributes of 
the tentative rock-properties Within the models. These cal 
culated statistics might be based on various criteria such as 
rock-property frequency distributions and tWo-point vari 
ograms. 

[0039] Next, the match 116 betWeen the calculated statis 
tics and the desired criteria (e.g., desired rock-property 
frequency distributions) is assessed. If the match is not 
Within speci?ed limits, the rock-property values are per 
turbed at 118. The rock property values in at least one of the 
initial models are perturbed using any of a number of 
numerical algorithms knoWn to persons skilled in the art of 
geologic modeling, including techniques of geostatistics or 
numerical optimization. It is also appreciated that the ten 
tative geologic model is the combination of all individual 
tentative frequency-passband models. Therefore, perturba 
tion of any one frequency-passband model Will result in a 
simultaneous perturbation of the complete geologic model. 

[0040] If one or more of the initial frequency-passband 
models are optimiZed, it is to be recogniZed that the process 
of perturbation could have the undesired effect of altering 
the frequency content of the frequency-passband model. 
Many different approaches can be folloWed to insure that the 
frequency content of each model is maintained. One 
approach is to use the statistics representing the frequency 
content of each model in assessing the match to the desired 
criteria. Another approach is to apply a frequency bandpass 
?lter to each perturbed frequency-passband model. A further 
approach is to calculate a Zero-phase operator to be added to 
the tentative rock-property value With each perturbation. 
This approach is illustrated in FIG. 4 and may be realiZed by 
?rst calculating a Zero-phase operator that is speci?c to a 
particular frequency passband. The operator is normaliZed 
so that its maximum value equals 1.0. Then, the tentative 
rock-property value 402 is perturbed by selecting a neW 
tentative value 404, a delta value 406 is calculated by 
subtracting the initial tentative value 402, from the neW 
value 404, and the normaliZed Zero-phase operator is mul 
tiplied by this delta value 406. Yet another approach is to 
replace the tentative amplitude spectrum With a desired 
amplitude spectrum after one or several perturbations (See, 
Yao, T., Conditional Spectral Simulation With Phase Iden 
ti?cation, Mathematical Geology, Vol. 30, No. 3, Pages 
285-308, 1998). Desired amplitude spectra can be calculated 
from a desired variogram model or from a training image 
having the desired amplitude spectrum. 

[0041] Following perturbation of the rock-property val 
ues, the rock-property values in the tentative complete 
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geologic model and/or frequency-bandpass models are 
updated at 112. Statistics are calculated at 114 and the match 
is then assessed again at operation 116. If the match is not 
Within speci?ed limits, the operations illustrated at 118, 112 
and 114 are repeated. If the match is Within speci?ed limits, 
the ?nal complete geologic model and optionally each ?nal 
frequency-passband model is output to a ?le at operation 
120. 

[0042] The process illustrated in FIG. 3 to update the 
tentative models is one of optimiZation. The optimiZation 
may be quantitatively based on mathematical functions 
using stochastic or deterministic methods, or may be quali 
tatively based. The statistics chosen to describe the rock 
properties Within the models are not restricted and may be 
any convenient form that speci?es the desired properties. 
The perturbations are carried out using any of several 
numerical algorithms knoWn to persons skilled in the art of 
geologic modeling. Also, the operations set forth in FIG. 3 
are preferably automated With the use of a computer. 

Detailed Description of a Preferred Embodiment 

[0043] In a preferred embodiment of the invention, one or 
more initial frequency-passband models are constructed and 
combined to form an initial complete geologic model. Also, 
While one or more of the initial frequency-passband models 
may be updated by optimiZation, in the preferred approach 
only the complete geologic model is perturbed and opti 
miZed. This preference assumes that the additional effort to 
optimiZe one or more of the frequency-passband models Will 
not be justi?ed for most applications. 

[0044] Preferably, the geologic modeling method is auto 
mated With the use of a computer. Automation eliminates the 
need for manual, iterative interpretation, thus achieving the 
desired complete geologic model sooner and With less effort. 
Automation also enhances the ability to realiZe an objective 
and reproducible model. Persons skilled in the art of geo 
logic modeling are able to develop computer softWare for 
practicing the method based on the teachings set forth herein 
and particularly based on the information provided in FIGS. 
5A and 5B. The preferred embodiment of this invention, as 
described beloW, may be applied to the entire geologic 
model or to a speci?c region Within the geologic model. 

[0045] Referring ?rst to FIG. 5A, the method begins at 
operation 202 With the input of data specifying an initial 
geologic architecture to de?ne the limits of the model, 
regions Within the model and stratigraphic correlations 
Within the model. In operation 204, model blocks are 
generated. This involves creation of an array of three 
dimensional blocks that comprise the frequency-passband 
models and the complete geologic model. In operation 204, 
the blocks cannot overlap and must jointly describe the total 
volume of the subsurface region being modeled. At this 
stage of the method, each block has been assigned a position 
and a volume in the subsurface region. HoWever, rock 
properties have not been assigned to any of these models. 

[0046] Operation 208 involves preparation of the initial 
frequency-passband models for each rock property. The 
frequency content of the rock properties assigned to each 
initial frequency-passband model should be consistent With 
the frequency band represented by that model and, prefer 
ably, the initial models are someWhat consistent With desired 
criteria that control the modeling method in the operations to 
folloW. 
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[0047] As an example of operation 208, possible 
approaches for constructing initial frequency-passband 
models of porosity include, but are not restricted to, the 
folloWing procedures: 

[0048] (a) A loW-frequency-passband model may be con 
structed by assigning to blocks average porosity values 
for de?ned regions in the model, based on interpretations 
of geology for these regions, and then ?ltering this model 
to obtain the appropriate loW-frequency content. Or, gen 
erating a simple geostatistical model of porosity condi 
tioned to Well data, and then ?ltering this model to obtain 
the appropriate loW-frequency content. 

[0049] (b) A seismic-frequency-passband model may be 
constructed by transforming seismic-amplitude values to 
seismic-frequency (bandlimited) porosity values, using a 
transform that statistically relates these properties. Band 
limited-porosity values could be calculated by ?ltering 
porosity values derived by Wireline log over the seismic 
frequency passband. 

[0050] (c) A high-frequency-passband model may be con 
structed by generating a simple geostatistical model of 
porosity conditioned to Well data, and then ?ltering this 
model to obtain the appropriate high-frequency content. 

[0051] (d) A full-frequency-passband model may be rep 
resented by an existing geologic model of porosity for the 
subsurface region being modeled. 

[0052] In operation 210, all initial frequency-passband 
models are combined to create the initial complete geologic 
model. If there is only one initial frequency-passband model, 
this model alone represents the initial complete geologic 
model. As an example of operation 210, possible approaches 
for combining multiple frequency-passband models for con 
structing an initial complete geologic model of porosity 
include, but are not restricted to, the folloWing procedures: 

[0053] (a) The initial complete geologic model may be 
constructed by summing three initial frequency-passband 
models of porosity: an initial loW-frequency passband 
model containing information beloW seismic frequency 
(e.g., 0-20 HZ), an initial seismic-frequency passband 
model containing information Within the seismic-fre 
quency band (e.g., 20-56 HZ), and an initial high-fre 
quency-passband model containing information above 
seismic frequency (e.g., >56HZ). 

[0054] (b) The initial complete geologic model may be 
constructed by substituting seismic-frequency-band infor 
mation contained Within an initial full-frequency pass 
band model With an initial seismic-frequency-passband 
model. The initial full-frequency passband model is an 
existing geologic model of porosity. The initial seismic 
frequency passband model contains porosity information 
Within the seismic-frequency band (e.g., 20-56 HZ). Fil 
tering is used to ?rst remove information Within the 
seismic-frequency band (e.g., 20-56 HZ) from the pre 
existing geologic model. This ?ltered geologic model and 
the initial seismic-frequency passband model are then 
summed. 

[0055] (c) The initial complete geologic model may be 
constructed by combining an initial full-frequency pass 
band model With an initial loW-frequency-passband 
model. The initial full-frequency passband model is an 
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existing geologic model of porosity. The initial loW 
frequency passband model contains information Within a 
loW-frequency band (e.g., 0-10 HZ). Because the fre 
quency passbands of the initial loW-frequency passband 
model and the initial full-frequency passband model over 
lap, the initial complete geologic model may be con 
structed through a Weighted-summation in the frequency 
domain. Weights are speci?ed as a function of frequency 
for both the initial loW-frequency and full-frequency 
passband models, Where the Weights represent the relative 
contribution of each model during the summation process. 
The relationship for this summation procedure is provided 
in Equation 1. 

[0056] In operation 214, training criteria, Which establish 
rules for modeling the complete geologic model, are speci 
?ed. Typical examples of desired criteria include measures 
of 3-D spatial continuity and frequency distributions of rock 
properties. Criteria may be unique for each region Within the 
geologic model. Many of the desired criteria speci?ed may 
be represented as components of the objective function, 
Whereas other criteria may be used directly. Combining 
desired criteria into a mathematical objective function 
alloWs a comparison of desired values With those calculated 
from the tentative geologic model. It also summarizes the 
overall match betWeen the geologic model and the desired 
criteria. 

[0057] To further illustrate operation 214, training criteria 
speci?ed When constructing a geologic model of porosity 
include, but are not restricted to, the folloWing: 

[0058] (a) The frequency distribution (histogram) of 
porosity to be found in the complete geologic model. 

[0059] (b) The desired 3-D amplitude spectrum of porosity 
for the complete geologic model. This spectrum can be 
calculated from a desired variogram model, from a train 
ing image (eg an existing model of porosity), or from a 
combination of the tWo. 

[0060] (c) Rock-property values measured at Wells. These 
values are assigned as desired criteria Within those model 
blocks intersected by these Wells. This assignment opera 
tion consists of (i) determining Which blocks are inter 
sected by the boreholes of the Wells and (ii) assigning the 
values observed at each intersected borehole segment to 
the corresponding blocks as desired criteria. 

[0061] Though not a requirement of the preferred embodi 
ment, multiple rock-properties may be simultaneously mod 
eled. Separate initial complete geologic models must be 
constructed for each rock property and separate criteria for 
each rock property must be speci?ed. In addition, criteria 
may be speci?ed that de?ne relationships betWeen tWo or 
more of the rock properties being simultaneously modeled to 
ensure consistency betWeen the models. For example, if a 
porosity value Were assigned to a block, a permeability value 
consistent With that porosity value Would be assigned to that 
same block. Such criteria may be de?ned in the form of 
constant parameters, straightline or curvilinear interpolators, 
or scatterplots (cloud transforms). Relationships may be 
unique for each de?ned region Within the model. 

[0062] It is necessary that the speci?ed criteria be consis 
tent With the frequency content of the particular model for 
Which they are being used. For the preferred embodiment of 
this invention only the complete geologic model is perturbed 
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and optimiZed; therefore, these criteria must be consistent 
With the frequency content of the complete geologic model. 

[0063] Some desired criteria (e.g., a variogram model or 
the amplitude spectrum) are controlled by stratigraphic 
correlations. Accordingly, for stratigraphic statistics, corre 
lations betWeen blocks in the model should be taken into 
account. For instance, if a bed is dipping, the amplitude 
spectrum representing stratigraphic continuity should not be 
calculated horizontally, but instead the calculation should 
folloW the degree and direction of dip; i.e., should folloW the 
stratigraphic correlations. This approach should be folloWed 
When calculating all such stratigraphically controlled crite 
ria. Correlative layers typically are de?ned by surfaces in the 
form of computer grids 

[0064] In operation 222, statistics to measure agreement of 
desired criteria are calculated. Preferably, desired criteria or 
criteria corresponding to the observations or training infor 
mation are provided. Statistics are calculated from the 
properties in the initial complete geologic model and then 
are compared to the desired values. For example, consider a 
frequency distribution (histogram) for the property being 
modeled. By subdividing the histogram into multiple bins, 
each bin representing a narroW range in property values, a 
comparison statistic might be the sum of squares of the 
differences betWeen the calculated, model-Wide bin count 
(number of counts in each bin) and the desired bin count, 
With the sums calculated over all bins. 

[0065] The method noW proceeds from FIG. 5A to opera 
tion 226 as illustrated in FIG. 5B. In operation 226, the 
initial objective function is computed. One or more of the 
comparison statistics for the desired criteria from the com 
plete geologic model are combined into an objective func 
tion. Although the objective function can be de?ned in many 
Ways, typically it is in the form of a linear combination of 
the individual desired criteria: 

OBJ=WiCOMi 

Where Wi represents a Weight assigned to the i-th compo 
nent, COMi, and the sum is over all components being used 
for building the model. Preferably, the components of the 
objective function are de?ned so as to make them nonne 
gative and to force them to reach an optimum value (perfect 
agreement) at Zero. If this is done for all components, the 
objective function Will have similar properties. 

[0066] The preferred method of de?ning Weights Wi asso 
ciated With each component is to let Wi=Vi Ui, Where Vi 
represents a Weight that takes account the variability (e.g., 
inverse of the variance) of the component, and Ui is a 
user-de?ned, relative Weight for the component. It is con 
venient to rescale the Weights Wi so that OBJ=1.0 for the 
initial model. 

[0067] In operation 230, the rock-property values assigned 
to blocks in the tentative complete geologic model are 
systematically perturbed. The optimiZation feature of the 
method requires perturbing the model’ s rock properties until 
the objective function attains a minimum value; that is until 
the comparison statistics reasonably match the desired cri 
teria. Any of several optimiZation techniques can be used to 
determine if a given perturbation makes the model attain a 
better ?t to the desired criteria. The preferred characteristics 
of the optimiZation technique are that properties of the 
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individual blocks can be modi?ed and an objective function 
can be de?ned to indicate degree of agreement. 

[0068] Many di?ferent optimization techniques could be 
applied in this step, including simulated annealing, the 
maximum a posteriori method, Markov-chain Monte Carlo 
methods, gradient and other deterministic methods, and 
genetic algorithms, as Well as a combination of algorithms. 
The method of the present invention is not limited to a 
speci?c optimiZation technique, though a speci?c technique 
may be preferred in a certain situation. 

[0069] It is preferable to perform operation 230 in a series 
of sequential steps; Wherein at each step, the perturbation 
process attempts to force a nearly perfect ?t of the model 
statistics to one of the desired criteria. The objective func 
tion can be computed after each sequential step or after one 
iteration through all steps. As an example of operation 230, 
sequential perturbation steps for modeling porosity include, 
but are not restricted to, the folloWing procedures: 

[0070] (a) Blocks in the geologic model intersected by the 
boreholes of the Wells are selected and tentative porosity 
values assigned to these blocks are replaced by the 
corresponding values observed at each intersected bore 
hole segment. 

[0071] (b) Tentative porosity values assigned to all blocks 
in the geologic model are simultaneously perturbed to 
neW values using the rank-transform method. This 
method, knoWn to persons skilled in the art of geologic 
modeling, resets the tentative cumulative frequency dis 
tribution of porosity calculated from the tentative geo 
logic model to the desired cumulative frequency distri 
bution of porosity. This step simultaneously perturbs rock 
property values in all blocks of the complete geologic 
model. 

[0072] (c) The tentative complete geologic model is trans 
formed into the frequency domain using the fast Fourier 
transform. The tentative 3-D amplitude spectrum for the 
geologic model is replaced, entirely or in part, With the 
desired amplitude spectrum. The 3-D phase spectrum for 
the tentative geologic model is not replaced. The inverse 
Fourier transform converts these spectra back into the 
space domain to yield an updated version of the complete 
geologic model. This step simultaneously perturbs rock 
property values in all blocks of the complete geologic 
model. 

[0073] In operation 244, the objective function of the 
tentative complete geologic model is calculated and the 
tentative component statistics for geological criteria are 
combined into a tentative objective function that measures 
the degree of ?t betWeen properties in the tentative models 
and the desired properties. It is convenient to de?ne the 
objective function in terms of a single component, Which is 
a measure of the magnitude of change in rock-property 
values assigned to blocks in the tentative geologic model 
folloWing each iteration. 

[0074] In operation 246, the decision is made as to 
Whether the tentative values in the blocks are to be retained 
or rejected. This decision depends on the value of the neWly 
calculated objective function. If the tentative objective func 
tion is nearer the optimum than the current objective func 
tion, then the tentative perturbation is retained. In this case, 
the tentative rock property values are stored in the models in 
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operation 252. Also, the objective function and components 
are changed to equal the tentative values. If operation 230 is 
performed in a series of sequential steps as described above, 
then the objective function is alWays reduced after each 
iteration and the tentative perturbation is alWays retained in 
operation 246. 

[0075] With many optimization techniques, the objective 
function can increase folloWing perturbation. If the objective 
function has increased, the values in the blocks and the 
objective function components Will be left unchanged. If 
simulated annealing is applied, the tentative change may be 
alloWed, With a small probability, to be retained regardless 
of the increase in the objective function. This Will serve to 
prevent convergence from being trapped in a local minimum 
in the objective function space. Other optimiZation tech 
niques may not alloW increases in the objective function. 

[0076] The method concludes in operations 254 and 256. 
In operation 254, a determination is made as to Whether the 
model is adequate or complete. If it is not, the method 
continues by returning to operation 230 such that the blocks 
in the tentative complete geologic model continue to be 
perturbed. The process may be con?gured to stop perturba 
tion if a preassigned number of perturbations have been 
attempted or if preassigned criteria of the objective function 
(e.g., minimum acceptable value) have been attained. If the 
model is complete, the ?nal complete geologic model is 
Written to ?le in operation 256. The resulting optimiZed 
model is then available for analysis, validation, and for 
geological, geophysical, or engineering applications With 
other softWare. 

[0077] Although particular detailed embodiments of the 
present invention have been described herein, it should be 
understood that the invention is not restricted to the details 
of the preferred embodiments described. It Will be apparent 
to persons skilled in the art that many alternatives, modi? 
cations, and variations to the embodiments described are 
possible Without departing from the spirit and scope of the 
present invention. 

What is claimed is: 
1. A method for constructing a three-dimensional geologic 

model of a subsurface earth volume according to speci?c 
geological criteria comprising: 

generating a plurality of frequency-passband models of 
the subsurface earth volume, Wherein each of the 
plurality of frequency-passband models are associated 
With at least one frequency passband; 

assigning at least one rock property value associated With 
at least one rock property to different portions of each 
plurality of frequency-passband models; 

combining the plurality of frequency-passband models to 
form an initial complete three-dimensional geologic 
model of the subsurface earth volume; and 

optimiZing the initial complete three-dimensional geo 
logic model by perturbing the rock property values in 
at least one of the plurality of frequency-passband 
models according to speci?ed geological criteria. 

2. The method of claim 1, Wherein the plurality of 
frequency-passband models comprise a loW-frequency pass 
band model associated With frequencies in a range of about 
0 HZ to about 20 HZ, a mid-frequency passband model 
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associated With frequencies in a range of about 20 HZ to 
about 56 HZ, and a high-frequency passband model associ 
ated With frequencies greater than 56 HZ. 

3. The method of claim 1, Wherein each of the plurality of 
frequency-passband models are built in seismic time or 
depth. 

4. The method of claim 1, Wherein the generating the 
plurality of frequency-passband models comprises: 

specifying an initial geologic architecture to de?ne the 
limits of the each of the plurality of frequency-pass 
band models; and 

creating a three-dimensional array of contiguous model 
blocks to represent the subsurface earth volume Within 
each of the plurality of frequency-passband models, 
Wherein the model blocks are the different portions of 
each plurality of frequency-passband models. 

5. The method of claim 1, Wherein the generating the 
plurality of frequency-passband models comprises: 

specifying an initial geologic architecture to de?ne strati 
graphic correlations Within each of the plurality of 
frequency-passband models; and 

creating a three-dimensional array of contiguous model 
blocks to represent the subsurface earth volume Within 
each of the plurality of frequency-passband models, 
Wherein the model blocks are the different portions of 
each plurality of frequency-passband models. 

6. The method of claim 1, Wherein generating the plurality 
of frequency-passband models comprises: 

specifying an initial geologic architecture to de?ne the 
limits of each of the plurality of frequency-passband 
model; and 

creating a three-dimensional array of discrete model 
points to represent all portions of the subsurface earth 
volume to be included Within the model, Wherein the 
discrete model points are the different portions of each 
plurality of frequency-passband models. 

7. The method of claim 1, Wherein generating the plurality 
of frequency-passband models comprises: 

specifying an initial geologic architecture to de?ne strati 
graphic correlations Within each of the plurality of 
frequency-passband models; and 

creating a three-dimensional array of discrete model 
points to represent the subsurface earth volume to be 
included Within the model, Wherein the discrete model 
points are the different portions of each plurality of 
frequency-passband models. 

8. The method of claim 1 Wherein each rock property 
value is a measurable property of the subsurface volume, 
and the rock property is one of porosity, shale volume, net 
sand percent, net pore volume, hydrocarbon saturation, 
hydrocarbon pore volume, impedance, and permeability. 

9. The method of claim 1, Wherein each rock-property 
value is consistent With the frequency band of the respective 
frequency-passband models. 

10. The method of claim 1, Wherein the initial complete 
geologic model is formed by Weighted summation of each of 
the plurality of frequency-passband models. 

11. The method of claim 1, Wherein optimiZing the initial 
complete three-dimensional geologic model by perturbing 
the rock-property values comprises: 
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(a) specifying training criteria for the initial complete 
three-dimensional geologic model, said training criteria 
being consistent With the frequency content of the 
corresponding model; 

(b) calculating statistics that describe the characteristics of 
the assigned rock-property values in the initial com 
plete three-dimensional geologic model; 

(c) calculating the initial objective function; 

(d) perturbing the rock-property values in the initial 
complete three-dimensional geologic model so that the 
rock-property values more closely correspond to the 
training criteria; 

(e) calculating the objective function for an updated 
complete three-dimensional geologic model; 

(f) retaining the perturbed rock-property values and the 
neW tentative objective function if the objective func 
tion is reduced; 

(g) repeating steps (d) through (f) until the objective 
function is reduced to a speci?ed limit; and 

(h) outputting the updated complete three-dimensional 
geologic model to ?le. 

12. The method of claim 11, Wherein the subsurface earth 
volume includes more than one region and speci?ed training 
criteria are unique for each region. 

13. The method of claim 11, Wherein the rock-property 
values in the initial complete three-dimensional geologic 
model are perturbed by simultaneously optimiZing more 
than one initial model. 

14. The method of claim 11, Wherein the frequency 
content of each updated complete three-dimensional geo 
logic model is maintained during perturbation of the rock 
property values. 

15. A method for constructing a three-dimensional geo 
logic model of a subsurface earth volume according to 
speci?c geological criteria comprising: 

generating a model having a plurality of blocks to repre 
sent a subsurface earth volume; 

assigning at least one rock property value associated With 
at least one rock property to each of the model blocks 
to create a plurality of frequency-passband models that 
are each associated With at least one frequency pass 

band; 
combining the plurality of frequency-passband models to 

form an initial complete three-dimensional geologic 
model of the subsurface earth volume; and 

optimiZing the initial complete three-dimensional geo 
logic model by perturbing the rock property values in 
at least one of the plurality of frequency-passband 
models according to speci?ed geological criteria. 

16. The method of claim 15, Wherein the plurality of 
frequency-passband models comprise a loW-frequency pass 
band model associated With frequencies in a range of about 
0 HZ to about 20 HZ, a mid-frequency passband model 
associated With frequencies in a range of about 20 HZ to 
about 56 HZ, and a high-frequency passband model associ 
ated With frequencies greater than 56 HZ. 

17. The method of claim 15, Wherein the generating the 
model having the plurality of blocks to represent the sub 
surface earth volume comprises specifying an initial geo 
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logic architecture to de?ne the limits of the each of the 
plurality of frequency-passband models. 

18. The method of claim 15 Wherein each rock property 
value is a measurable property of the subsurface volume, 
and the rock property is one of porosity, shale volume, net 
sand percent, net pore volume, hydrocarbon saturation, 
hydrocarbon pore volume, impedance, and permeability. 

19. The method of claim 15, Wherein each rock-property 
value is consistent With the frequency band of the respective 
frequency-passband models. 

20. The method of claim 15, Wherein the initial complete 
geologic model is formed by Weighted summation of each of 
the plurality of frequency-passband models. 

21. The method of claim 15, Wherein optimiZing the initial 
complete three-dimensional geologic model by perturbing 
the rock-property values comprises: 

(i) specifying training criteria for the initial complete 
three-dimensional geologic model, said training criteria 
being consistent With the frequency content of the 
corresponding model; 

(j) calculating statistics that describe the characteristics of 
the assigned rock-property values in the initial com 
plete three-dimensional geologic model; 

(k) calculating the initial objective function; 

(1) perturbing the rock-property values in the initial com 
plete three-dimensional geologic model so that the 
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rock-property values more closely correspond to the 
training criteria; 

(m) calculating the objective function for an updated 
complete three-dimensional geologic model; 

(n) retaining the perturbed rock-property values and the 
neW tentative objective function if the objective func 
tion is reduced; 

(0) repeating steps (d) through (f) until the objective 
function is reduced to a speci?ed limit; and 

(p) outputting the updated complete three-dimensional 
geologic model to ?le. 

22. The method of claim 21, Wherein the subsurface earth 
volume includes more than one region and speci?ed training 
criteria are unique for each region. 

23. The method of claim 21, Wherein the rock-property 
values in the initial complete three-dimensional geologic 
model are perturbed by simultaneously optimiZing more 
than one initial model. 

24. The method of claim 21, Wherein the frequency 
content of each updated complete three-dimensional geo 
logic model is maintained during perturbation of the rock 
property values. 


