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REDUCING THE DIMENSIONALITY OF THE JOINT INVERSION PROBLEM

CROSS-REFERENCE TO RELATED APPLICATION

[0001] This application claims the benefit of U.S. Provisional Patent Application
61/374,135 tiled August 16, 2010 entitled REDUCING THE DIMENSIONALITY OF THE
JOINT INVERSION PROBLEM.

FIELD OF THE INVENTION

[0002] This invention relates generally to the field of geophysical prospecting and,
more particularly to processing of geophysical data. Specifically the invention is a method for
increasing computational speed and accuracy for 3D joint inversion of two or more
geophysical data types by reducing the joint inversion to a series of 1D joint inversions at

selected (x, y) locations.

BACKGROUND

[0003] [nversion ot geophysical data 1s commonly employed in the oil and gas
Industry as an exploration tool. Decisions regarding whether to drill exploratory wells in
specific locations are often made by interpreting maps and images that have been constructed
from geophysical data (e.g., seismic reflection, gravity). These data are collected over both
land and marine prospects and processed with techniques specific to the type of data being

measured and then sometimes inverted to produce models of the subsurface (e.g., reflectivity

structure, density structure, etc.). Inversion is the process of inferring a subsurface model
from data. Inversion of active seismic, controlled source electromagnetic (CSEM), and

gravity data are often used — although typically independently — in the oil and gas industry.

[0004] The three components of a typical geophysical data inversion are: (i) data
acquired from the field (henceforth called observed data) (i1) a forward simulator to predict
data as a function of model parameters and (111) a numerical mechanism to update model
parameters 1n order to reduce misfit between the observed and predicted data. Figure 1 shows
the steps followed in a typical inversion process. An initial model 11 containing the best
guess for the inversion parameters (such as electrical conductivity, seismic velocity,

impedance, density, magnetization, ¢tc) is provided to an inversion algorithm 12. Based on
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the calculated difference between observed data 17 and the data predicted (14) by a forward
model 13 as a function of the model parameters, the inversion algorithm suggests an update
15 to the model parameters. This step 18 typically driven by a mathematical optimizer, which
calculates the model update based on the sensitivity of the error function of the predicted and
observed data to the model parameters. The model parameters represent a discretized version
of the space of interest for inverting for physical properties and may take a variety of forms,
including values at the vertices of either regular or irregular grids, values specified or
interpolated between surfaces, or values to be interpolated within grids. For example, in the
case of 3D CSEM 1nversion, the model parameters might be a 3D conductivity grid. Various
model parameterizations might be used such as finite elements or boundary elements. The
inversion process 1s typically iterative. At the end of each iteration, a termination condition
1s checked to decide whether to continue the iterations or stop with the then current model
becoming a final model 18. This termination condition may be as simple as testing whether
the model misfit 16 has dropped below a predefined value, or may involve manual
intervention by observing the model updates during the iterative process. The geophysicist
might manually intervene, for example, to apply alternate mitial models to test hypotheses or

to reconcile the inverted model with additional information.

[0005] Geophysical data inversion 1s a challenging process, both in terms of
computational expense as well as the 1ill-posed nature of the problem. Despite these
challenges, geophysicists in the o1l and gas industry regularly use some form of inversion
mechanism for data collected in the field to influence drilling decisions. However, there
remains significant uncertainty in predicting the properties of the subsurface (such as
structure and fluid type) through inversion of a specific type of data set. Several governing
factors go into determining whether an accurate enough inversion can be performed, such as
the type and quality of the observed data (measurement noise level) and the physical
propertics of the subsurface that are to be predicted, to name a few. Each geophysical data
type may predict a different physical property, and the resolution attainable for the individual
parameters may also be very different. Given these facts, the i1dea to jointly invert these
observed data has emerged. Joint inversion involves using multiple geophysical data sets that
constrain different earth properties and combining them 1n a way that reduces the uncertainty

in predicting the earth properties.

[0006] Figure 1 also shows the process of joint inversion, which 18 conceptually

similar to geophysical inversion of individual data types. The difference between the two 1s
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that the numerical machinery or algorithm for joint inversion deals with multiple geophysical
data simultancously (indicated by the layering of box 17). Consequently, the geoscientist
needs to use multiple forward simulators (1indicated by the layering of box 13), one for each
data type, possibly involving different physics and even different model representations for
cach data type. At each 1teration of the inversion, a call to every forward simulator 1s made to
predict each type of observed geophysical data, and a combined misfit 1s calculated. The
inversion algorithm then suggests a model update based on this combined misfit. The update
mechanism may take into account a prior1 information such as data uncertainty or model
smoothness. How the data are combined, and over what space the inversion parameters are
defined depends on the particular choice of the joint inversion implementation, but the main
concept encapsulated by Fig. 1 does not change significantly. Joint inversion of several
ogcophysical data types results 1n a consistent earth model that explains all the geophysical
data simultancously. Next are described briefly some of the methods of joint inversion of
geophysical data that have appeared in publications. The model in Fig. 1 may be
equivalently thought of as comprising all of the geophysical parameters of interest, such as
conductivity, density, shear modulus, bulk modulus, or other parameters or as comprising a
set of parameter models, one model for each parameter type of interest. In general,

geophysical parameters may be anisotropic.

[0007] Hoversten et al., (2006) investigate an algorithm for one-dimensional joint
inversion of CSEM and seismic reflection data using synthetic data instead of observed data.
They implement a local optimization algorithm, which uses local sensitivity information of
the data misfit to the model parameters to suggest updates to the model parameters. They
statc that global (derivative-free) methods are too computationally expensive for 3D
problems. The distinction between local and global methods, along with their relative

advantages and disadvantages 1s described below 1n this document.

[0008] Hu et al. (2009) employ what they term a cross-gradient approach to perform

joint mnversion of 2D synthetic electromagnetic and seismic data. Their approach exploits the

structural similarity that 1s occasionally seen between the conductivity image and the P-wave
velocity 1mage, and enforces this similarity in the form of a constraint on the joint inversion
solution. The mversion algorithm updates conductivity and velocity in an alternating fashion
while maintaining the structural similarity until the combined CSEM and seismic misfit drops

below a predetermined limiat.
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[0009] Chen and Dickens (2007) use a global optimization method (Markov Chain
Monte Carlo) to analyze the uncertainties 1n joint seismic-CSEM inversions, but restrict

themselves to 1D synthetic data.

[0010] Thus although joint inversion 1s being investigated as a potential approach for
reducing the uncertainty or ambiguity associated with geophysical inversion, there 1s a need
for a more computationally efficient way to perform 1t. The present invention satisfies this

need.
SUMMARY

[0011] In one embodiment, the invention 1s a method for exploring for hydrocarbons,
comprising: (a) obtaining 3D data sets of at least two different types of geophysical data,
cach representing a common subsurface region; (b) using a computer to perform separate 3D
inversions of each data type to obtain a 3D model of a corresponding physical property for
cach data type; (¢) using a computer to synthesize a 1D response of each 3D model at one or
more selected (x,y) locations to obtain 1D datasets that conform to a 1D expression of the 3D
model; and (d) using a computer to jointly invert the 1D datasets at each selected (x,y)
location and analyzing results for presence of hydrocarbons. As implied above, practical

applications of the invention require that computations be performed on a computer.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] The present invention and 1ts advantages will be better understood by referring

to the following detailed description and the attached drawings in which:

[0013] Fig. 1 1s a flowchart showing basic steps 1n joint inversion of one or more data
types;
[0014] Fig. 2 1s a flowchart showing basic steps in one embodiment of the present

inventive method; and

[0015] Fig. 3 1s a schematic diagram illustrating applying the present inventive

method to electromagnetic and seismic data.

[0016] The mvention will be described 1n connection with example embodiments.
However, to the extent that the following detailed description 1s specific to a particular

embodiment or a particular use of the invention, this 1s mntended to be illustrative only, and 1s
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not to be construed as limiting the scope of the invention. On the contrary, 1t 18 intended to
cover all alternatives, modifications and equivalents that may be included within the scope of

the invention, as defined by the appended claims.

DETAILED DESCRIPTION

[0017] Joint inversion methods such as those described above put severe restrictions
on the choice of the inversion algorithm — especially for 3D data, that 1s for observed data
which are sensitive to the three-dimensional variation of geophysical parameters within the
carth. One of the biggest computational bottlenecks 1s the forward simulator (13 1n Fig. 1),
which 1s used to predict the data as a function of model parameters. For a real data
application, the discretized model that 1s passed to the forward simulator may represent on
the order of 100,000 unknowns, or even more, depending on the complexity of the data.
Furthermore, for typical model sizes, a single simulation involving the solution of a 3D wave
equation required for predicting seismic data can require several hours or even days on a
cluster of multiple CPUs. For an inversion algorithm, such a forward simulation may need to
be invoked several hundred times until an acceptable imversion result 1s obtained. For a joint
inversion problem, which involves the use of forward simulators for each of the data types
present, this computational bottleneck 1s an even bigger impediment. Not only 1s the forward
solving more computationally intensive for joint inversion, but the number of times each
forward simulator needs to be invoked 1s also much greater than 1n the case of single data
inversion. This 18 at least partly due to the increased number of unknowns that are being
solved for during the inversion, as well as the increased non-linearity of the inverse problem.
For example, joint imnversion of CSEM and seismic data involves solving for the resistivity
and velocity fields. Consequently, one needs to resort to inversion algorithms that can

etficiently solve large-scale joint inversion problems.

[0018] Specifically, a class of algorithms known as descent methods or gradient-
based methods, which rely on local sensitivity information of the misfit function are usually
employed for such purposes. Such methods can robustly handle inverse problems containing
several thousand unknowns, but even these methods can be slow to converge to a solution in
the case of 3D joint inversion. A drawback of such local methods 1s that they tend to produce
solutions that are only locally optimal 1n a mathematical sense. That 1s, there may be other

solutions that fit the data much better than the solution produced by gradient-methods. A
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different class of methods that does not use local sensitivity information 1s known by the
collective name of derivative-free methods (Sen and Stoffa, 1995). These methods tend to
produce solutions that are globally optimal and fit the data better than local methods, but at
the cost of increased number of calls to the forward stmulator. Thus, global methods require
many, many more forward simulations than gradient-based methods in order to adequately
explore the space of possible solutions. Such large numbers of forward simulations are

impractical for 3D problems.

[0019] To summarize the above points, the full 3D joint inversion problem can be a
computationally challenging problem. Global methods are impractical to apply in a 3D
setting, whereas local methods converge to a locally optimal solution — but even then, the
convergence may be quite slow because of the problem dimension. Thus, there would be a
significant benefit to somehow reduce the dimensionality of the 3D joint imnversion problem,
which will make the imversion problem computationally tractable. In other words, 1t would
be highly desirable to have a joint inversion method that can exploit global inversion methods
in 1D or 2D 1n a way that 1s consistent with the three-dimensional complexity of actual
ocophysical data and models. In a reduced dimension setting, 1t could even be possible to use
dertvative-free methods to produce better inversion results. Reducing the dimensionality of
the 3D joint inversion problem to make the problem computationally tractable, and allow the
use of global optimization methods 18 the subject of this invention. The invention describes a
technique to convert data acquired from the field containing 3D effects to a series of data sets

cach of which correspond to a 1D model of the underlying physical property.

[0020] In one aspect, this nvention replaces a computationally intensive and
potentially intractable 3D joint inversion problem with a series of 1D joint inversion
problems, yet with minimal loss of the 3D information present in the acquired geophysical
data. In the present inventive method, significant 3D effects will be accounted for when the
3D data set 1s replaced by a series of 1D data gathers. Data acquired from the field will
always have three-dimensional effects present. However, the present disclosure shows that 1t
1s possible to pre-process the data in order to remove these 3D effects and essentially

construct a series of data sets that correspond to a 1D expression of the original 3D model.

Reducing dimensionality

[0021] By removing 3D effects from data acquired in the field, the present invention

formulates a joint inversion problem in which the unknown parameters are a 1D property

_6 -
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model. Accordingly, this joint iversion problem will henceforth be termed a 1D joint
inversion. A series of 1D joint inversion problems can be defined 1n the original 3D space,
but each 1D problem will contain significantly fewer unknowns than if the problem were
formulated 1n a 3D sense. Thus, 1n effect, the mmvention decouples the original 3D model and
creates a situation 1n which the 3D model can be treated as a series of 1D models 1n depth at

various spatial locations.

[0022] The mvention described here can be applied to any geophysical data, such as
CSEM, seismic, or gravity data. However, 1n some cases, standard processing methods may
be available (and 1n fact preferable) to achieve the same effect, such as migration 1n the case
of seismic data, as described later below. The method presented here can, however, be used
for geophysical data other than seismic, for which no standard process equivalent to seismic
migration exists. Figure 2 1s a flow chart outlining basic steps 1n one embodiment of the

present inventive method.

[0023] In step 21, multiple types of geophysical data are acquired over a common

physical region of the earth.

[0024] In step 22, the physical property of interest 1s extracted from the data using a
3D 1version for each data type alone. That 1s, perform a 3D 1nversion separately for each
data type 1n the joint inversion problem to obtain the corresponding 3D property model. For
example, a CSEM 1version to produce a 3D conductivity model, a gravity inversion to
produce a density model, and so on. The terms “physical property” and “ecarth property” are
used 1interchangeably herein and may include, without limitation, velocity, density,
conductivity, resistivity, magnetic permeability, porosity, lithology, fluid content and

permeability.

[0025] In step 23, the 3D property models constructed in step 22, are used to extract
1D property models and construct 1D synthetic data 24 at various spatial locations using a
1D forward simulator. The 1D synthetic data sets are one-dimensional in the sense that they
arc calculations of what the data recorded at the receivers in step 21 would have been had the

carth properties corresponded to a one-dimensional model, varying only with z and not with x

or y.
[0026] At step 25, the various 1D "data" generated 1n step 23 are jointly inverted.
[0027] Steps 22, 23, and 25 would all be performed on a computer in practical

applications of the inventive method.
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[0028] Figure 2 shows basic steps in one embodiment of the inventive method that
may be applied to each of the data types in the joint inversion, while Fig. 3 shows those steps
being applied to CSEM data 1n a joint imnversion of CSEM and seismic data. The process
flow on the left in Fig. 3 may be recognized as that of seismic data migration, the result of
which are seismic gathers, which are amenable to a 1D 1nversion for hydrocarbon
1identification. The use of seismic migration as an approximate form of non-iterative inversion
1s well known (Bleistein, 1987), because a velocity model must be assumed in order to
perform the migration. Also well-known 1s the application of 1D inversion techniques to the
output of seismic migration. Examples include amplitude-versus-ofiset or AVO 1nversion
applied to the common-reflection-point gathers and impedance mversion applied to stacked
images (Stolt and Weglein, 1985). Alternatively, the full wavetorm seismic trace data can be
inverted directly for elastic properties, such as velocities, impedances, and densities (step 22
of Fig. 2). These 3D property grids can then be used to synthesize a number of 1D data sets
24 using a 1D synthetic forward simulator (step 23). In other words, the method of Fig. 2
may be applied literally to seismic data, or may be applied equivalently in the form of seismic

migration as shown in Fig. 3.

[0029] On the rnight of Fig. 3 1s the process flow for CSEM data, for which no
standard methods exist to construct a series of 1D “gathers”. However, the CSEM equivalent

1s accomplished by applying the enumerated steps of the invention from Fig. 2:

Step 21: Acquire CSEM data from the field, which will contain the full 3D
etfect of the subsurtace resistivity structure. Such data are called “3D data™ herein, and result
from surveys in which the source and receiver pairs essentially form a 2D grid over the
region of interest, and the source signal propagates through the earth in a 3D sense on its way

to the recerver. However, 1t 1s noted that no matter how a survey 1s conducted, 1t 1s inevitable

that there will be 3D effects in the data collected.

Step 22: Using a full 3D simulator, perform a 3D inversion of the data
obtained mm Step 1 to obtain a 3D resistivity model of the earth (See Newman and
Alumbaugh, 1997). Note that this 1S not a joint inversion because the imversion 1s for a single
subsurface property using a single geophysical data set, which although still a
computationally expensive problem, 1s tractable and done routinely 1n the o1l industry using
large compute clusters. The result of this 3D inversion will be a 3D volume of resistivity in

space (1.e., X,Y,Z coordinates).
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[0030] For one or more (X,Y) locations 1n the 3D space, extract a 1D resistivity
model 1n depth (Z) from the 3D volume inverted in step 22. This 1s straightforward. Use a
1D forward simulator 23 to construct a 1D synthetic CSEM data set 24 using the extracted
resistivity model from each of these locations. The 1D synthetic data sets so formed will
conform to the 1D expression of the three dimensional resistivity model obtained 1n step 22.
The 1D data sets will most typically be the amplitude and phase of electric and magnetic
fields as functions of source-receiver offset at selected frequencies. The selected frequencies
could differ from the frequencies mput to the 3D inversion in step 22. More generally, the
synthesized data could be time-domain data. The 3D inversion in step 22 may also operate

on either frequency- or time-domain data.

[0031] The preceding steps 21 — 24 are then repeated for any other data types besides
seismic and CSEM to be used in the joint inversion to obtain 1D expressions of the
corresponding 3D models. Examples include gravity, tensor gravity, magnetotelluric, and
acromagnetic data sets. Thus, each geophysical data set acquired 1n the field (step 21) 1s 1n
cffect transformed into a series of 1D synthetic datasets 24 corresponding to the (X,Y)
locations selected for the 1D physical property models extracted at the end of step 22. These
1D data sets can now be jointly inverted to produce a result that simultancously explains all
data types. Note that some of the synthesized data sets may depend on source-recerver offset
while others do not. This 1D joint inversion will need to be performed at each selected (X,Y)
location. The same 1D forward simulator that was used 1n constructing the synthetic 1D data
for each data type should preferably be used during the joint inversion. The result of the 1D
joint mversions will be a series of property models (conductivity, velocity, density, etc.), one
for each spatial location, which will explain all the geophysical data that were part of the
joint 1nversion. These 1D models may then be interpreted individually or as a group for the

possible presence of hydrocarbons.

[0032] The computational cost savings can be significant 1n this process. Each 1D
joint inversion problem contains almost an order of magnitude fewer unknowns than the
corresponding 3D joint inversion problem. For example, a 3D volume with a 1000 x 1000 x
1000 grid translates into an inversion problem with 10° unknowns. A nonlinear problem of
this size cannot be robustly solved, especially with the added complexity of this problem
containing multiple, physically disparate, data-sets. On the other hand, solving thousands of
1D joint inversion problems, each containing about a 1000 unknowns 1s a much more

computationally tractable and numerically appealing problem. In this case, most of the
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computational resources will be spent during step 22 of the process, which nvolves
performing separate inversions for each data type, and has already been shown to be a

tractable problem.

[0033] In a preferred embodiment of this mnvention, a joint inverse problem may be
set up mvolving one high frequency data source (e.g., active seismic), and at least one other
low frequency data source (CSEM, gravity, magnetotelluric, etc). The acquisition processes

for active seismic, CSEM, and gravity data are well known within the o1l and gas industry.

[0034] The three-step process described above (steps 21 to 23 1n Fig. 2) can be
repeated for all data types, including seismic data. In the seismic case, one could employ a
full wave iversion (FWI) worktlow to produce a 3D velocity model, 1in step 22 of the
invention. The 3D velocity model can then be split into a series of 1D models, which when
passed through a 1D forward simulator will produce a series of data sets that conform to the

1D expression of the original 3D model.

[0035] Another embodiment of the invention could relate to how the final 1D joint
inversion problems are formulated. In one case, 1f joint inversion of CSEM and seismic data
1s to be performed, then the joint mversion could be set up so that the unknown model
parameters are conductivity and seismic wave velocity, and a constraint applied that allows
only certain combinations of these two properties in the final solution to the inverse problem.
Note that this embodiment does not directly involve rock physics relations, which indirectly

couple conductivity and velocity or density.

[0036] Seismic data can be processed to remove surface topography, geometric
spreading effects, ghosting, amplitude effects, noise, multiples, etc. using well known
processing techniques, and then migrated (see for example Seismic Data Processing Theory
and Practice by Hatton et al., Blackwell Scientific Publications (1986) for general
background on this topic not directly related to the present mmvention. Seismic migration
(Stolt and Weglein, 1985) repositions the seismic data so that energy that has been dispersed
by subsurface diffractors 1s collapsed back onto the physical location of the diffractors (i.e.,
subsurface reflectors). This allows the seismic data to provide a structural picture of the
subsurface that can be readily interpreted. The seismic traces correspond to a physical
location 1n space that can be plotted on a map of the surface of the earth. FEach trace
interrogates the subsurface beneath the map location. Consequently, migrated seismic data

represent a series of 1D seismic traces or trace gathers that have been pre-processed such that
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diffractors and other 3D wave-propagation effects have been corrected leaving the user with
what 18 effectively a 1D seismic dataset, 1.¢. a dataset based on an underlying 1D model of

the earth.

[0037] For seismic data, the technique of migrating data to produce a reflection 1mage
of the subsurface that approximately accounts for 3D effects and then carrying out 1D
inversions on the post-migration data to infer what magnitude of changes in velocity and
density gave rise to those reflections 1s well known (see, for example, Stolt and Weglein,
1985) and might naturally be applied to seismic data destined for joint inversion. The present
invention 18 a method of preparing 1D data sets 1n a somewhat, but non-obviously, analogous
manner for geophysical data other than seismic data, although the Fig. 2 steps can be used as
well on seismic data. This 1s advantageous for jointly inverting two or more data sets of
different data types, because the joint inversion can be one-dimensional. Thus, the present
invention applies 3D inversion followed by 1D forward synthesis to at least non-seismic data,

before presenting 1D data sets to joint inversion.

[0038] How to perform joint inversion 18 not the subject of this invention. There are
many publications on this subject which will be known to the persons who work 1n this field.

Theretore only a brief summary will be given here of the main 1ssues that arise 1n performing

joint 1nversion of two or more data types, and that summary follows next.

Model Parameterization

[0039] The disparate data types need somehow to be linked 1n order for the mversion
to be performed jointly. The preferred mode for doing this 1s to define a rock physics model
to relate the physical properties (velocity, density, conductivity) that can be inferred from the
different data to the earth properties of interest (e.g., porosity, lithology, and fluid content).

This 1s well-known 1n the literature; see for example Xu and White (1995).

Misfit Function Definition

[0040] The data misfit function, sometimes called cost function or objective function,
for each data type can be defined as a function of the rock properties, and the total misfit
function for the joint inverse problem can be defined as a weighted linear combination of the
individual misfit functions. The weights may not be known a priori, but a data weighting
strategy could be devised by looking at the noise statistics of the data collected 1n the field.

Such an additive weighting function 1s not only numerically appealing because of its
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simplicity, but 1t also helps 1in terms of software architecture, as it helps maintain the de-

coupling between the individual forward simulator codes.

Inversion Algorithm

[0041] Since the joint inversion problems being solved are 1n 1D, 1t 18 possible to
apply both local as well as global optimization techniques to solve the inversion. Global
techniques may be able to handle mversion problems containing a few hundred unknown
model parameters, which 1s certainly within the realm of 1D geophysical inversion problems.
Local techniques can also be applied, the only requirement being that the forward simulator
used must also supply local sensitivity information for the optimizer to suggest a model
update. The choice of the method 1s problem dependent, but the fact that the inversion

problem is in 1D does not completely eliminate an entire class of inversion techniques.
Parallelization

[0042] After the 1D simulations 23 of typically many 1D data sets 24 (see Fig. 2’s
flowchart), many 1D joint inversion problems need to be solved 1 step 25, one for each
selected spatial (X,Y) location over the geophysical survey area. These calculations can be
treated as completely independent (that 1s, they do not share any information between them)
and run in parallel on a separate processor on a computer cluster, and the results of each
inversion are subsequently collected together for interpretation. Alternatively, chunks of the
spatial locations can be run 1n parallel, thereby allowing some sharing of information from
one geographical location to another (e.g., so as to allow lateral smoothing from one location
to the next). A computer program can be written to automate the management of the
individual inversion tasks. The main processor creates individual mversion tasks and sends
them out to the sub-processors. An individual task works on one spatial location (or chunk of
locations) over the geophysical survey area, and can have access to the 3D property model of
cach data type from step 22 of the invention. Each processor then forward simulates the
synthetic 1D data for each data type, pertorms the joint inversion, and returns the result to the

main processor for output.

[0043] As an example of a parallel implementation, one might write a computer
program that takes the output of step 22 (a 3D property model), and then for each selected
(X,Y) location, produces the different types of synthetic data (seismic, CSEM, gravity etc.)
and stores the data to disk. A different computer program then simply reads the data off the

disk and launches the 1D joint inversions on a cluster of processors.
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[0044] The foregoing patent application 18 directed to particular embodiments of the
present invention for the purpose of illustrating 1t. It will be apparent, however, to one
skilled 1n the art, that many modifications and variations to the embodiments described herein
arc possible. All such modifications and variations are intended to be within the scope of the
present invention, as defined 1n the appended claims. Persons skilled 1in the art will readily
recognize that in practical applications of the mvention, at least some of the steps in the
present inventive method are performed on or with the aid of a computer, 1.¢. the mvention 1s

computer implemented.
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CLAIMS:

l. A method for exploring for hydrocarbons, comprising:

obtaining 3D data sets of at least two different types of geophysical data, each representing a
common subsurface region;

using a computer to perform separate 3D inversions of each data type to obtain a 3D model each
of a corresponding physical property for each data type;

using a computer to synthesize a 1D response of each 3D model at one or more selected (x,y)
locations to obtain 1D datasets that each conform to a 1D expression of a different 3D model of one of the
at least two different types of geophysical data; and

using a computer to jointly invert the 1D datasets, each of which was synthesized from different
3D models, which correspond to the at least two different types of geophysical data, respectively, at each

selected (x,y) location and analyzing results for presence of hydrocarbons.

2. The method of claim 1, wherein the joint inversion of the 1D datasets is accomplished using a

gradient-based or a derivative-free method.

3. T'he method of claim 1, wherein calculations in the jointly inverting the 1D datasets are

parallelized by sending data from different geographical sub-regions to different processors.

4. The method of claim 1, wherein the at least two different types of geophysical data are chosen
from a group consisting of active-source seismic, passive-source seismic, controlled-source

clectromagnetic, magnetotelluric, gravity, tensor gravity, and magnetic data.

5. The method of claim 4, wherein the results of jointly inverting the 1D data sets include models in

at least 1D of the corresponding physical property for each data type.

6. T'he method of claim 4, wherein the corresponding physical property for each data type comprise

at least two of a group consisting of: velocity, density, conductivity, resistivity, magnetic permeability,

porosity, lithology, fluid content and permeability.
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7. A computer program product, comprising a non-transitory computer usable medium having a
computer readable program code embodied therein, said computer readable program code adapted to be
executed to implement a method for exploring for hydrocarbons, said method comprising:

reading into computer memory or data storage 3D data sets of at least two different types of
geophysical data, each representing a common subsurface region;

performing separate 3D inversions of each data type to obtain a 3D property model for each data
lype;

synthesizing a 1D response of each 3D property model at one or more selected (x,y) locations to
obtain 1D datasets that each conform to a 1D expression of a different 3D property model of one of the at
least two different types of geophysical data; and

jointly inverting the 1D datasets, each of which was synthesized from different 3D models, which
correspond to the at least two different types of geophysical data, respectively, at each selected (x,y)

location and displaying or downloading results.

8. A method for producing hydrocarbons from a subsurtface region, comprising:

conducting at least two types of geophysical survey on the subsurface region;

using a method of claim 1 to jointly invert data from the at least two types of geophysical survey,
obtaining at least one model of a physical property of the subsurface region;

using the at least one model to assess hydrocarbon potential of the subsurface region; and

drilling a well into the subsurface region based at least in part on the assessment of hydrocarbon

potential.
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