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FIG. 1

(57) Abstract: Described herein are implementations of various technologies for a method. The method may receive seismic attrib -
utes regarding a region of interest in a subsurface of the earth. The method may receive electrical attributes regarding the region of
interest. The method may receive a selection of a rock physics model for the region of interest. The method may calculate values of
rock parameters for the selected rock physics model using a nonlinear relation that links cross-properties between the seismic attrib -
utes and the electrical attributes for the region of interest. The method may determine the presence of hydrocarbon deposits in the re -
gion of interest using the calculated values.
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JOINT INVERSION OF GEOPHYSICAL ATTRIBUTES

CROSS-REFERENCE TO RELATED APPLICATION

[0001] This application claims the benefit of U. S. Provisional Patent Application Serial
No. 61/807681 filed April 2, 2013 and U.S. Non-provisional Patent Application Serial No.
14/185416 filed February 20, 2014.

BACKGROUND

[0002] This section is intended to provide background information to facilitate a better
understanding of various technologies described herein. As the section’s title implies, this is a
discussion of related art. That such art is related in no way implies that it is prior art. The
related art may or may not be prior art. It should therefore be understood that the statements
in this section are to be read in this light, and applicant neither concedes nor acquiesces to the

position that any given reference is prior art or analogous prior art.

[0003] Seismic exploration may utilize a seismic energy source to generate acoustic
signals thal propagale inlo the earth and partially rellect ofT subsurface seismic relleclors
(e.g., interfaces between subsurface layers). The reflected signals are recorded by sensors
(e.g., receivers or geophones located in seismic units) laid out in a seismic spread covering a
region of the earth’s surface. The recorded signals may then be processed to yield a seismic

survey.

[0004] Besides seismic surveying, electromagnetic surveying has been used for surveying
subtcrrancan hydrocarbon rcscrvoirs.  For instance, clectric ficld and magnctic ficld
information may be obtained from recorded electromagnetic signals across several frequency
channels. The clectric field and magnetic information may then be used to obtain resistivity
information about the subsurface. An image of the subsurface area may then be generated

from thc resistivity information.

Date Regue/Date Received 2020-09-25
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SUMMARY

[0005] In accordance with some embodiments, a method is performed that includes
receiving seismic attributes regarding a region of interest in a subsurface of the earth. The
method may receive electrical attributes regarding the region of interest. The method may
receive a selection of a rock physics model for the region of interest. The method may
calculate values of rock parameters for the selected rock physics model using a nonlinear
relation that links cross-properties between the seismic attributes and the electrical attributes
for the region of interest. The method may determine the presence of hydrocarbon deposits in

the region of interest using the calculated values.

[0006] In accordance with some embodiments, a method is performed that includes
receiving seismic attributes regarding a region of interest in a subsurface of the earth. The
method may receive electrical attributes regarding the region of interest. The method may
receive a selection of a rock physics model for the region of interest. The method may
calculate values of rock parameters for the selected rock physics model using a nonlinear
relation that links cross-properties between the seismic attributes and the electrical attributes
for the region of interest. The method may determine a petrophysical model for the region of

interest using the calculated values.

[0007] In accordance with some embodiments, a method is performed that includes
receiving physical attributes from a first survey regarding a region of interest. The method
may receive physical attributes from a second survey regarding the region of interest. The
method may receive a selection of a physics model for the region of interest. The method may
calculate values of physical parameters for the selected physics model using a nonlinear
relation that links cross-properties between the physical attributes from the first survey and the
physical attributes from the second survey. The method may determine a water saturation

model or a porosity model for the region of interest using the calculated values.

[0007a] In accordance with some embodiments, there is provided a computer-
implemented method, comprising: performing a seismic survey in a region of interest in a

subsurface of the earth to produce seismic data; receiving seismic attributes obtained through

2
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seismic inversion of the seismic data; receiving electrical attributes obtained through an
electromagnetic inversion of electromagnetic survey data for the region of interest; receiving a
selection of an isotropic or anisotropic rock physics model for the region of interest, wherein
the region of interest is represented by multi-dimensional cells; calculating values of rock
parameters for the selected rock physics model, individually for each of a plurality of the
multi-dimensional cells, at least in part by linearizing a nonlinear relation that links cross-
properties between the seismic attributes and the electrical attributes for the region of interest;
and determining the presence of hydrocarbon deposits in the region of interest using the
calculated values of at least a portion of the plurality of the multi-dimensional cells; or
determining a petrophysical model for the region of interest using the calculated values of at

least a portion of the plurality of the multi-dimensional cells.

[0008] The above referenced summary section is provided to introduce a selection of
concepts that are further described below in the detailed description section. The summary is
not intended to identify features of the claimed subject matter, nor is it intended to be used to

limit the scope of the claimed subject matter. Furthermore, the claimed subject matter is not

2a
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limited to implementations that solve any or most disadvantages noted in any part of this
disclosure. Indeed, the systems, methods, processing procedures, techniques and workflows
disclosed herein may complement or replace conventional methods for identifying, isolating,
and/or processing various aspects of seismic signals or other data that is collected from a
subsurface region or other multi-dimensional space, including time-lapse seismic data

collected in a plurality of surveys.
BRIEF DESCRIPTION OF THE DRAWINGS

[0009] Implementations of various technologies will hereafter be described with reference
to the accompanying drawings. It should be understood, however, that the accompanying
drawings illustrate various implementations described herein and are not meant to limit the

scope of various technologies described herein.

[0010] Figure 1 illustrates a diagrammatic view of marine seismic surveying in

accordance with various implementations described herein.,

[0011] Figure 2 illustrates an electromagnetic survey system in accordance with various

implementations described herein.

[0612] Figure 3 illustrates a flow diagram of a method for estimating rock parameters in

accordance with various implementations described herein.

[0013] Figure 4 illustrates a computer system in which the various technologies and

techniques described hercin may be incorporated and practiced.
DETAILED DESCRIPTION

[0014] The discussion below is directed to certain specific implementations. It is to be
understood that the discussion below is for the purpose of enabling a person with ordinary
skill in the art to make and use any subject matter defined now or later by the patent “claims”

found in any issued patent herein.

[0015] Reference will now be made in detail to various implementations, examples of

which are illustrated in the accompanying drawings and figures. In the following detailed
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description, numerous specific details are set forth in order to provide a thorough
understanding of the claimed invention. However, it will be apparent to one of ordinary skill
in the art that the claimed invention may be practiced without these specific details. In other
instances, well known methods, procedures, components, circuits, and networks have not

been described in detail so as not to unnecessarily obscure aspects of the claimed invention.

[0016] It will also be understood that, although the terms first, second, etc. may be used
herein to describe various clements, these elements should not be limited by these terms.
These terms are used to distinguish one element from another. For example, a first object or
block could be termed a second object or block, and, similarly, a second object or block could
be termed a first object or block, without departing from the scope of various implementations
described herein. The first object or block, and the second object or block, are both objects or

blocks, respectively, but they are not to be considered the same object or block.

[0017] The terminology used in the description herein is for the purpose of describing
particular implementations and is not intended to limit the claimed invention. As used herein,

79 e

the singular forms “a,” “an” and “the” are intended to include the plural forms as well, unless
the context clearly indicates otherwise. It will also be understood that the term "and/or" as
used herein refers to and encompasses any possible combinations of onc or morc of the
associated listed items. [t will be further understood that the terms "includes," "including,”
"comprises" and/or "comprising," when used in this specification, specify the presence of
stated features, integers, blocks, operations, elements, and/or components, but do not preclude
the presence or addition of one or more other features, integers, blocks, operations, elements,

components, and/or groups thereof.

[0018] As used herein, the term "if" may be construed to mean "when" or "upon" or "in
response to determining” or "in response to detecting,”" depending on the context. Similarly,
the phrase "if it is determined” or "if [a stated condition or event] is detected" may be
construed to mean "upon determining” or "in response to determining” or "upon detecting [the
stated condition or event]" or "in response to detecting [the stated condition or event],"

depending on the context.
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[0019] Various implementations described herein are directed to a method for estimating
rock parameters in a region of interest. These implementations will be described in more

detail with reference to Figures 1-4.

[0020] Figure 1 illustrates a diagrammatic view of marine seismic surveying 10 in
accordance with implementations of various techniques described herein. A marine seismic
acquisition system 10 may include a vessel 11 carrying control components and towing a
plurality of seismic sources 16 and a plurality of streamers 18 equipped with seismic receivers
21. The scismic sources 16 may include a single type of source, or different types. The
sources may use any type of seismic generator, such as air guns, water guns, steam injection
sources, explosive sources such as dynamite or gas injection followed by detonation and the
like. The streamers 18 may be towed by means of their respective lead-ins 20, which may be
made from high strength steel or fiber-reinforced cables that convey electrical power, control
and data signals between the vessel 11 and the streamers 18. An individual streamer may
include a plurality of seismic receivers 21 that may be distributed at spaced intervals along the
streamer’s length. The scismic receivers 21 may include hydrophone sensors as well as multi-
component sensor devices, such as accelerometers. Further, the streamers 18 may include a
plurality of inline streamer steering devices (SSDs), also known as "birds.” The SSDs may be
distributed at appropriate intervals along the streamers 18 for controlling the streamers’ depth
and lateral movement. A single survey vessel may tow a single receiver array along
individual sail lines, or a plurality of survey vessels may tow a plurality of receiver arrays

along a corresponding plurality of the sail lines.

[0021] During acquisition, the seismic sources 16 and the seismic streamers 18 may be
deployed from the vesscl 11 and towed slowly to traverse a region of interest. The scismic
sources 16 may be periodically activated to emit seismic energy in the form of an acoustic or
pressure wave through the water. The sources 16 may be activated individually or
substantially simultaneously with other sources. The acoustic wave may result in one or more
wavefields that travel coherently into the earth E underlying the water W. As the wavefields
strike interfaces 4 between earth formations, or strata, they may be reflected back through the
carth E and water W along paths 5 to the various receivers 21 where the wavefields (e.g.,

pressure waves in the case of air gun sources) may be converted to electrical signals, digitized
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and transmitted to the integrated computer-based seismic navigation, source controller, and
recording system in the vessel 11 via the streamers 18 and lead-ins 20. Through analysis of
these detected signals, it may be possible to determine the shape, position and lithology of the
sub-sea formations, including those formations that may include hydrocarbon deposits. While
a marine seismic survey is described in regard to Figure 1, a land-based seismic survey may

also be used in accordance with implementations of various techniques described herein.

[0022] Figure 2 illustrates a marine electromagnetic survey system 200 in accordance
with implementations of various technologies described herein. The electromagnetic survey
system 200 may use controlled-source electromagnetic (CSEM) survey techniques, but other
electromagnetic survey techniques may also be used. Marine electromagnetic surveying may
be performed by a survey vessel 202 that moves in a predetermined pattern along the surface
of a body of water such as a lake or the ocean. The survey vessel 202 is configured to pull a
towfish (an electric source) 208, which is connected to a pair of electrodes 210. During the

survey, the vessel may stop and remain stationary for a period of time during transmission.

[0023] At the source 208, a controlled clectric current may be gencrated and sent through
the clectrodes 210 into the scawater. For instance, the clectric current gencrated may be in the
range between about 0.01 Hz and about 20 Hz. The current creates an clectromagnetic ficld
218 in the subsurface 220 to be surveyed. The eclectromagnetic field 218 may also be
generated by magneto-telluric currents instead of the source 208. The survey vessel 202 may
also be configured to tow a sensor cable 206. The sensor cable 206 may be a marine towed
cable. The sensor cable 206 may contain sensor housings 212, telemetry units 214 and current
sensor electrodes 220. The sensor housings 212 may contain voltage potential electrodes for
mcasuring the clectromagnetic ficld 218 strength created in the subsurface arca 220 during the
surveying period. The current sensor electrodes 220 may be used to measure electric field
strength in directions transverse to the direction of the sensor cable 206 (the y- and z-
directions). The telemetry units 214 may contain circuitry configured to determine the
electric field strength using the electric current measurements made by the current sensor
electrodes 220. While a marine-based electromagnetic survey is described in regard to Figure
2, a land-based electromagnetic survey may also be used in accordance with implementations

of various techniques described herein.



CA 02907840 2015-09-22

WO 2014/165478 PCT/US2014/032475

[0024] Figure 3 illustrates a flow diagram of a method 300 for estimating rock parameters
in accordance with various implementations described herein. It should be understood that
while the operational flow diagram indicates a particular order of execution of the operations,
in other implementations, the operations might be executed in a different order. Further, in
some implementations, additional operations or blocks may be added to the method.

Likewise, some operations or blocks may be omitted.

[0025] At block 310, seismic attributes for a region of interest are received. Examples of
seismic attributes may include acoustic impedance, density, Vy/V(i.e., the ratio of a p-wave’s
velocity to that of the respective s-wave’s velocity), Poisson’s ratio, s-impedance or other
anisotropic parameters of arcas in a subsurface of the carth. The region of interest may
include an arca in the carth’s subsurface encompassed by a seismic or other survey. The
region of interest may be a physical region that is analyzed to predict reservoir properties,

such as oil, gas or water saturation.

[0026] The seismic attributes may be obtained from a seismic data set that was acquired
using the implementations described in regard to Figure 1. Further, the scismic attributes may
be the product of a transformation process called scismic inversion. In scismic inversion, raw
scismic data acquired during a survey may undergo a data interpretation process to obtain
geological depth information, such as the seismic attributes for the region of interest. Seismic
inversion encompasscs many different seismic data processes, which may be done pre-stack
or post-stack, deterministically, randomly or using geostatistical methods. The science behind
seismic inversion is that a recorded seismic trace may be modeled as the convolution of a
wavelet and a reflection coefficient series with noise added in. Equation 1 demonstrates this

rclationship:
S() = R(t) *w(t) + n(t) Equation 1

where S(t) is a recorded seismic trace as a function of reflection time, R(t) is the reflection

coefficient series, w(t) is the wavelet, n(t) is noise, and * is the convolution operator.

[0027] In one implementation, the seismic attributes received in block 310 may be

arranged in a model or volume composed of cells that represent physical locations in the
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region of interest. Individual cells may include specific values for various seismic attributes
that correspond to the cell’s respective physical location. These individual cells may also
include a measure of uncertainty associated with specific seismic attributes for that respective
cell. In one case, the measured uncertainty may be the measured standard deviation

calculated for the respective seismic attribute.

[0028] At block 320, clectrical attributes are received for the region of interest. Examples
of electrical attributes may include resistivity, conductivity, or other electrical parameters.
The electrical attributes may be obtained from raw electromagnetic (EM) data (e.g., electric
field data and/or magnetic field data) acquired during an electromagnetic survey. Raw EM
data may be collected by recording clectromagnetic fields that pass beneath the earth’s
subsurface. While the raw EM data may be acquired using CSEM survey techniques as
described in Figure 2, other electromagnetic survey techniques may be used as well. For
instance, magnetotelluric (MT) surveying or DC electrical techniques, such as those regarding
resistivity or magnctometric resistivity, may be used to determine clectrical attributes for the
rcgion of intcrest. Through CSEM inversion or a similar type of clectromagnetic inversion,
the raw EM data may be transformed into a data set that shows electrical attributes such as
resistivity, conductivity, or other EM propertics of the mediums in the subsurface. This
inversion may produce an EM data set that includes separate vertical and horizontal resistivity
attributes for the region of interest. If isotropic media is assumed, either the horizontal or
vertical resistivity components may be used as the basis for a specific electrical attribute. In
one implementation, the electrical attributes may be obtained through a controlled-source
electromagnetic anisotropic inversion of electromagnetic survey data for the region of

interest.

[0029] In one implementation, the electrical attributes received in block 320 may be
arranged in a model or volume composed of cells that represent physical locations in the
region of interest. Individual cells may include specific values for various electrical attributes
that correspond to the cell’s respective physical location. These individual cells may also
include a measure of uncertainty associated with specific electrical attributes for that
respective cell.  In one case, the measured uncertainty may be the measured standard

deviation calculated for the respective electrical attribute.
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[0030] At block 330, a selection of a rock physics model for the region of interest is
received (i.e., “the selected rock physics model”). Various rock physics models are available
and their efficacy may depend on the particular lithology of the sediments in the region of
interest. The selected rock physics model may be an isotropic or anisotropic rock physics
model, which may encompass anisotropic scenarios. One example of a selected rock physics
model may include a forward model based on the Gassmann model and the second
formulation of the Archie model. The selected rock physics model may represent constitutive
equations that link rock properties with well-log measurements through specific cross

properties.

[0031] Cross-properties are parameters relating various heterogeneous well-log
measurements to cach other (e.g., data from a sonic log, a resistivity log, a gravimetric log,
etc.), where heterogencous may refer to measurements obtained through different types of
surveying (e.g., measurements obtained through seismic surveying versus clectromagnetic
surveying). Bascd on various cross-property relations, specific propertics obtained from
clectrical measurements (i.c., the resistivity log), density measurements (i.¢., the gravimetric
log) and elastic measurements (i.e., the sonic or seismic log) of physical mediums may
overlap. Using these cross-property relations may prove ideal, for instance, when seismic
velocity measurements can be more easily collected for a physical region than conductivity
measurements for that same region. In that case, the conductivity for the physical region may
be obtained from a cross-property relation with the seismic velocity as recorded for that same
region. Examples of cross-property parameters may include rock porosity ¢, water saturation

Sw, oil saturation S, and gas saturation Sq.

[0032] At block 340, the selected rock physics model may be populated with initial values
of rock parameters (i.c., “the populated rock physics model”) as used by the sclected rock
physics model. In calculating values for the selected rock physics model, for instance,
realistic starting values may be obtained for both the porosity and water saturation throughout
the region of interest. Furthermore, geophysical boundaries of rocks parameters (i.c., the
physical regions with particular rock parameter values) that correspond to seismic attributes
(from block 310) or to electrical attributes (from block 320) may be determined. The initial

values may be determined using various analytical micromechanical methods, such as the



CA 02907840 2015-09-22

WO 2014/165478 PCT/US2014/032475

Hashin-Shtrikman model. With the Hashin-Shtrikman model, upper or lower bounds may be
determined for specific rock parameters, such as those for elastic moduli (e.g., bulk modulus,
shear modulus, bulk density, etc.) or tensors. The populated rock model may be referred to as
the prior model 1,0, as used in block 350. The uncertainty of the prior model may be

referred to as Cy, as used in block 350.

[0033] In one implementation, the selected rock physics model may be calibrated to
achieve realistic starting values. One method of calibration may include analyzing well logs
available for the region of interest. The selected rock physics model may also be calibrated
through the analysis of scatter plots that explain specific relations between seismic attributes
and electrical attributes (e.g., Poisson’s ratio versus resistivity). Further, the calibration may
be performed by comparing specific relations between seismic attributes themselves (e.g.,

acoustic impedance versus Poisson’s ratio).

[0034] To calculate rock property values (i.e., initial values or updated values) for the
selected rock physics model, several specific relations or constitutive equations may be used.
Isotropic media may be assumed for the constitutive equations, but this approach may also be

used for anisotropic media. For instance, the compressional velocity, ¥V, , in homogeneous,

isotropic, elastic media may be predicted using the following equation:

KG+i,u
v, = 3

p Equation 2

o,

where pis the bulk density of a composite medium, g is the effective shear modulus of the

porous rock, and K, is the effective bulk modulus of the saturated rock, which may be
calculated using the Gassmann model. The Gassmann model is defined by the following

equation:

10
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K —K +4K -2s_j
oK
K . =
DK K
K

s Kf

Equation 3

where ¢ is the total porosity of the medium, K; is the bulk modulus of mineral content that
makes up the rock, K;is the effective bulk modulus of the fluid phase, and K, is the effective
bulk modulus of dry porous rock predicted by the Krief model. K,, may be defined using the

following equation:

A
Km = KS ] (1 _ ¢) e Equation 4

A is the empirical parameter with ‘3’ being the most common value of the empirical
parameter. The effective bulk modulus of the fluid phase, Ky, may be predicted by Wood’s

formula (three-phase fluid), which is defined in the following equation:

-1
Kf: Sw +Sg +S0
K W K g K 0 Equation 5
[0035] Returning to Equation 2, the effective shear modulus of porous rock, u, may be

obtained using the Krief model that is defined in the following equation:

A
H = /JS ) (1 — ¢)1_¢ Equation 6

where g, 1s the shear modulus of the mincral content that makes up the rock.

11
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[0036] To calculate the bulk density of a composite medium, p, the volumetric average

(three-phase fluid) may be used as defined by the following equation:

p:(1_¢)°ps+¢'(Swpw+Sop0+Sgpg) Equation 7

[0037] In regard to Equation 7, p,is the mean bulk density (also called grain density) of a
solid matrix material, p, is the density of water, p,is the density of oil and p, is the density

of gas.

[0038] To calculate the electrical resistivity, the Archie model’s second formulation may

be used as defined by the following equation:

R=R,-S, " ¢ |
w w Equation 8
where R,, is the water resistivity, Sy, is the water saturation, m is the cementation exponent,

and n is the saturation exponent.

[0039] Geophysical attributes (e.g., seismic attributes and electrical attributes) and the
cross-property parameters may be linked using the rock physics models (i.e., Krief and

Gagsman models) described above, which results in the following equations:

4
Ko (@,5w) + 3 Hn (9)
Al o =Vp-p= - (9, Sw)
AVO P .
p( ¢’ SW) ? Equation 9
Resey = R(9,5w) Equation 10
[0040] Alsvo of Equation 9 is the acoustic impedance based on amplitude versus offsct

(AVO), and Respym of Equation 10 is the resistivity determined by CSEM inversion.
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[0041] The populated rock physics model may have a grid that matches the cells of the
seismic attributes and the electrical attributes from blocks 310 and 320, respectively. In one
implementation, since CSEM inversion may produce an electromagnetic data set with a
resolution that is less than a seismic data set produced by seismic inversion, a transverse
resistance principle may mitigate this limitation through a two phase process. First, a resistive
anomaly (i.e., Ranomay) which results from the CSEM inversion may be defined as:
Ranomaly=Rcsem-Roack.  In this formulation, Reack 1S @ background resistivity model, which may
be based on well logs and/or geological information. Secondly, by applying the transverse
resistive principle to the Ranomay, the resistive anomaly may be bound within the geological

boundaries that are supposed to include hydrocarbon.

[0042] At block 350, the current rock physics model, my, is updated according to a non-
linear relation that links cross-property parameters between the seismic attributes and the
clectrical attributes. Where the process reaches block 350 for the first time, the current rock
physics model may be the same one as the populated rock physics model from block 340. For

instance, the following equation may be used to describe the non-linear relation:

d= g (m) Equation 11

[0043] In Equation 11, the vector m defines unknown model parameters in the model

space m=[¢, Sy]" (e.g., porosity and water saturation in a bi-phase configuration, though in

other implementations different or additional cross-properties may be used, such as in tri-
phase cases), while the d vector represents the geophysical measured attributes or input data
such that d=[Alavo, Resem] (i.c., acoustic impedance and resistivity). The function g is the
nonlinear relation. In accordance with Bayesian theory, the initial values of rock parameters
as obtained in block 340 may be described by the prior model 0. (1.€., the populated rock
physics model) and by the covariance matrix Cy that takes into account the prior model’s
uncertainties. The uncertainty associated with the observed data (i.c., the survey data used for
the seismic attributes or clectrical attributes) is captured by Cp, which is a data covariance
matrix. A Gaussian probability distribution may be assumed for both the unknown model

parameters m and the input data d. The Jacobian matrix Gy may include the derivatives of the
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selected rock physics model equation with respect to the current values of the unknown model

parameters.

[0044] Keeping with block 350, the current model my; may be updated iteratively by
calculating new rock parameters values using a solution of the inverse problem to Equation
11. The solution may be obtained through an iterative procedure that linearizes the selected
rock physics model (e.g., the Gassman model and Archie model) around the current model »i;
to obtain a new model or updated model my.;. The solution may be expressed in the closed-

form as defined by the following equation:

_ 1H! _
My =My — G C;7'G +Cy 1T G'c, [(g (m;)-d)-G, (mk _mprior)]
Equation 12

[0045] With individual iterations of Equation 12, the Jacobian matrix Gk may be updated

accordingly to produce the updated model my+;.

[0046] At block 360, the updated model from block 350 is compared with a stopping
criterion. For instance, the iterative algorithm of block 360 may stop when the following

inequality is satisfied:

Hmi,k+l o mi,k H <é \v/i — 17 """ TL Equation 13
[0047] Where L represents the number of cells in the selected rock physics model and ¢
is a predetermined value that specifies the stopping criterion. The stopping criterion may be a
set of values where the posterior probability density of the selected model is maximized.
Further, the stopping criterion may be where the values of the updated rock model iy
converge to a local optimum. If the stopping criterion has been satisfied, the process may

proceed to block 370. If the stopping criterion has not been satisfied, the process may return

to block 350.

[0048] At block 370, a water saturation model is determined from the updated model

produced in block 360. The water saturation model may include the values of Sy, obtained for
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Mpost (Or the final my.; used in block 360). The water saturation model may have L number of

cells, or the same number of cells as used in the selected rock physics model.

[0049] At block 380, a porosity model is determined from the updated model produced in
block 360. The porosity model may include the values of ¢ obtained for my,s. The porosity

model may have L number of cells, or the same number of cells as used in the selected rock

physics model.

[0050] At block 385, an amount of uncertainty regarding the water saturation model and
the porosity model is determined or estimated. The estimated uncertainty of the solution of
the inverse problem to Equation 11 may be calculated from the posterior covariance matrix of

the model my,.s which is defined in the following equation:

. 1
T~ —1 -1
CM ,post — (Gk Cd Gk + Cz\/l )7 Equation 14

[0051] The estimated uncertainty of the final parameters of mp.y may be the measured
standard deviation for the respective final rock parameters. The estimated uncertainty may

provide a measure of confidence in the accuracy of the final updated model.

[0052] At block 390, the presence of hydrocarbons is determined for the region of
interest. For instance, a petrophysical model may be estimated for the region of interest. The
petrophysical model may be based on the water saturation model from block 370 or the
porosity model from block 380. The petrophysical model may include various petrophysical
properties that describe the region of interest such as the amount of shale (Vshale), the elastic
moduli of composite rock or the density of the solid phase of rock. The elastic moduli of
composite rock may include the bulk modulus or the shear modulus of the composite rock.
The uncertainty from block 385 may also be used in this hydrocarbon determination or for
estimating the petrophysical model. A degree of confidence or uncertainty associated with
the presence of hydrocarbons may be calculated as well. An accurate hydrocarbon

determination may prevent the drilling of costly unproductive wells.
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[0053] In one implementation, method 300 may be used with input data of physical
attributes besides seismic attributes or electrical attributes. Such physical attributes may be
obtained from surveys that use sonar, gravimetric, or satellite tomographic imaging. For
instance, density attributes may be obtained for a region of interest using a gravimetric
survey. Physical attributes from two different survey-types may be used with a non-lincar
relation similar to the one described in block 350 to update a respective model. A physical
parameter model, such as a water saturation model or a porosity model, may then be obtained
for the region of interest. The region of interest may also be a region of human tissue, plant
tissue, or any other multi-dimension region of interest. A physics model specific to the region

of interest may be used instead of a rock physics model.

[0054] In accordance with some embodiments, a method is performed that includes
receiving seismic attributes regarding a region of interest in a subsurface of the earth. The
method may receive electrical attributes regarding the region of interest. The method may
receive a sclection of a rock physics model for the region of interest. The method may
calculate values of rock parameters for the selected rock physics model using a nonlinear
relation that links cross-properties between the seismic attributes and the electrical attributes
for the region of interest. The method may determine the presence of hydrocarbon deposits in

the region of interest using the calculated values.

[0055] In one implementation, the secismic attributes may include acoustic impedance,
density, Poisson’s ratio, s-wave impedance or anisotropic parameters. The seismic attributes
may be obtained through seismic inversion of seismic survey data for the region of interest.
The electrical attributes may include conductivity or resistivity parameters. The electrical
attributcs may be obtained through a controlled-source clectromagnetic (CSEM) inversion of
electromagnetic survey data for the region of interest. The cross-properties may include rock
porosity, water saturation, gas saturation or oil saturation. The method may determine a water
saturation model for the region of interest using the calculated values. The method may
calculate an amount of uncertainty for the water saturation model. The amount of uncertainty
of the water saturation model may include the standard deviation of respective cross-property
parameters of the calculated values for the selected rock physics model. The method may

determine a porosity model for the region of interest using the calculated values for the
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selected rock physics model. The method may calculate an amount of uncertainty for the
porosity model. Calculating values for the selected rock physics model may include
iteratively updating the calculated values of the selected rock physics model using the
nonlinear relation. The method may determine whether the calculated values for the selected
rock physics model have reached a stopping criterion. The stopping criterion may be a
predetermined value that maximizes the posterior probability density of the values in the

selected rock physics model.

[0056] In some implementations, an information processing apparatus for use in a
computing system is provided, and includes means for receiving seismic attributes regarding a
region of interest in a subsurface of the earth. The information processing apparatus may also
have means for recciving clectrical attributes regarding the region of interest. The
information processing apparatus may also have means for receiving a selection of a rock
physics model for the region of interest. The information processing apparatus may also have
mcans for calculating values of rock parameters for the sclected rock physics model using a
nonlincar relation that links cross-propertics between the seismic attributes and the electrical
attributes for the region of interest. The information processing apparatus may also have
means for determining the presence of hydrocarbon deposits in the region of interest using the

calculated values.

[0057] In some implementations, a computing system is provided that includes at least
one processor, at least one memory, and one or more programs stored in the at least one
memory, wherein the programs include instructions, which when executed by the at least one
processor cause the computing system to receive seismic attributes regarding a region of
interest in a subsurface of the carth. The programs may further include instructions to causc
the computing system to receive electrical attributes regarding the region of interest. The
programs may further include instructions to cause the computing system to receive a
selection of a rock physics model for the region of interest. The programs may further include
instructions to cause the computing system to calculate values of rock parameters for the
selected rock physics model using a nonlinear relation that links cross-properties between the

seismic attributes and the electrical attributes for the region of interest. The programs may
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further include instructions to cause the computing system to determine the presence of

hydrocarbon deposits in the region of interest using the calculated values.

[0058] In some implementations, a computer readable storage medium is provided, which
has stored therein one or more programs, the one or more programs including instructions,
which when executed by a processor, cause the processor to receive seismic attributes
regarding a region of interest in a subsurface of the earth. The programs may further include
instructions, which cause the processor to receive electrical attributes regarding the region of
interest. The programs may further include instructions, which cause the processor to receive
a selection of a rock physics model for the region of interest. The programs may further
include instructions, which cause the processor to calculate values of rock parameters for the
selected rock physics model using a nonlinear relation that links cross-properties between the
seismic attributes and the electrical attributes for the region of interest. The programs may
further include instructions, which cause the processor to determine the presence of

hydrocarbon deposits in the region of interest using the calculated values.

[0059] In accordance with some e¢mbodiments, a method is performed that includes
receiving scismic attributes regarding a region of interest in a subsurface of the carth. The
method may receive clectrical attributes regarding the region of interest. The method may
receive a selection of a rock physics model for the region of interest. The method may
calculate values of rock parameters for the selected rock physics model using a nonlinear
relation that links cross-properties between the seismic attributes and the electrical attributes
for the region of interest. The method may determine a petrophysical model for the region of

interest using the calculated values.

[0060] In one implementation, the petrophysical model may include the amount of shale,
the elastic moduli of composite rock or the density of the solid phase of rock for the region of
interest.  Calculating values for the selected rock physics model may include updating
iteratively the calculated values for the selected rock physics model using the nonlinear
relation. The method may determine whether the calculated values have reached a stopping

criterion.
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[0061] In some implementations, an information processing apparatus for use in a
computing system is provided, and includes means for receiving seismic attributes regarding a
region of interest in a subsurface of the earth. The information processing apparatus may also
have means for receiving electrical attributes regarding the region of interest. The
information processing apparatus may also have means for receiving a selection of a rock
physics model for the region of interest. The information processing apparatus may also have
means for calculating values of rock parameters for the selected rock physics model using a
nonlinear relation that links cross-properties between the seismic attributes and the electrical
attributes for the region of interest. The information processing apparatus may also have
means for determining a petrophysical model for the region of interest using the calculated

values.

[0062] In some implementations, a computing system is provided that includes at least
one processor, at least one memory, and one or more programs stored in the at least one
memory, wherein the programs include instructions, which when executed by the at Icast one
processor causc the computing system to rcccive scismic attributes regarding a region of
interest in a subsurface of the carth. The programs may further include instructions to causc
the computing system to receive clectrical attributes regarding the region of interest. The
programs may further include instructions to cause the computing system to receive a
selection of a rock physics model for the region of interest. The programs may further include
instructions to cause the computing system to calculate values of rock parameters for the
selected rock physics model using a nonlinear relation that links cross-properties between the
seismic attributes and the electrical attributes for the region of interest. The programs may
further include instructions to cause the computing system to determine a petrophysical model

for the region of interest using the calculated values.

[0063] In some implementations, a computer readable storage medium is provided, which
has stored therein one or more programs, the one or more programs including instructions,
which when executed by a processor, cause the processor to receive seismic attributes
regarding a region of interest in a subsurface of the earth. The programs may further include
instructions, which cause the processor to receive electrical attributes regarding the region of

interest. The programs may further include instructions, which cause the processor to receive
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a selection of a rock physics model for the region of interest. The programs may further
include instructions, which cause the processor to calculate values of rock parameters for the
selected rock physics model using a nonlinear relation that links cross-properties between the
seismic attributes and the electrical attributes for the region of interest. The programs may
further include instructions, which cause the processor to determine a petrophysical model for

the region of interest using the calculated values.

[0064] In accordance with some embodiments, a method is performed that includes
receiving physical attributes from a first survey regarding a region of interest. The method
may receive physical attributes from a second survey regarding the region of interest. The
method may receive a selection of a physics model for the region of interest. The method
may calculate values of physical parameters for the selected physics model using a nonlinear
relation that links cross-properties between the physical attributes from the first survey and
the physical attributes from the second survey. The method may determine a water saturation

model or a porosity model for the region of interest using the calculated values.

[0665] In another implementation, the physical attributes from the first survey or the

sccond survey may include density attributes.

[0066] In some implementations, an information processing apparatus for use in a
computing system is provided, and includes means for recciving physical attributes from a
first survey regarding a region of interest. The information proccssing apparatus may also
have means for receiving physical attributes from a second survey regarding the region of
interest. The information processing apparatus may also have means for receiving a selection
of a physics model for the region of interest. The information processing apparatus may also
have means for calculating values of physical parameters for the selected physics model using
a nonlinear relation that links cross-properties between the physical attributes from the first
survey and the physical attributes from the second survey. The information processing
apparatus may also have means for determining a water saturation model or a porosity model

for the region of interest using the calculated values.

[0067] In some implementations, a computing system is provided that includes at least

one processor, at least one memory, and one or more programs stored in the at least one
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memory, wherein the programs include instructions, which when executed by the at least one
processor cause the computing system to receive physical attributes from a first survey
regarding a region of interest. The programs may further include instructions to cause the
computing system to receive physical attributes from a second survey regarding the region of
interest. The programs may further include instructions to cause the computing system to
receive a selection of a physics model for the region of interest. The programs may further
include instructions to cause the computing system to calculate values of physical parameters
for the selected physics model using a nonlinear relation that links cross-properties between
the physical attributes from the first survey and the physical attributes from the second survey.
The programs may further include instructions to cause the computing system to determine a
water saturation model or a porosity model for the region of interest using the calculated

values.

[0068] In some implementations, a computer readable storage medium is provided, which
has stored therein one or more programs, the onc or more programs including instructions,
which when cxccuted by a processor, causc the processor to reccive physical attributes from a
first survey regarding a region of interest. The programs may further include instructions,
which cause the processor to receive physical attributes from a second survey regarding the
region of interest. The programs may further include instructions, which cause the processor
to receive a selection of a physics model for the region of interest. The programs may further
include instructions, which cause the processor to calculate values of physical parameters for
the selected physics model using a nonlinear relation that links cross-properties between the
physical attributes from the first survey and the physical attributes from the second survey.
The programs may further include instructions, which cause the processor to determine a
water saturation model or a porosity model for the region of interest using the calculated

values.

[0069] In some implementations, a multi-dimensional region of interest is selected from
the group consisting of a subterranean region, human tissue, plant tissue, animal tissue,
volumes of water, volumes of air and volumes of space near and/or outside the atmosphere of
a planet, asteroid, comet, moon, or other body. Further, the multi-dimensional region of

interest may include one or more volume types selected from the group consisting of a
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subterranean region, human tissue, plant tissue, animal tissue, volumes of water, volumes of
air, and volumes of space near and/or or outside the atmosphere of a planet, asteroid, comet,
moon, or other body. This multi-dimensional region of interest may be used as the region of

interest in method 300.
Computing System

[0070] Implementations of various technologies described herein may be operational with
numerous general purpose or special purpose computing system environments or
configurations.  Examples of well known computing systems, environments, and/or
configurations that may be suitable for use with the various technologies described herein
include, but are not limited to, personal computers, server computers, hand-held or laptop
devices, multiprocessor systems, microprocessor-based systems, set top boxes, programmable
consumer c¢lectronics, network PCs, minicomputers, mainframe computers, smartphones,
smartwatches, personal wearable computing systems networked with other computing
systems, tablet computers, and distributed computing environments that include any of the

above systems or devices, and the like.

[0071] The various technologies described herein may be implemented in the general
context of computer-cxecutable instructions, such as program modules, being executed by a
computer. Generally, program modules include routines, programs, objects, components, data
structures, ctc. that performs particular tasks or implement particular abstract data types.
While program modules may execute on a single computing system, it should be appreciated
that, in some implementations, program modules may be implemented on separate computing
systems or devices adapted to communicate with one another. A program module may also
be some combination of hardware and software where particular tasks performed by the

program module may be done either through hardware, software, or both.

[0072] The various technologies described herein may also be implemented in distributed
computing environments where tasks are performed by remote processing devices that are
linked through a communications network, e.g., by hardwired links, wireless links, or
combinations thereof. The distributed computing environments may span multiple continents

and multiple vessels, ships or boats. In a distributed computing environment, program
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modules may be located in both local and remote computer storage media including memory

storage devices.

[0073] Figure 4 illustrates a schematic diagram of a computing system 400 in which the
various technologies described herein may be incorporated and practiced. Although the
computing system 400 may be a conventional desktop or a server computer, as described

above, other computer system configurations may be used.

[0074] The computing system 400 may include a central processing unit (CPU) 430, a
system memory 426, a graphics processing unit (GPU) 431 and a system bus 428 that couples
various system components including the system memory 426 to the CPU 430. Although one
CPU is illustrated in Figure 4, it should be understood that in some implementations the
computing system 400 may include more than one CPU. The GPU 431 may be a
microprocessor specifically designed to manipulate and implement computer graphics. The
CPU 430 may offload work to the GPU 431. The GPU 431 may have its own graphics
memory, and/or may have access to a portion of the system memory 426. As with the CPU
430, the GPU 431 may include one or more processing units, and the processing units may
include onc or more corcs. The system bus 428 may be any of scveral types of bus structurcs,
including a memory bus or memory controller, a peripheral bus, and a local bus using any of a
varicty of bus architectures. By way of e¢xample, and not limitation, such architectures
include Industry Standard Architecture (ISA) bus, Micro Channel Architecture (MCA) bus,
Enhanced ISA (EISA) bus, Video Electronics Standards Association (VESA) local bus, and
Peripheral Component Interconnect (PCI) bus also known as Mezzanine bus. The system
memory 426 may include a read-only memory (ROM) 412 and a random access memory
(RAM) 446. A basic input/output systcm (BIOS) 414, containing the basic routincs that help
transfer information between elements within the computing system 400, such as during start-

up, may be stored in the ROM 412.

[0075] The computing system 400 may further include a hard disk drive 450 for reading
from and writing to a hard disk, a magnetic disk drive 452 for reading from and writing to a
removable magnetic disk 456, and an optical disk drive 454 for reading from and writing to a

removable optical disk 458, such as a CD ROM or other optical media. The hard disk drive
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450, the magnetic disk drive 452, and the optical disk drive 454 may be connected to the
system bus 428 by a hard disk drive interface 456, a magnetic disk drive interface 458, and an
optical drive interface 450, respectively. The drives and their associated computer-readable
media may provide nonvolatile storage of computer-readable instructions, data structures,

program modules and other data for the computing system 400.

[0076] Although the computing system 400 is described herein as having a hard disk, a
removable magnetic disk 456 and a removable optical disk 458, it should be appreciated by
those skilled in the art that the computing system 400 may also include other types of
computer-readable media that may be accessed by a computer. For example, such computer-
readable media may include computer storage media and communication media. Computer
storage media may include volatile and non-volatile, and removable and non-removable
media implemented in any method or technology for storage of information, such as
computer-readable instructions, data structures, program modules or other data. Computer
storage media may further include RAM, ROM, erasable programmable read-only memory
(EPROM), electrically erasable programmable read-only memory (EEPROM), flash memory
or other solid state memory technology, CD-ROM, digital versatile disks (DVD), or other
optical storage, magnetic casscttes, magnetic tape, magnetic disk storage or other magnetic
storage devices, or any other medium which can be used to store the desired information and
which can be accessed by the computing system 400. Communication media may embody
computer readable instructions, data structures, program modules or other data in a modulated
data signal, such as a carrier wave or other transport mechanism and may include any
information delivery media. The term "modulated data signal"” may mean a signal that has
one or more of its characteristics set or changed in such a manner as to encode information in
the signal. By way of example, and not limitation, communication media may include wired
media such as a wired network or direct-wired connection, and wireless media such as
acoustic, RF, infrared and other wireless media. The computing system 400 may also include
a host adapter 433 that connects to a storage device 435 via a small computer system interface
(SCSI) bus, a Fiber Channel bus, an eSATA bus or using any other applicable computer bus
interface. Combinations of any of the above may also be included within the scope of

computer readable media.

24



CA 02907840 2015-09-22

WO 2014/165478 PCT/US2014/032475

[0077] A number of program modules may be stored on the hard disk 450, magnetic disk
456, optical disk 458, ROM 412 or RAM 416, including an operating system 418, one or
more application programs 420, program data 424 and a database system 448. The
application programs 420 may include various mobile applications (“apps”) and other
applications configured to perform various methods and techniques described herein. The
operating system 418 may be any suitable operating system that may control the operation of
a networked personal or server computer, such as Windows® XP, Mac OS® X, Unix-variants

(c.g., Linux® and BSD®), and the like.

[0078] A user may enter commands and information into the computing system 400
through input devices such as a keyboard 462 and pointing device 460. Other input devices
may include a microphone, joystick, game pad, satellite dish, scanner or the like. These and
other input devices may be connected to the CPU 430 through a serial port interface 442
coupled to system bus 428, but may be connected by other interfaces, such as a parallel port,
game port or a universal serial bus (USB). A monitor 434 or other type of display device may
also be connected to system bus 428 via an interface, such as a video adapter 432. In addition
to the monitor 434, the computing system 400 may further include other peripheral output

devices such as speakers and printers.

[0079] Further, the computing system 400 may operate in a networked environment using
logical connections to one or more remote computers 474. The logical connections may be
any connection that is commonplace in offices, enterprise-wide computer networks, intranets,
and the Internet, such as local area network (LAN) 476 and a wide arca network (WAN) 466.
The remote computers 474 may be another a computer, a server computer, a router, a network
PC, a pcer device or other common network nodc, and may include many of the clements
describes above relative to the computing system 400. The remote computers 474 may also

each include application programs 470 similar to that of the computer action function.

[0080] When using a LAN networking environment, the computing system 400 may be
connected to the local network 476 through a network interface or adapter 444. When used in
a WAN networking environment, the computing system 400 may include a router 464,

wireless router or other means for establishing communication over a wide area network 466,
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such as the Internet. The router 464, which may be internal or external, may be connected to
the system bus 428 via the serial port interface 442. In a networked environment, program
modules depicted relative to the computing system 400, or portions thercof, may be stored in
a remote memory storage device 435. It will be appreciated that the network connections
shown are merely examples and other means of establishing a communications link between

the computers may be used.

[0081] The network interface 444 may also utilize remote access technologies (e.g.,
Remote Access Service (RAS), Virtual Private Networking (VPN), Secure Socket Layer
(SSL), Layer 2 Tunneling (L2T), or any other suitable protocol). These remote access

technologies may be implemented in connection with the remote computers 474.

[0082] It should be understood that the various technologies described herein may be
implemented in connection with hardware, software or a combination of both. Thus, various
technologies, or certain aspects or portions thereof, may take the form of program code (i.e.,
instructions) embodied in tangible media, such as floppy diskettes, CD-ROMs, hard drives, or
any other machine-readable storage medium wherein, when the program code is loaded into
and cxccuted by a machine, such as a computer, the machine becomes an apparatus for
practicing the various technologics. In the casc of program code cxecution on programmable
computers, the computing device may include a processor, a storage medium readable by the
processor (including volatile and non-volatile memory and/or storage elements), at least one
input device, and at least one output device. One or more programs that may implement or
utilize the various technologies described herein may use an application programming
interface (API), reusable controls and the like. Such programs may be implemented in a high
level procedural or object oriented programming language to communicate with a computer
system. However, the program(s) may be implemented in assembly or machine language, if
desired. In any case, the language may be a compiled or interpreted language, and combined
with hardware implementations. Also, the program code may execute entirely on a user’s
computing device, partly on the user’s computing device, as a stand-alone software package,
partly on the user’s computer and partly on a remote computer or entirely on the remote

computer or a server computer.
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[0083] Those with skill in the art will appreciate that any of the listed architectures,
features or standards discussed above with respect to the example computing system 400 may
be omitted for use with a computing system used in accordance with the various embodiments

disclosed herein because technology and standards continue to evolve over time.

[0084] Of course, many processing techniques for collected data, including one or more
of the techniques and methods disclosed herein, may also be used successfully with collected
data types other than seismic data. While certain implementations have been disclosed in the
context of seismic data collection and processing, those with skill in the art will recognize that
one or more of the methods, techniques, and computing systems disclosed herein can be
applied in many fields and contexts where data involving structures arrayed in a three-
dimensional space and/or subsurface region of interest may be collected and processed, e.g.,
medical imaging techniques such as tomography, ultrasound, MRI and the like for human
tissue; radar, sonar, and LIDAR imaging techniques; and other appropriate three-dimensional

imaging problems.

[0085] Although the subject matter has been described in language specific to structural
fcaturcs and/or mcthodological acts, it is to be understood that the subject matter defined in
the appended claims is not limited to the specific features or acts described above. Rather, the
specific features and acts described above are disclosed as example forms of implementing

the claims.

[0086] While the foregoing is directed to implementations of various technologies
described herein, other and further implementations may be devised without departing from
the basic scope thereof. Although the subject matter has been described in language specific
to structural features and/or methodological acts, it is to be understood that the subject matter
defined in the appended claims is limited to the specific features or acts described above.
Rather, the specific features and acts described above are disclosed as example forms of

implementing the claims.

27



81791729

CLAIMS:
1. A computer-implemented method, comprising:

performing a seismic survey in a region of interest in a subsurface of the earth to

produce seismic data;
receiving seismic attributes obtained through seismic inversion of the seismic data;

receiving electrical attributes obtained through an electromagnetic inversion of

electromagnetic survey data for the region of interest;

receiving a selection of an isotropic or anisotropic rock physics model for the region of

interest, wherein the region of interest is represented by multi-dimensional cells;

calculating values of rock parameters for the selected rock physics model, individually
for each of a plurality of the multi-dimensional cells, at least in part by linearizing a nonlinear
relation that links cross-properties between the seismic attributes and the electrical attributes

for the region of interest; and

determining the presence of hydrocarbon deposits in the region of interest using the

calculated values of at least a portion of the plurality of the multi-dimensional cells; or

determining a petrophysical model for the region of interest using the calculated values

of at least a portion of the plurality of the multi-dimensional cells.

2. The method of claim 1, wherein the seismic attributes comprise acoustic impedance,

density, Poisson's ratio, s-wave impedance or anisotropic parameters.

3. The method of claim 1, wherein the seismic attributes are obtained through seismic

inversion of the seismic survey data for the region of interest.

4. The method of claim 1, wherein the electrical attributes comprise conductivity or

resistivity parameters.
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5. The method of claim 1, wherein the electrical attributes are obtained through a
controlled-source electromagnetic (CSEM) anisotropic inversion of electromagnetic survey

data for the region of interest.

6. The method of claim 1, wherein the cross-properties comprise rock porosity, water

saturation, gas saturation or oil saturation.

7. The method of claim 1, wherein the petrophysical model comprises a water saturation

model that comprises water saturation parameters as properties of the cross-properties.

8. The method of claim 7, further comprising calculating an amount of uncertainty for the

water saturation model.

9. The method of claim 1, wherein the petrophysical model comprises a porosity model

that comprises porosity parameters as properties of the cross-properties.

10.  The method of claim 1, wherein calculating the values for the selected rock physics
model comprises iteratively updating the calculated values of the selected rock physics model

using the nonlinear relation.

11.  The method of claim 1, wherein the petrophysical model comprises the amount of
shale, the elastic moduli of composite rock, or the density of the solid phase of rock for the

region of interest.

12.  The method of claim 1, further comprising determining whether the calculated values

have reached a stopping criterion.

13. The method of claim 7 or claim 9, wherein the seismic attributes or the electrical

attributes are density attributes.

14.  One or more computer-readable storage media that comprise computer-executable
instructions for execution by a computer implemented system to perform the method of any

one of claims 1 to 13.
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