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METHOD FOR ESTIMATING DEPTH OF
HYDROCARBON RESERVOIR

[0001] The present invention relates to the field of hydro-
carbons. In particular, it relates to a method of estimating, or
a method for use in estimating, the size or depth of a
hydrocarbon reservoir. For example, the method may
involve estimating a location (depth) of a hydrocarbon-water
contact.

[0002] FIG. 1 illustrates a sub-surface region of which it
may desired to estimate the size or depth of a hydrocarbon
reservoir 12. In particular, it may be desired to estimate the
location of the hydrocarbon-water (e.g. oil-water) contact
14. The sub-surface region contains reservoir rock with a
hydrocarbon-containing part (the hydrocarbon reservoir 12)
located above a water-bearing part 13. The interface
between the hydrocarbon reservoir 12 and the water-bearing
part of the reservoir rock 13 is the hydrocarbon-water
contact.

[0003] A first well 10 is provided for exploring for hydro-
carbons in the sub-surface region. As can be seen in FIG. 1,
the well bore 10a of the well 10 extends through the
hydrocarbon reservoir 12. As such, the first well 10 can only
explore for hydrocarbons from the hydrocarbon reservoir 12
down to the depth at which the well bore 10a exits a lower
boundary of the hydrocarbon reservoir 12. This depth is
indicated by a dashed line 16.

[0004] Assuming no other wells (e.g. such as the well 11
shown in FIG. 1) exist, it is usually unknown how much
further the hydrocarbon reservoir 12 extends below the
depth indicated by the dashed line 16. Thus, typically, one or
more appraisal wells, such as the appraisal well 11, are
provided to check this and determine the location of the
hydrocarbon-water contact 14, or to what extent 15 the
hydrocarbon reservoir 12 extends below the depth indicated
by the dashed line 16 to the hydrocarbon-water contact 14.

[0005] Once the depth of the hydrocarbon-water contact
14 is known, the volume of the hydrocarbon reservoir 12
may be estimated, and this may be used (along with other
factors) to (help) make a decision about whether to provide
further wells to further explore for hydrocarbons in, or to
extract hydrocarbons from, the hydrocarbon reservoir 12.

[0006] However, appraisal wells are very costly. If the
hydrocarbon reservoir only extends a small distance 15
further (below the dashed line 16) until the hydrocarbon-
water contact 14 is met, then a great deal of money may be
wasted in drilling the appraisal well(s).

[0007] A first aspect of the invention relates to a method
of estimating a depth of a hydrocarbon-water contact of a
hydrocarbon reservoir in a structure, the method comprising:

a. analysing one or more samples obtained from the structure
to generate a relationship relating resistivity to hydrocarbon-
water contact depth; b. obtaining a resistivity measurement
of the hydrocarbon reservoir; and c. estimating the hydro-
carbon-water contact depth from the relationship relating
resistivity to hydrocarbon-water contact depth and the resis-
tivity measurement of the hydrocarbon reservoir.

[0008] A hydrocarbon-water contact is an interface (which
is typically horizontal, due to gravity) at which a hydrocar-
bon-containing part of a reservoir (a hydrocarbon reservoir)
meets a water-containing part of a reservoir. The hydrocar-
bon-water contact may be an oil-water contact or a gas-
water contact.
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[0009] The depth of the hydrocarbon-water contact may
be measured with respect to any vertical position such as
sea-level or a vertical position of a well head, for example.
[0010] The term “structure” refers to the sub-surface
region in which the hydrocarbon reservoir is located. For
example, it may comprise the hydrocarbon reservoir and
surrounding material (e.g. rock such as caprock).

[0011] The resistivity measurement of the hydrocarbon
reservoir may be obtained from well log data, for example
(e.g. downhole data acquired by measurement of quantities
that respond to properties of rocks and fluids).

[0012] The resistivity measurement of the hydrocarbon
reservoir may be or comprise a measurement of the electri-
cal conductivity of the hydrocarbon reservoir (as resistivity
is the inverse of conductivity). The resistivity (or conduc-
tivity) measurement may be a measurement of the electrical
resistivity (or conductivity) of the reservoir rock with its
contained (e.g. hydrocarbon) fluids.

[0013] The method involves analysing one or more
samples (e.g. one or more rock samples) obtained from the
structure to generate a relationship relating resistivity to
hydrocarbon-water contact depth.

[0014] Resistivity may be related to hydrocarbon-water
contact depth because (a) the buoyancy of the hydrocarbons
(e.g. oil) below a position in the reservoir increases the
hydrocarbon (e.g. oil) pressure, and therefore the capillary
pressure (hydrocarbon- (e.g. oil-) water pressure) here, (b)
the higher the capillary pressure, the higher the hydrocarbon
(e.g. oil) saturation, and (c) the higher the hydrocarbon (e.g.
oil) saturation, the higher the resistivity.

[0015] Analysing one or more samples obtained from the
structure can allow resistivity to be related to hydrocarbon
(e.g. oil) saturation, hydrocarbon saturation to be related to
capillary pressure, and capillary pressure to be related to the
depth of the hydrocarbon-water contact.

[0016] Thus, the present invention provides a method of
estimating the depth of a hydrocarbon-water contact of a
hydrocarbon reservoir in a structure using one or more
samples from the structure and a resistivity measurement of
the hydrocarbon reservoir. From the one or more samples
from the structure and the resistivity measurement, the depth
of the hydrocarbon-water contact of the hydrocarbon reser-
voir may be estimated.

[0017] This method of estimating the depth of the hydro-
carbon-water contact is much simpler and less costly than
other known methods, which typically involve drilling one
or more appraisal wells to determine the depth of the
hydrocarbon-water contact.

[0018] At step a, the method comprises analysing one or
more samples obtained from the structure to generate a
relationship relating resistivity to hydrocarbon-water contact
depth. The relationship relating resistivity to hydrocarbon-
water contact depth is preferably a functional relationship.
[0019] Insome cases, only a single sample may be used in
order to generate such a relationship relating resistivity to
hydrocarbon-water contact depth.

[0020] As such, the hydrocarbon-water contact depth may
(subsequently) be estimated using (such) a (functional)
relationship relating resistivity to hydrocarbon-water contact
depth. By providing such a (functional) relationship with
which hydrocarbon-water contact depth may be estimated,
this means that it may not be necessary to use averages or
averaged relationships, for example from other wells or
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many (core) measurements, and which may be less accurate
that using a functional relationship, derived for example
from a single sample.

[0021] Preferred or possible implementations of steps a-c
are described in more detail below.

[0022] The method may comprise (e.g. prior to step a.)
obtaining the one or more samples from the structure, for
example using a standard or common method for obtaining
samples, as is known in this field. The one or more samples
are preferably obtained from the hydrocarbon-containing
part of the reservoir (the hydrocarbon reservoir).

[0023] Preferably, step a. comprises analysing a plurality
of samples. For example, 2-10 or more samples may be
analysed. In some embodiments, around 5-7 samples are
analysed. The number of samples analysed may vary
depending on various factors. Analysing a plurality of
samples (e.g. instead of a single sample) may help to provide
a better estimate of the hydrocarbon-water contact depth
(e.g. as described below), for example by providing a more
accurate (functional) relationship relating resistivity to
hydrocarbon-water contact depth. As such, the method may
comprise obtaining a plurality of samples from the structure.
[0024] Preferably, an estimate of the hydrocarbon-water
contact depth is provided from each sample. An average
(e.g. mean) may then be taken from (at least some of, or
possibly all of) these estimates to provide an average esti-
mate of the hydrocarbon-water contact depth. For example,
an average (e.g. mean) may be taken from at least some of,
or possibly all of, the hydrocarbon-water contact depth
estimates from resistivity measurements taken from loca-
tions which are in pressure communication with each other.
Thus, such measurements may be used to provide an average
estimate of the hydrocarbon-water contact depth.

[0025] Insome embodiments, any samples which produce
an outlying result (e.g. an estimate of the hydrocarbon-water
contact depth which is significantly different from (the)
other, or a majority of the other estimates) may be rejected.
An average (mean) of the remaining results may then be
taken to provide the estimate of the hydrocarbon-water
contact depth.

[0026] The one or more samples may comprise material
originating from the hydrocarbon reservoir. The one or more
samples may be taken from various locations in the struc-
ture, or more preferably in the hydrocarbon reservoir. For
example, the one or more samples may be taken from
locations in the wellbore or from wellbore edges. The
samples may comprise a part of a core plug, a side wall core,
and/or a drill cutting.

[0027] If a plurality of samples are obtained, the plurality
of samples are preferably obtained from different locations.
Preferably, the plurality of samples are obtained from at least
two different depths.

[0028] Ideally, the samples are taken at a plurality of
different sample depths. The sample depths may have a
spacing of up to around 50 m, for example. However, in
some cases (e.g. if this is not possible), smaller sample depth
spacings may be used, for example down to around 10 cm
spacings. The samples should ideally be taken at depths over
which the hydrocarbon reservoir extends.

[0029] In some embodiments, the samples depths may be
chosen based on wireline log data. For example, the sample
or samples may be taken at a location or locations at which
the depth of the resistivity log can be calibrated to the depth
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of the sample with confidence (e.g. because the resistivity
log fluctuates little around the sample depth).

[0030] Preferably, the one or more samples have a mini-
mum size (e.g. thickness in any direction) of around 0.3 mm.
However, in some cases, e.g. where grain diameters in the
sample are larger than around 0.1 mm, samples larger than
0.3 mm (in all directions) may be needed.

[0031] Analysing the one or more samples preferably
comprises analysing one or more thin sections of the sample
(s). As such, the method may comprise obtaining one or
more thin sections of (e.g. each of) the one or more samples.

[0032] The one or more samples (or at least one or more
of the one or more samples) are preferably of low perme-
ability. Preferably, the samples have a permeability between
0.05 and 50 mD. Such samples may be of low porosity, as
low porosity may result in low permeability.

[0033] The one or more samples (or at least one or more
of the one or more samples) preferably have intermediate to
low hydrocarbon saturations such as between 20% and 70%.
This is because the saturations are often not sensitive to
capillary pressures when the hydrocarbon saturations are
outside this saturation range. Samples with low hydrocarbon
saturations may be taken from rocks with low permeability
and narrow pore throats. Such low-permeable zones may
exist in otherwise permeable reservoirs, e.g. if the clay
content in the reservoir sand is high, the grain size is small,
or if the zone is more cemented than the surrounding
reservoir rocks. Such high cementation can significantly
reduce the permeability in rocks and typically more in
fine-grained rocks than in rocks with larger grain sizes. The
one or more samples are therefore preferably taken from
horizons with comparatively poor reservoir quality. For
example, the one or more samples may be taken from
regions with high clay content, small and/or heterogeneous
grain size, high detrital or authigenic clay content or high
grain ductility.

[0034] Analysing one or more samples preferably com-
prises obtaining one or more (preferably high-resolution)
images of the pore structure of the one or more samples. The
one or more images of the pore structure of the one or more
samples may be obtained from one or more thin sections of
the one or more samples. A scanning electron microscope
(SEM) may be used to obtain the images of the pore
structure. The images (e.g. as obtained with a SEM) may
have a resolution of around 2.5 pm or less.

[0035] Analysing one or more samples may comprise
obtaining one or more capillary pressure (e.g. MICP) mea-
surements from one or more of the one or more samples.

[0036] Capillary pressure measurements may be used: to
calibrate a relationship between saturation and capillary
pressure in a model of (at least a part of) the structure; and/or
in a resistivity model of at least a part of the structure (e.g.
a part of the structure from which the one or more samples
were obtained), and preferably both. Thus, the method may
comprise calibrating a relationship between saturation and
capillary pressure, e.g. using one or more capillary pressure
measurements, and/or using (or applying) one or more
capillary pressure measurements in a model of at least a part
of the structure.

[0037] The model may be a numerical model. The model
is ideally a model of the pore structure of at least a part of
the structure (e.g. of the rock from which it is formed, and
from which the one or more samples were obtained). Such
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a model may be used to model or provide a relationship
between resistivity and hydrocarbon saturation.

[0038] References to a model of at least a part of the
structure refer to a model of a part of the structure, or in
particular the hydrocarbon reservoir, from which the one or
more samples were obtained.

[0039] Capillary pressure may be related to hydrocarbon
column height (or hydrocarbon-water contact depth) using
the reservoir fluids’ (hydrocarbon and brine) densities and
the relationship P=Apgh, where P is the capillary pressure
(e.g. determined from resistivity), Ap is the difference in
density between water and hydrocarbons, and h is the height
of the oil column.

[0040] Generating a relationship relating resistivity to
hydrocarbon-water contact depth may comprise generating
(or using) a model of at least a part of the structure, e.g. a
model as described above.

[0041] The model may be generated based on, or from, the
images of the pore structure of the one or more samples.
[0042] In some embodiments, generating the model may
comprise estimating a formation resistivity factor and/or an
absolute permeability of the structure (or a part of the
structure from which the one or more samples were
obtained). One or both of these may be used to simulate
resistivity of the structure (or the part of the structure from
which the one or more samples were obtained) as a function
of saturation and/or a relationship between saturation and
capillary pressure.

[0043] Generating the model preferably comprises simu-
lating: the resistivity of the structure (or the part of the
structure from which the one or more samples were
obtained) as a function of saturation; and/or a relationship
between saturation and capillary pressure in the structure (or
the part of the structure from which the one or more samples
were obtained) (and preferably both).

[0044] Generating a relationship relating resistivity to
hydrocarbon-water contact depth may comprise relating
resistivity to hydrocarbon saturation; relating hydrocarbon
saturation to capillary pressure (e.g. what pressure does it
take to get a certain amount of hydrocarbon into the sample);
and/or relating capillary pressure to the hydrocarbon-water
contact depth (and preferably all three of these).

[0045] Resistivity may be related to hydrocarbon satura-
tion using the Archie equation.

[0046] Hydrocarbon saturation may be related to capillary
pressure (e.g. using laboratory measurements), for example
by measurement of mercury injection capillary pressures
(MICPs), optionally supplemented by saturation-height
analyses, e.g. by the Leverett J-function.

[0047] Preferably, the relationship relating resistivity to
hydrocarbon-water contact depth comprises a function or set
of values relating resistivity to hydrocarbon-water contact
depth. A set of values may be provided in the form of a table
or database of values relating resistively to hydrocarbon-
water contact depth. This relationship may then be used to
determine or estimate the hydrocarbon-water contact depth
based on the resistivity measurement of the hydrocarbon
reservoir.

[0048] The method may further comprise using the esti-
mated hydrocarbon-water contact depth (e.g. along with any
other required factors) to estimate a volume of the hydro-
carbon reservoir and/or a volume of hydrocarbons contained
in the hydrocarbon reservoir. For example, the hydrocarbon-
water contact depth and information about the shape of the
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hydrocarbon reservoir may be used to estimate the volume
of the hydrocarbon reservoir. The volume of the hydrocar-
bon reservoir (or the hydrocarbon-water contact depth and
information about the shape of the hydrocarbon reservoir),
the porosity (or a porosity distribution) of the hydrocarbon
reservoir, and the hydrocarbon saturation of the hydrocarbon
reservoir may be used to estimate the volume of hydrocar-
bons contained in the hydrocarbon reservoir.

[0049] The volume of the hydrocarbon reservoir and/or
the volume of hydrocarbons contained in the hydrocarbon
reservoir may then be used, for example along with other
data or information, in future decision-making.

[0050] For example, the method may further comprise
using the estimated volume of the hydrocarbon reservoir
and/or the volume of hydrocarbons contained in the hydro-
carbon reservoir to decide whether to extract hydrocarbons
from the hydrocarbon reservoir based. Other data or infor-
mation may of course also be used in making such a
decision.

[0051] The method may comprise using the estimated
volume of the hydrocarbon reservoir to decide whether or
not to drill a well, such as an appraisal well to explore the
reservoir or a production well to extract hydrocarbons from
the reservoir. Other data or information may of course also
be used in making such decisions.

[0052] Other data or information that may be taken into
account in making such decisions may include the cost,
difficulty and/or danger of drilling in that region, for
example.

[0053] In some embodiments, the method may further
comprise drilling an appraisal well. The method may option-
ally comprise exploring for hydrocarbons with the appraisal
well.

[0054] In some embodiments, the method may further
comprise drilling a production well. The method may
optionally comprise extracting hydrocarbons from the
hydrocarbon reservoir with the production well.

[0055] As can be appreciated from the above, the method
of determining the depth of the hydrocarbon-water contact
of a reservoir can be of particular benefit if used for a
structure where an appraisal well is being considered, and/or
where knowledge of the hydrocarbon-water contact position
is an important issue.

[0056] The above method is preferably, at least partially,
performed on a computer or computer system.

[0057] A further aspect of the invention relates to a
computer program product comprising computer readable
instructions that, when run on a computer, is configured to
cause one or more processers to perform the method
described above, with any of its optional or preferred
features.

[0058] A further aspect of the invention relates to a system
for performing the above method, with any of its preferred
or optional features. The system may comprise one or more
software elements arranged to perform the method, or one or
more parts of the method, described above.

[0059] A system may comprise one or more memories and
one or more processors configured to perform the method(s),
or one or more parts of the method(s), as described above.
The one or more memories may store data used as an input
to the method (e.g. seismic data) and/or data output from the
method. The one or more processors may be programmed
with software (e.g. computer program(s)) which causes them
to perform the method, or one or more parts of the method,
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of the present invention. The system may comprise one or
more screens and/or data input means, e.g. for a user to
control the performing of the method, or one or more parts
of the method, and/or view an output of the method on a
screen.

[0060] For greater speed and efficiency, the method, or at
least part of the method, is preferably performed on, or
implemented by, a computer.

[0061] The methods in accordance with the present inven-
tion may be implemented at least partially using software
e.g. computer programs. It will thus be seen that when
viewed from further aspects, the present invention provides
computer software specifically adapted to carry out the
methods, or one or more parts of the methods, herein
described when installed on data processing means (e.g. one
or more processors), a computer program element compris-
ing computer software code portions for performing the
methods, or one or more parts of the methods, herein
described when the program element is run on data process-
ing means, and a computer program comprising code means
adapted to perform one or more steps of a method or of the
methods herein described when the program is run on a data
processing system. The data processor may be a micropro-
cessor system, a programmable FPGA (field programmable
gate array), etc.

[0062] The invention also extends to a computer software
carrier comprising such software which when used to oper-
ate a processor or microprocessor system comprising data
processing means causes in conjunction with said data
processing means said processor or system to carry out the
steps (or one or more of the steps) of the methods of the
present invention. Such a computer software carrier could be
a physical storage medium such as a ROM chip, RAM, flash
memory, CD ROM or disk, or could be a signal such as an
electronic signal over wires, an optical signal or a radio
signal such as to a satellite or the like.

[0063] It will be appreciated that in some embodiments,
not all steps of the methods of the invention need be carried
out by computer software and thus from a further broad
aspect the present invention provides computer software and
such software installed on a computer software carrier for
carrying out at least one of the steps of the methods set out
herein.

[0064] The present invention may accordingly suitably be
embodied as a computer program product for use with (or
within) a computer system. Such an implementation may
comprise a series of computer readable instructions fixed on
a tangible medium, such as a non-transitory computer read-
able medium, for example, diskette, CD ROM, ROM, RAM,
flash memory or hard disk. It could also comprise a series of
computer readable instructions transmittable to a computer
system, via a modem or other interface device, either over a
tangible medium, including but not limited to optical or
analogue communications lines, or intangibly using wireless
techniques, including but not limited to microwave, infrared
or other transmission techniques. The series of computer
readable instructions embodies all or part of the function-
ality previously described herein.

[0065] Those skilled in the art will appreciate that such
computer readable instructions can be written in a number of
programming languages for use with many computer archi-
tectures or operating systems. Further, such instructions may
be stored using any memory technology, present or future,
including but not limited to, semiconductor, magnetic, or
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optical, or transmitted using any communications technol-
ogy, present or future, including but not limited to optical,
infrared, or microwave. It is contemplated that such a
computer program product may be distributed as a remov-
able medium with accompanying printed or electronic docu-
mentation, for example, shrink wrapped software, pre-
loaded with a computer system, for example, on a system
ROM or fixed disk, or distributed from a server or electronic
bulletin board over a network, for example, the Internet or
World Wide Web.

[0066] Preferred embodiments of the invention will now
be described by way of example only and with reference to
the accompanying drawings, in which:

[0067] FIG. 1 is a schematic cross-sectional diagram of a
sub-surface region containing a hydrocarbon reservoir; and
[0068] FIG. 2 is a flow diagram illustrating a method for
estimating the location of the hydrocarbon-water contact of
a region.

[0069] A method 20 of estimating the depth of the hydro-
carbon-water contact of a hydrocarbon reservoir is illus-
trated in FIG. 2. The method 20 contains four main steps 1-4.
[0070] Atstep 1, arock sample is collected from a location
in the region. The sample may be a cutting or core from
inside the well bore 10a or a sidewall core from the borehole
walls.

[0071] At step 2, the sample is analysed to generate a
pore-scale numerical model of the rock from which the
sample was taken and a relationship (e.g. a function or set of
values such as a table or database) relating (simulated)
resistivity to (simulated) hydrocarbon-water contact depth.
[0072] At step 3, resistivity data is obtained from well log
data taken from the well 10. The relationship generated at
step 2 is then used to determine (estimate) the hydrocarbon-
water contact depth corresponding to the resistivity value
from the well log data.

[0073] At step 4, a volume of the hydrocarbon reservoir
above the estimated hydrocarbon-water contact depth (and
which is not yet accessible by well 10) is estimated and a
decision may be taken about whether or not to drill an
appraisal well to confirm the presence of those hydrocar-
bons.

[0074] In order to provide a better estimate of the hydro-
carbon-water contact depth, steps 1-3 are repeated for a
number of samples taken from different locations at different
depths. In one embodiment, six samples are used. However,
in other embodiments, more or fewer could be used.
[0075] The samples are taken from locations in the well-
bore or from wellbore edges, from rocks that originated
within the hydrocarbon reservoir (i.e. prior to drilling of the
well). The samples comprise a core, a side-wall core, and/or
cuttings.

[0076] Ideally, the samples are taken at a plurality of
different sample depths. The sample depths may have a
spacing of up to around 50 m, for example. However, in
some cases (e.g. if this is not possible due to the vertical size
of' the reservoir, for example), smaller sample depth spacings
may be used, for example down to around 10 cm spacings.
[0077] The samples are taken from depths over which the
hydrocarbon reservoir extends.

[0078] In some embodiments, the samples depths are
chosen based on the wireline log data. For example, the
samples may have a depth interval such that the depths of the
resistivity log can be calibrated to the depths of the samples
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with confidence (e.g. because the resistivity log fluctuates
little around the sample depth).

[0079] The well log measurements should be representa-
tive of the samples, which means that cuttings may have to
be avoided as a sample location unless the resistivity log
responses are invariant over a large depth, with a minimum
vertical extent of the invariance of the well log resistivity
depending on the drilling rate and the distance to the closest
casing shoe.

[0080] The minimum sample size (e.g. its thickness in any
direction) is typically around 0.3 mm. However, in some
cases where grain diameters in the sample are larger than
around 0.1 mm, samples larger than 0.3 mm (in all direc-
tions) may be needed.

[0081] The results from analyses of any samples which
produce an outlying result (i.e. an estimate of the hydrocar-
bon-water contact depth which is significantly different from
(the) other, or a majority of the other estimates) are rejected
and an average (mean) of the remaining results from
samples that were in pressure communication with each
other prior to drilling is taken to provide the estimate of the
hydrocarbon-water contact depth.

[0082] The hydrocarbon-water contact depth corresponds
to the depth of the bottom of the hydrocarbon column. This
may be measured with respect to any suitable point, e.g. sea
level.

[0083] At step 1, the samples taken are ideally of low
permeability. Preferably, the samples have a permeability
between 0.1 and 50 mD.

[0084] The samples ideally have intermediate to low oil
saturations such as between 20% and 70%. This is because
the saturations are not sensitive to capillary pressures when
the oil saturations are outside of this range. Samples with
low oil saturations can be taken from rocks with low
permeability and narrow pore throats. Such low-permeable
zones may exist in otherwise permeable reservoirs, e.g. if the
clay content in the reservoir sand is high, the grain size is
small, or if the zone is more cemented than the surrounding
reservoir rocks. Such high cementation will significantly
reduce the permeability in rocks, and more in fine-grained
rocks (which had small pore throats initially) than in more
coarse-grained rocks. The samples should thus be taken
from horizons with comparatively poor reservoir quality
(e.g. high clay content, small and/or heterogeneous grain
size, high detrital or authigenic clay content, or high grain
ductility). These horizons should be expected to have dif-
ferent Archie parameters to the parameters that apply for the
bulk of the reservoir. As a result, saturation analyses from
pore-scale modelling should preferably be performed
instead of saturation analyses based on Archie’s law and
saturation-height-function analyses.

[0085] The samples are taken using a standard procedure.
A thin section is taken from each sample for analysis.

[0086] The analysis of the (each) sample at step 2 com-
prises obtaining high-resolution SEM (scanning electron
microscope) images of the thin sections. Such images typi-
cally have a resolution of 2 pm or less.

[0087] Based on these images, a pore-scale numerical
model of the rock from which the sample was taken is
generated.
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[0088] The numerical model enables estimation of rela-
tionships relating:

[0089] (i) resistivity to oil saturation;

[0090] (ii) oil saturation to capillary pressure (i.e. what
pressure does it take to get a certain amount of oil into the
sample); and

[0091] (iii) capillary pressure to oil column height (or the
depth of the hydrocarbon-water contact).

[0092] The outcome of step 2 is a table of values, function
or other relationship relating resistivity to oil column height
(or the depth of the hydrocarbon-water contact). If the
relationship is provided in the form of a table of values or
other such database, it would typically cover resistivity
values from around 2 to 2000 Ohms.

[0093] For (i), resistivity can be related to oil saturation
using the Archie equation:

st Ry
VT @ %XR,)

[0094] where:

[0095] S, is the water saturation of the uninvaded zone
[0096] n is the saturation exponent, which varies from 1.8
to 4.0 but normally is 2.0

[0097] R, is the formation water resistivity at formation
temperature

[0098] ¢ is the porosity

[0099] m is the cementation exponent, which varies from
1.7 to 3.0 but normally is 2.0

[0100] R, is the true resistivity of the formation, corrected
for drilling mud invasion, borehole washouts, thin beds, and
other effects.

[0101] The parameters for the Archie equation can be
determined from the analysis of the thin section.

[0102] For (ii), oil saturation may be related to capillary
pressure using laboratory measurements, most frequently by
measurement of mercury injection capillary pressures
(MICPs), supplemented by saturation-height analyses, e.g.
by the Leverett J-function.

[0103] In some embodiments, relationships (i) and/or (ii)
can also or alternatively be acquired from pore-scale
numerical modelling and not using the Archie equation or
laboratory measurements as described above.

[0104] From each pore-scale model (i.e. the model for
each sample), formation resistivity factor (resistivity of
water-filled rock/resistivity of brine) and absolute perme-
ability are estimated. For example, knowing the resistivity of
each mineral type, a 2D numerical model is created of how
the rock is composed of the various minerals. Then, the
response of sending an electrical current through the sample
is simulated, e.g. using Ohm’s law. The formation resistivity
factor and the absolute permeability are then used to simu-
late the resistivity of the structure as a function of saturation
(i), as well as the relationship between saturation and
capillary pressure (ii).

[0105] In some embodiments, MICP measurements are
obtained from the samples (or some or the samples), and the
MICP measurements are used: (a) to calibrate the numerical
models of the relations between saturation and capillary
pressure; and (b) for direct application to the resistivity
model.

[0106] MICP measurements show how much mercury can
be injected into a sample, and how this amount increases as
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the mercury pressure increases. This amount is used to
calculate pore size distribution of the sample, and it gives
capillary pressure (P.) as a function of mercury pressure (P,
in the mercury-water system).

[0107] The method computes P, from the equation:

20 cosf

. =
rC

where G is the mercury/brine interfacial tension and 0 is the
contact angle. By substituting 6 and 6 with values for
hydrocarbon/water instead of mercury-water, a different cap
pressure vs saturation relationship is obtained (without mod-
elling of saturation versus capillary pressure from pore scale
models).

[0108] For (iii), the capillary pressure may be related to oil
column height using the reservoir fluids’ (hydrocarbon and
brine) densities and the relationship P=Apgh, where P is the
capillary pressure (determined from resistivity following
steps (i) and (ii)), Ap is the density difference between water
and hydrocarbons and h is the height of the oil column.
[0109] At step 3, resistivity data is obtained from well log
data taken from the well 10. The relationship generated at
step 2 is then used to determine (estimate) the hydrocarbon-
water contact depth by finding the hydrocarbon-water con-
tact depth that corresponds to the resistivity value in the well
log data.

[0110] As described above, steps 1-3 are repeated for a
number of samples to provide a distribution or set of
estimates of the hydrocarbon-water contact depth. From this
set of estimates, any outliers may be rejected and then a
mean (e.g. geometric or arithmetic) or mode from samples
that were in pressure communication in the reservoir may be
determined of the remaining estimates to provide a final
estimate of the hydrocarbon-water contact depth.

[0111] Next, at step 4, a volume of the hydrocarbon
reservoir above the estimated hydrocarbon-water contact
(and which is not yet accessible by a well) is estimated using
the final (e.g. mean or mode as discussed above) estimate of
the hydrocarbon-water contact depth, and other parameters
that describe the reservoir rock. For example, the volume of
the hydrocarbon reservoir will depend on its shape. A
volume of hydrocarbons contained in the hydrocarbon res-
ervoir can also be estimated from the volume of the hydro-
carbon reservoir (or the hydrocarbon-water contact depth
and the shape of the reservoir), the porosity (or a porosity
distribution) of the hydrocarbon reservoir, and the hydro-
carbon saturation.

[0112] Based on the estimated hydrocarbon reservoir vol-
ume, or ideally the estimated volume of hydrocarbons
contained in the hydrocarbon reservoir, as well as potentially
other factors related, for example, to the cost, difficulty or
danger of drilling in that region, a decision may then be
taken about whether or not to drill a (further) well to explore
for or extract those deeper hydrocarbons which had not been
identified by the first well 10.

[0113] The method has been tested by analysing samples
from oil fields by performing measurements and pore-scale
modelling of the samples and estimating the oil leg thickness
below the sample depths from these samples. The modelling
was found to predict the column height below the sample
depths with an average error of 15 m for the good samples
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in each field. It was also found that samples that give inferior
or inconsistent results could be identified and rejected.
[0114] As can be appreciated from the above, the method
of determining the depth of the hydrocarbon-water contact
can be of particular benefit if used for a structure where an
appraisal well is being considered, and where knowledge of
the hydrocarbon-water contact position is an important
issue.

I claim:

1. A method of estimating a depth of a hydrocarbon-water
contact of a hydrocarbon reservoir in a structure, the method
comprising:

a. analysing one or more samples obtained from the
structure to generate a relationship relating resistivity to
hydrocarbon-water contact depth;

b. obtaining a resistivity measurement of the hydrocarbon
reservoir; and

c. estimating the hydrocarbon-water contact depth from
the relationship relating resistivity to hydrocarbon-
water contact depth and the resistivity measurement of
the hydrocarbon reservoir.

2. A method as claimed in claim 1, further comprising

obtaining the one or more samples from the structure.

3. A method as claimed in claim 1, step a. comprising
analysing a plurality of samples.

4. A method as claimed in claim 3, wherein the plurality
of samples are obtained from at least two different depths.

5. A method as claimed in claim 1, wherein the one or
more samples comprise a core plug, a side wall core, and/or
a sample from a cutting.

6. A method as claimed in claim 1, wherein analysing one
or more samples comprises:

obtaining images of the pore structure of the one or more
samples; and/or

obtaining one or more capillary pressure measurements of
the one or more samples.

7. A method as claimed in claim 6, the method comprising

using the one or more capillary pressure measurements:

to calibrate a relationship between saturation and capillary
pressure; and/or

in a resistivity model of at least a part of the structure.

8. A method as claimed in claim 1, wherein generating a
relationship relating resistivity to hydrocarbon-water contact
depth comprises:

generating a model of at least a part of the structure;

relating resistivity to hydrocarbon saturation;

relating hydrocarbon saturation to capillary pressure; and/
or

relating capillary pressure to the hydrocarbon-water con-
tact depth.

9. A method as claimed in claim 8, wherein the model is

a pore scale model.

10. A method as claimed in claim 8, wherein generating
a model of at least a part of the structure comprises esti-
mating a formation resistivity factor of at least a part of the
structure and/or an absolute permeability of at least a part of
the structure.

11. A method as claimed in claim 8, wherein generating a
model of at least a part of the structure comprises simulating:

the resistivity of at least a part of the structure as a
function of saturation; and/or

a relationship between saturation and capillary pressure in
at least a part of the structure.
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12. A method as claimed in claim 1, wherein the relation-
ship relating resistivity to hydrocarbon-water contact depth
comprises a function or set of values relating resistivity to
hydrocarbon-water contact depth.

13. A method as claimed in claim 1, further comprising
using the estimated hydrocarbon-water contact depth to
estimate a volume of the hydrocarbon reservoir.

14. A method as claimed in claim 13, further comprising
using the estimated volume of the hydrocarbon reservoir to
decide whether to extract hydrocarbons from the hydrocar-
bon reservoir.

15. A method as claimed in claim 14, further comprising
drilling an appraisal well and/or a production well, and
optionally exploring for hydrocarbons with the appraisal
well and/or extracting hydrocarbons from the hydrocarbon
reservoir with the production well.

16. A computer program product comprising computer
readable instructions that, when run on a computer, is
configured to cause one or more processers to perform the
method of claim 1.

17. A system comprising one or more software elements
arranged to perform the method of claim 1.

#* #* #* #* #*
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