Met hod for hydrocarbon reservoir nonitoring The present invention rel ates
to the geophysi cal mappi ng of subsurface physical properties. Mre

speci fi cavbyotdaianesent invention relates to the injeccemNozbosooasser
fluids with the aimof nonitoring thelsubsequent distribution and mgration
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properties and fluid content of, and fluid novenent within the reservoir.
The ability of a geological formation to allow the passage of fluids is
dependent upon the size of the pores, their connectivity (perneability) and
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15 know the reservoir permeabilities to optimize production strategies.

Various attempts have been made to trace fluid flow within the reservoir using tracers

placed into injection wells and detected during production. US patent 6,645,769

describes such a technology. The use of these methods is limited by the fact that tracers
20 can only be detected in the production well and at least two wells must be drilled.

Other methods propose the use of acoustic properties of injection fluids in order to trace
their spatial distribution through time (US patents 4,479,204; 4,969,130; 5,586,082;
6,438,069). Such methods are limited by the fact that the acoustic properties are not

25 always a reliable measure of the fluid composition.

The object of the present invention is to overcome the limitations of the above
mentioned methods by injecting tracer fluid(s) in a hydrocarbon reservoir that can be
sensed by resistivity mapping techniques as'a means to study the properties and fluid

50 content of, and fluid movement within, the reservoir. The tracer fluid(s) can be any fluid
that has a conductivity different to that of the reservoir fluids.

The method is used to monitor and study the properties and/or geometrical extent of a
geological formation and/or the fluids within it. The method involves the injection of
35 fluid(s) into at least one borehole. Such injected fluid(s) will have a resistivity that
contrasts with the geological formation and/or the formation fluids and/or will change
the resistivity of the formation or the formation fluids. The changes that result from
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general description of remote resistivity surveys suitable for mapping of an injected
conductive/resistive fluid is given by Kaufman and Hoekstra (Kaufman A.A., and
Hoekstra, P., 2001: Electromagnetic soundings. Elsevier).

20 The techniques used to map the resistivity of the formation, formation fluids and/or
injected fluid(s) may be remote, direct or a combination of the two. They may be
applied in either the frequency domain or time domain. Methods may include, but are
not restricted to, performing resistivity mapping using controlled source
electromagnetic, magnetotelluric, galvanic methods or any combination of these. The

25 data can be collected by airborne survey, from land-based measurements and/or marine-
based measurements. Data collection can also be undertaken within the subsurface using
detectors placed within one or more boreholes. The source of the electromagnetic,
electric or magnetic field may be airborne, land or marine-based or placed within the
borehole. The borehole and/or well casing may also be used as a source, or part of a

30  source. Any combination of source and receiver location is potentially possible.

The tracer is an injection fluid with an electrical resistivity that contrasts with the
formation and/or formation fluids. The injection fluid(s) may also have the capacity to
change the resistivity of the formation or formation fluids by biological, chemical or

35 physical means. The resistivity of the injected fluid(s) may be changed through time to
enable the tracing of fluid movement with the formation.
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The procedure of monitoring and performing resistivity mapping can involve
processing, migration, modeling and/or inversion of the data. Time lapse data can be
processed by joint-inversion and/or joint-processing of the resistivity data collected at

20 different time intervals.

Seismic, gravity, magnetic and other geophysical data, in addition to geological data,
production data, reservoir modeling and reservoir simulation may also be used in any
combination with resistivity measurements to map the distribution of the injected
25 fluid(s) or its alteration effects. This includes using data before, during and/or after

resistivity mapping.

It is well known that seismic surveys are poor at detecting fluid properties and
distribution, whilst these properties are better detected by resistivity surveys. The
30 tracing approach according to the present invention thus provides significant advantages

over existing methods.

Applications of the invention include:
1) The monitoring of fluid distribution within a hydrocarbon reservoir, prior to and
35 during production.
2) The estimation of the fluid content (including saturation) porosity and permeability
structure of a hydrocarbon filled reservoir or reservoir analogue.



consequently the perneability structure and fluid content of the formation
can be determ ned. The resistivity or other properties of the injected
tracer flwbDa(&yo4mmy be varied with time. The procedure eCTmoes0d38g and
performng resistivity mapping can i nv¥ol ve processing, mgration, nodeling
and/or inversion of the data. Tine |apse data can be processed by
joint-inversion and/or joint-processing of the resistivity data coll ected
at different tinme intervals. Seismc, gravity, nagnetic and ot her
geophysical data, in addition to geol ogical data, production data,
reservoir nodeling and reservoir sinulation may al so be used in any
conbination with resistivity neasurenents to map the distribution of the
injected fitagpse Or its alteration effects. This includes using data
before, during and/or after resistivity mapping. It is well known that
seism c surveys are poor at detecting fluid properties and distribution,
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sodi um chl wse apetroREiGourderelectromagnetic sounding where a horizontal dipole antenna and a
set of electromagnetic field receivers are placed on the seafloor or according to any
other relevant acquisition configuration configuration. Similarly, the resistivity contrast
15 can be identified by placing one or more dipole antennae and/or one or more receivers
within wells. There is a number of different configurations that have the potential to
identify the resistivity contrasts and the idea is flexible to different set-ups. By studying
the propagation of the tracer fluid(s), it is possible to estimate the parameters of the
reservoir, including movements of hydrocarbons, fluid content, permeability, porosity
20 and more. There may be additional benefits of injecting tracer fluid(s) such as increased
recovery by improved secondary permeability and porosity.



wat er which are highly conductive. The injection of such tracer fluid(s)
into a reservoir will cause a high resistivity contrast with respect to
surroundiwg 2b@vosezioons and t he hydrocarbons within the PeI&N0O20070008ach
resistivity contrasts can be identifie% by using suitable, including
existing, resistivity mappi ng nmet hods. "For exanple it is possible to use
control |l ed source el ectronmagneti c soundi ng where a horizontal dipole
antenna and a set of electromagnetic field receivers are placed on the
seafl oor or according to any other relevant acquisition configuration
configuration. Simlarly, the resistivity contrast can be identified by
pl aci ng orfe bra ppme sli pol e ant ennae and/or one or nore receivers wthin
wells. There is a nunber of different configurations that have the
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resistivi tlyte&reil%thF(Sl@F?ati on and/or formation fluid(s); nonitoring the
altered resistivity of the formation and/or formation fluid(s) caused by

t he injectfd tracer fluid(s); and interpreting the data. 2.

The method according to claims 1, wherein the monitoring is performed by remote

15 and/or direct methods.

3.
The method according to claims 1 to 2, wherein the monitoring is performed at repeated
time intervals.

20
4,
The method according to any of claims 1 to 3, wherein the method further comprises
determining the geometrical extent of the injected and/or formational fluid.

25 3.
The method according to any of claims 1 to 4, wherein the injected fluid has chemical
and/or physical and/or biological properties, which enables it to change the resistivity of

the formation and/or formation fluid(s).

30 6.
The method according to any of claims 1 to 5, wherein injection and/or formation fluid

or any mixture of the two fluids is ignited.

7.
35 The method according to any of claims 1 to 6, wherein the monitoring is performed by
using controlled source electromagnetic methods including airborne, land, and matine

cases, including receivers and/or source placed inside or outside one or more boreholes.



The nethod according to clains 1, wherein the nonitoring is perfornmed by
renote and/or direct nethods. 3. The nethod according to clains 1 to 2,
wher ei n twe 2newi4tzIni ng i s perfornmed at repeated tine i nPernal2805/00038hhe

met hod according to any of clains 1 to 3, wherein the nethod further
conprises determ ning the geonetri cal 8xtent of the i njected and/ or
formational fluid. 5 . The nethod according to any of clains 1 to 4,
wherein the injected fluid has chem cal and/or physical and/or biological
properties, which enables it to change the resistivity of the formation
and/or formation fiuid(s). 6 . The nmethod according to any of clains 1 to
5, wherein injection and/or formation fluid or any m xture of the two
fluids is ignited. 7. The nethod according to any of clainms 1 to 6, wherein
the nonitoring is performed by using controlled source el ectromagnetic

met hods i ncl udi ng airborne, |and, and mari ne cases, including receivers
and/ or sow ce placed inside or outside one or nore boreholes.8 . The nethod
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air or at s mSeneKieluristthetiodsugide bnoptside ahprebples priang, 11 theaig or ghfgfei n t he
nmonitoring is performed using galvanic nethods inside or outside a

borehole, on land, in the air or at sea.
9.

10 The method according to any of claims 1 to 8, wherein the monitoring is performed

using galvanic methods inside or outside a borehole, on land, in the air or at sea.

10.
The method according to any of claims 1 to 9, wherein the interpretation is performed

15 by using frequency domain method.

11.
The method according to any of claims 1 to 9, wherein the interpretation is performed
by using time domain method.

20

12.
The method according to any of claims 1 to 11, wherein the monitoring of inj ected fluid
comprises joint processing and/or inversion of resistivity mapping data sets collected at
different time intervals.

25
13.
The method according to claim 1 or claim 12, wherein seismic survey data and/or
gravity survey data and/or magnetic survey data are used in addition to resistivity data
during the process of monitoring the injected fluid.

30
14,
The method according to any of claims 1 to 13, wherein the borehole and/or its casing
are used as a source and/or receiver or a part of a source and/or receiver for resistivity
measurements.

35



10. The method according to any of clainms 1 to 9, wherein the
interpretation is perfornmed by using frequency donmain nethod. 11. The
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performed by using tinme domain nethod. 12. The nethod according to any of
clainms 1 to 11, wherein the nonitori ng7of injected fluid conprises joint
processi ng and/ or inversion of resistivity mapping data sets coll ected at
different tine intervals. 13. The nethod according to claiml1l or claim 12,
wherein seijgm c survey data and/or gravity survey data and/or nagnetic
survey data are used in addition to resistivity data during the process of
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to 13, whey f‘dﬁeﬂ{elg%fﬁﬁé%mfﬁl@ﬂglvgﬁed,Evﬁh(fﬁ.ﬁj‘ ng are used as a source and/or
receiver or part of a source and/or receiver for resistivity

measur enents. 15. The nmethod according to any of clains 1 to 14, wherein the
resistiw tygand/ or other properties of inj ecti on fI uid are vari ed with

time. 16. d accordj of  cl t.o 15, wherein
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