METHOD FOR TRANSFORMATI ON AND | MAG NG OF ELECTROVAGNETI C SUR VEY DATA FOR
SUBMARI NE HYDROCARBON RESERVO RS The invention relates to a nethod for the
anal ysi s,wpromaasi44ng and transfornation of el ectronmagnetrang2o@/morsat a with
the aimof mapping earth formations including hydrocarbon reser voirs. One
application of the invention is the imaging and inversion of

el ectromagnetic field data neasured during nma rine surveying by the use of
TEMP- VEL/ CEL hydr ocarbon pros pecting systens. TEMP-VEL (= Transient

El ectromagnetic Marine Prospecting - Vertical Electric Lines) and TEMP- CEL
(= Transient Electro magnetic Marine Prospecting - Othogonal Electric

Li nes) hy drocarbon prospecting systens are described in NO patent 323889
and NO application 20065436, respectively, incorporated herein by reference
intheir entirety. Existing nmethods of Controlled Source El ectronagnetic
(CSEM hydrocarbon surveying are typically based on a sinplified,
qualitative formof presentation and visualization of field data, in which
hydr ocarbon reservoirs are discrimnated as a | ocal anonaly. Wen i magi ng
and mappi ng mari ne hydrocarbon survey results or when inverting and
interpreting the data, the researchers sonetinmes confine thensel ves through
general words like: "...analysis includes conparing the results of the

measur enation AHGR Yhills FORuAPPUL | AN IiaGPRACHR! EEALTROMNERELPE HBRC!

based on the known properties of the reservoir andoverburden conditions”

(Ei desnoVEY RATA RPORGSURMARINEGHBIRPFARBPNKRESERBBIRES 4,617, 518)) proposed
to make neasurenents of an electric field with el ectrodes separated by sone

dISta‘nceThe invention relates to a method for the analysis, process-

ing and transformation of electromagnetic field data with the
5 aim of mapping earth formations including hydrocarbon reser-
voirs. One application of the invention is the imaging and
inversion of electromagnetic field data measured during ma-
rine surveying by the use of TEMP-VEL/OEL hydrocarbon pros-

pecting systems.

10 TEMP-VEL (= Transient Electromagnetic Marine Prospecting -
Vertical Electric Lines) and TEMP-OEL (= Transient Electro-
magnetic Marine Prospecting - Orthogonal Electric Lines) hy-
drocarbon prospecting systems are described in NO patent
323889 and NO application 20065436, respectively, incorpo-

15 rated herein by reference in their entirety.

Existing methods of Controlled Source Electromagnetic (CSEM)
hydrocarbon surveying are typically based on a simplified,
qualitative form of presentation and visualization of field
data, in which hydrocarbon reservoirs are discriminated as a
20 local anomaly. When imaging and mapping marine hydrocarbon
survey results or when inverting and interpreting the data,
the researchers sometimes confine themselves through general
words like: "..analysis includes comparing the results of the
measurements taken with the results of a mathematical simula-

25 tion model based on the known properties of the reservoir and



at two or nore frequencies, and to use themto determ ne an average
resistivity of a portion of the region |ocated within different depths from
t he sea fwoan10/0ilhi4g¢ is a virtual de scription of a comepoTmERb@do0IZES,
which is widely used on shore . Eides et al . (2002); Ellingsrud et al
(2002); Anmundsen et al . (2004); JohanSen et al . (2005) etc. used the
sinplest transformation as the el ectromagnetic field response neasured

al ong sone profile at sonme frequency was normalized to the response

measured_at _sQ reference poi,nt_lLqcated putsid e ghLon.,i.n hch a
itwpeibacticto it ikede R M T DR A R eI R
nmet hod has the advantage that it excludes the configuration of the

transm t senkandibbe i(UStensitysnd)} hpropansd tbemaker meaturbmentBeoéinomal y

value in this nmethod_depends, to_a great degree, on {he respgnse at the
referenc%npﬁiﬁFtﬁﬁﬂ ﬁé?ggoﬂéthnﬁéeﬁgrQ B§ Ega?EétﬁgcgﬁséoﬁF 3ﬁ§t§ﬁﬁ?v

anpl i t udge Ot wbherengetr Ecebhi8hdi8k, t BRG" 8ben8BCENBAI Bb. dbBedfldhEi an, this
transformation has | ow resolution and describes the survey results
expr essedvenadeneasishlivisyvafuesppuokioneot| eher regipal dorasedadishinhe

nat ur al rg.f e rig_p p L.ng, L esk st ykty_and depth.
wignt ehihrererS febPha®iEGh tishboareThind THREPY, poPLEL LA He® OO,
make nul seebpbheh bf aascenhonemasthedpnVES( MiEM:h. isowidapyl aeedesponse of
the earth and display it or to nmake transformati on of such inpul se
responseSNO¥®-create represen tation of resistivity contrasts" . There is
no description o f a possible transformation in the invention.

Eidesmo et al. (2002); Ellingsrud et al. (2002); Amundsen et
10 al. (2004); Johansen et al. (2005) etc. used the simplest
transformation as the electromagnetic field response measured
along some profile at some frequency was normalized to the
response measured at some reference point located outside the
region in which a subterranean hydrocarbon reservoir was as-
15 sumed or known to exist. This method has the advantage that
it excludes the configuration of the transmitter and the in-
tensity of the transmitter current, but the anomaly value in
this method depends, to a great degree, on the response at
the reference point and may sometimes be very coarse because
20 of the small amplitude of the electric field at the reference
point. In addition, this transformation has low resolution
and describes the survey results expressed in dimensionless
values for the electric field instead of the natural parame-

ters for electric prospecting, namely resistivity and depth.

25 Wright et al. (2006 (EP 1 425 612)) proposed in their inven-
tion ".. to make‘multichannel transient measurements (MTEM)..
of impulse response of the earth and display it or to make
transformation of such impulse responses, to create/represen—
tation of resistivity contrasts". There is no description of

30 a possible transformation in the invention.

Apparent resistivity is often used to transform the field



Apparent resistivity is often used to transformthe fielddata of the field
nmeasured. The apparent resistivity has sub stantial advantages with respect
to el ect rwoegratiini4field b e cause it provides suf fi ci emCTpE20@ptodzsn of t he
seabed struc ture . The val ue of appang resistivity is normally
determned as the resistivity of a hondgenous half -space having (wth a
given transmtter/receiver setup) the sane inpul se response as that

registered in field trials. For marine applications, Edwards et al . (1984)
have propgsed. ke, VOPES) fefod wbbh fala.Lmalng LDokhe,LoLD gh apgarent |d
re5|st|V|?y aS'p - 0 'S sea"wa SI'S Ivity,

is sea dephhtléllsdehﬁehgeeawlﬁhrfeapeétOﬂbtéaéatﬁbmaghetﬁclfléma Bestance
between the transmitter and re. ceiver, Hf is the_azinuth conponent of the
nagnetlCCFP%?dlﬁeﬁ§ﬁVé€eﬁnsPﬁ§1§é§nFIB%Fce?HanfB?nﬁhﬁ F%apﬁﬁlﬁtﬁPFﬁ sone
limtatippge nanmely: the length of the vertical transmtter |line equals the
sea depth, the ratio between the average re sistivity of the first crust

| ayer and that of the sea water is larger than 10, so this formula is valid
only iorTbﬁavabuﬁmafeapnﬂneabeseﬁéstgVWéYalgo@@rmpblﬁxﬁﬁﬁ@rmhned deéep sea.

Anot her Eﬁé”#%§1£?£v§9 aLenk 5835§%§¥ﬁ%%%¥§§b§$9§§ g VQMEQ ap et al

(1986 ) ornu a asSunes I'S a Infinity,
and is vaivenforassaitowrieacedlyr séaﬁp)stmbesadér1mp&mseChe9pande
a denburg (2006) substantlally | npr.oved both Ed ward's and Wl fgram's
f or mul as®8ntRebnErderearadnbief t6hdohrials.
For marine applicétions, Edwards et al. (1984) have proposed

10 the MOSES method with data imaging in the form of apparent

resistivity as ;h==p0——€?——, in which py is sea water resis-
2m°H,

tiVity, d is sea depth, I is electrical current from trans-
mitter, r is the distance between the transmitter and re-
ceiver, H, is the azimuth component of the magnetic field

15 measured on the sea floor. This formula is valid with some
limitations, namely: the length of the vertical transmitter
line equals the sea depth, the ratio between the average re-
sistivity of the first crust layer and that of the sea water

is larger than 10, so this formula is valid only for shallow

20 water and does not give a good approximation in deep sea.

Another formula for apparent .resistivity was proposed by

I d
Wolfgram et al. (1986): p,=p," . —pP, - This formula

27D’H¢ d2+r2

assumes that the upper electrode is at infinity, and is valid

for shallow sea only, that is when df < 10.

25 Chen and Oldenburg (2006) substantially improved both Ed-
ward's and Wolfgram's formulas and considered a more common
1D earth reference model consisting of a two-layer structure
excited by a semi-infinite electrode. Their formulas are

based on a semi-analytical term for the magnetic field and



I D earth reference nodel consisting of a two- |ayer structure excited by a
sem -infinite electrode. Their fornulas are based on a sem -anal yti cal
term for wbeormegnati c fiel d andcan be used for both shalPComwoeee/mesp wat er.
It has been found in electric prospecting that the nethods operating in the
ti me domai n provide higher resolution Wi th respect to hydrocarbon targets
than the direct current or alternating current nmethods. In what follows, we
confine our selves to assessing EM sounding in the tinme donmain, nore par
ticularl TEMP- XEE/CEb %di Bar s k@ et _al 2007 (WD 2007/ 053025) )
. As pro%g e8°h8Ped &Pfe ° RodPFi @86 8SSP MRESFst hod and al gorit hm can
be used for both sounding in the frequency domain and direct current. In

t he tiWEIdoﬁabnbeéhefbﬁaﬁoﬁ&eeﬂebtalbopm@e@euslhglthaapame ime thaldsul at ed

analytically for any tinme t if it i s possihble, or USIn as t.0
f or mul as©OP6ratifrg 6P @QFI§1@?n§§m€K8uPﬁﬁNﬁd&nblﬁgﬁl Fesfé Oég%%§%a

Frischkneelbect1881lh ﬁ&h%a%%@nSEﬁEﬁet%ggﬁanEEﬁe)dEQ%c% Eﬁ%&%h%nbreﬁﬁptrlc
di pol edi pol e set up, E ds (1997) "has proposed the formula 2m3 On - FEr

mhuchstraﬁshetnagtn@rébectmeghbdéldIneyb@ﬁsé0ﬂﬂ9w8|Nmapg@ménper@ymStuvuty.

Here, Er _is._the _in-li ne conp ent of..the.el ectri I

receiverSS ngdtgtags cgﬂrsPyggﬁPﬁe elg%tngmﬁlg %a fansn1t r I Al
is the nﬁlﬁamhrmy bbeTEM@nsmLVbﬂL m@hh&d%o«mu&aud@esemohlconsmdemwthe sea
depth, real length of line, tine delay, as it assunes that, the ratio

bet ween 9987é9é885é Pesﬁ§tP€PPQSS# Pﬁ§eﬁlﬁ§Fer some modifications,

the method and algorithm can be used for both sounding in the

10 frequency domain and direct current.

In the time domain, the response for a homogenous half-space
is calculated analytically for any time 7 if it is possible,
or by using asymptotic formulas for late or early times
({Kaufmann and Keller, 1983; Spiesvand Frischknecht, 1991;

15 Wilt and Stark, 1982; etc.) For a transient electric dipole-

dipole setup, Edwards (1997) has proposed the formula

2

a — “r

apparent resistivity. Here, E, is the in-1line component of
the electric field measured by a receiver placed at a dis-

20 tance r from the electric dipole transmitter, Al is the mo-
ment of the transmitter. This formula does not consider the
sea depth, real length of line, time delay, as it assumes
that the ratio between the average resistivity of the first
crust layer and that of the sea water is larger than 10.

25 These conditions evidently limit the possibilities of such

transformation.

The invention has for its object to remedy or reduce at least

one of the drawbacks of the prior art.

The object is achieved through features which are specified

30 in the description below and in the claims that follow.



crust layer and that of the sea water is larger than 10. These conditions
evidently Iimt the possibilities of such transformation . The invention
has for iwe 20tymEcts4t 0o renedy or reduce at | east one of wrhe/NbD2aevmeiss of the
prior art . The object is achieved through features which are specified in
t he description below and in the claimd that follow A nethod for fast

i magi ng and i nversion of marine CSEM survey data based a ID two- |ayer
reference nodel excited by arbi trary current and neasured by an arbitrary
receiver o.p e i rst_aspect th i nventi elates nor e
Spect 11 chi T ehBa B R Sk P ot REyPRE P BR SR BP R Ao BNy SOrde¥ onmg
netic dadathr basEdr anephydbotayben refieyenicagmotibe a&tch@édbbyl Agbi -
characterized by including the following steps: a ) carrying out a narine
survey byrakd RBESEPENBRESMERSEFEE: PEnainetPdtrasyonsecaXert 4§ PFrhe earth
by a conggggheg squrce ; b ) analysing said el ectronagnetic response,

appr oxi nati on o the nmeasured response by a snooth curve; ¢ ) determning
first derivatives of said el ectromagnetic response; d ) transform ng said
approxinﬁnianféndtfaspecuetheaﬂnvegtﬁnnoralgtagh mbrﬁe§P§FﬁﬁﬁF?lﬁ§hsus

dept h; % u5|ng§P§Ogogragh for i ?Sgormln Bglngaﬁﬁr Rels o

|nclud|ng hydro n-reser u3|ng en constru 'ing a
base nodﬁétﬁerdaaaefrsmomathe hyaebbawagﬁebuevégsﬁgnsehﬁamebaomEb&ured in
the tlnelgg characterized by including the following steps:
a) carrying out a marine survey by and measurements of elec-
10 tromagnetic response excited in the earth by a controlled
source;
b) analysing said electromagnetic response, approximation of
the measured response by a smooth curve;
c¢) determining first derivatives of said electromagnetic re-
15 sponse; |
d) transforming said approximation and first derivatives into
a graph of resistivity versus depth;
e) using said graph for imaging and mapping earth formations,
including hydrocarbon reservoirs;

20 f£) using said graph when constructing a base model for inver-

sion.

The electromagnetic response may be measured in the time do-

main.

Additional information and constrains may be used in the pro-
25 cedure for the approximation of the measured time response by

a smooth curve.

Additional information and constrains may be used in the pro-

cedure for determining first time derivatives.

A graph of apparent resistivity versus time may be con-

30 sStructed in addition to a graph of resistivity versus depth.



mai n. Additional information and constrains nay be used in the procedure
for the approxi mation of the neasured tine response by a snooth curve .
Addi t i onavoi2nfoorimetti on and constrains may be used in thecpmD20@dwnesof or
determning first time derivatives. graph of apparent resistivity versus
time may be constructed in addition to a graph of resistivity versus
depth. Both the graph of apparent resistivity versus tinme and the graph of
resistivity versus depth can be used for inaging and mapping earth

formtions, i peLughng, hudr ogarben. reser o3, The 4raph, ot Lesi shivity
Ver sus dep eri ?lves can-Betlse &R"a baSe mAbdel For
|nver3|ograﬁhceﬂstéyﬁkedv1Eyeoétéﬁagdepth ceapbasasedy fbe nmasgtihgdaadd
first deriva tives calcul ated and used when a hase npdel for inversion in
t he freqﬂ%ﬂeynaoﬁﬁFEh §°EBﬂ§%PHEteanCFHdéngeEXHH°S§5€€P r?ﬁérvﬁ9§ﬁt|on

relates to a conputer apparatus characterized by having installed nmachi ne

- readabl ehkNgehpHCHEORS ] O i /Bl e0BRELBYaEPEnMBLHAOCE {QE BBRG A vEEANS
form ng and mappi ng el ectromagnetic marine hydrocarbon survey data in

accordanganwbehushd whehod Heserwpddlabeveinvarghan fsl Fenstryctederi bed an
exanpl e of a preferred enbodi nent which is visualized in the acconpanying

dr aw ngsg éBtF@hggneEi U£8séo§9§“ﬁ %hﬁes&éHgﬁHéa'tha?19Etad89E¥§ of
apparent resrstiv |gur enmphstrates mappi ng of apparent
resistivtiyechghcelateﬁlandrased whent aahgfer matednfot ThiVPrVEbnr ésponse

the frequency domain is constructed.

In a second aspect, the invention relates to a computer appa-
10 ratus characterized by having installed machine-readable in-

structions for implementing the method for imaging, trans-

forming and mapping electromagnetic marine hydrocarbon survey

data in accordance with .the method described above.

In what follows is described an example of a preferred em-
15 bodiment which is visualized in the accompanying drawings, in

which:

Figure 1 shows the structural plan of a curve of apparent

resistivity;
Figure 2 demonstrates mapping of apparent resistivity;

20 Figure 3 illustrates the transformation of TEMP-VEL response

into apparent resistivity; and

Figure 4 shows the results of a mapping of the Tfoll region
received from 3D simulated response functions
(voltage) transformed into resistivity versus depth
25 in accordance with the proposed method. Rectangles
in both pictures show the geometries of real reser-
voirs. The upper picture presents the section in a
"logging" manner and the lower picture in an "imag-

ing" manner.



into apparent resistivity; and Figure 4 shows the results of a mapping of
the Troll region received from 3D sinul ated response functions (voltage)
transf or w0 20miai1r4e@si stivity versus depth in accordance PairiNO20évenoprsoposed
nmet hod. Rectangles in both pictures shgm1the geonetries of real reser
voirs. The upper picture presents the section in a "logging" manner and the
| ower picture in an "img ing" manner. The nethod for visualization and
inversion is carried out in tw phases . Phase 1 : constructing a curve of

appar ent pesksthut ¥opalt by, TLs RIASE-G03 808100 LI e seduentl.alst eps.

Step 1 : FoXI mat i on g heasared el &ct romagnetic rae Sponse an

cal cul at tes phaéesst derivatives. This procedure is unstable and needs
stabilizing. Some con strains and additional information should be used for
stabi |ization; for exanple approximatiaon of the field by superpositioning
of expothFFﬁl1fuﬁ@FFBHECFBQESBkSVrVSv8ﬁ0§PP§§SEF rﬂéﬁétlEG§Y Pdpthe

exponent gk sSPRALE URMNAL Gls! Sedehebli BedubroTNEcaBROUr ed data, First

derivatives are calculated fromE(s) and (1) . After the approximation of
field data by a snooth curve, it is appropriate to present the field
r esponseStapt he Appnpaﬁmatngvefothapmaaenrede§ﬂ§ptvpm§gmetsgsrﬁrne - step
2 . Step 2 'SgrgggnggiloTagl Ehgfr$§9 sgerlv Ee fornlof a curve of
appar ent Pe5|st|V|ty versis o 0 W th, VWe ‘use an asynptotic
formul a describing the

This procedure is unstable and needs stabilizing. Some con-

strains and additional information should be used for stabi-
lization; for example approximation of the field by superpo-

10 sitioning of exponential functions (Barsukov, Svetov, 1984):
E(t) = [E(s)e™ds (1)
0

Here, E(s) is the exponential spectrum which is determined
from the measured data. First derivatives are calculated from

E(s) and (1).

15 After the approximation of field data by a smooth curve, it
is appropriate to present the field response in the form of a

curve of apparent resistivity versus time - step 2.

Step 2: Presentation of the response in the form of a curve

of apparent resistivity versus time.

20 To begin with, we use an asymptotic formula describing the
behaviour of electromagnetic fields in the near or far zone,
in full-space or half-space or two-layer models, to build a

first approximation of apparent resistivity.

For the TEMP-VEL/OEL method the presentation of the response
25  function based on the calculation of apparent resistivity ac-
cording to the asymptotic behaviour in the last stage of

electric fields across a two-layer structure is quite practi-



behavi our of electromagnetic fields in the near or far zone, in full-space
or hal f-space or two-layer nodels, to build a first approxi mation of
apparent wepsrdaividty. For the TEMP-V EL/ CEL net hod t he preswmaerioozsoof the
response function based on the calcula%ion of apparent resistivity ac
cording to the asynptotic behaviour in“the |ast stage of electric fields
across a two-layer structure is quite practical for the calculation of the
first approxination of appar ent resistivity: p = *P *hi /(20 *pV 2 *U) *[t
5/ 2 se) 12 J2' 3 Her e, =.TR_len_*REC.| m TR Ien
and ReC FEh 508 ERE FRAGHASEEPPRE Fhanhf P orPPE REuRY i Phc e 8PP ne

spect i vekyt b@srsagaidypth - TRlen/2 (m ; t is the time (in seconds) ;
pul se is the pulse current duration (in seconds) ; Uis the signal
normal i zed to pulse current (VA ; mo = 4p x 10~7 m Figure 1 (snooth-
lined "field @a&é}S’Wkaﬁ/(\m&WFw(ﬁ g Ar— (tr»qmseqw% shows an (eyanpl e of a
curve of apparent resistivity for a two- |ayer nodel shown in the upper

ri ght-hand corner of the figure. Step 3 : Transformati on of the response
functi onHentp BppaTBnilenesRECI Yeny (p a(t) ;. TRhéeusendf R&Sy Aphotire for nul as

whi ch are vaild |£ thg | at e stage.gg the transformati on of, _t he neasured
vol t age EBFelcPPFRStP IE? i ht 3"5BpaFEht *FBSi 8PAVIEETS 188 es1Pff of ffati on in
an earlysgtageyeiyt hg, rﬁ%@%nsﬁepftwﬁd i 1)l | @y d9piB) tneWpereagihhe use
of asynptotic formulas which are validin the early stage | oses information
on the deependy) ngp@whea uict whe ipulldee geatdéron.duration (in seconds); U

is the signal normalized to pulse current (V/A); u =

4w x 1077 H/m. Figure 1 (smooth-lined "field data" marked

10 with triangular field dots) shows an example of a curve of

apparent resistivity for a two-layer model shown in the upper

"right-hand corner of the figure.

Step 3: Transformation of the response function into apparent

resistivity pa().

1s The use of asymptotic formulas which are valid in the late
stage for the transformation of the measured voltage (elec-
tric field) into apparent resistivity, loses information in
an early stage of the response function (shallow depth),
whereas the use of asymptotic formulas which are valid in the

20 early stage loses information on the deep-lying structure in

the section.

These drawbacks are absent when formulas which are accurate
for the full transient process are used. In some simple cases
it is possible to find accurate formulas for the full tran-
25 sient process. In the normal case (two-layer structure ex-
cited by a sloping electric line arbitrarily submerged in the
sea and recorded by an arbitrarily submerged, sloping elec-
tric receiver line) accurate formulas are absent, and only

numerical methods can be used.



These drawbacks are absent when fornulas which are accurate for the ful
transient process are used. In sonme sinple cases it is possible to find
accur at e worzouwaasi4ior the full transient process. |n thecmoomds/mwezse

(two-l ayer structure ex cited by a sIoging electric line arbitrarily
subnerged in the sea and recorded by an arbitrarily subnmerged, sloping elec
tric receiver line) accurate fornulas are absent, and only nuneri cal

nmet hods can be used In this case, apparent resistivity is determ ned by

sol vi ng he on- i near _equation_p(t t

11 st PatBethRE saPer nabHrockEBRnaTrusry 16 Bsrepmihen Byd¥hlvdng oy ng
the Sa”EthéSﬁgﬂsﬁlﬁMHk)eéﬁaEh@h GRiRe UG 4,Ch $S) Figuas CEPL BT 36rappar ent
resistivity p a at the tine t €n i nversion and nmapping the tinme scale is

replacedthﬁtBOihengeprhcssaleThSureEa691UepyhpzSntdﬁgxd@m&dta91Vheg

effective (apparent) soundi depth .h .ha=.72 a.tlm. The cuyve of
appar ent P% EgP?vF? p?ﬁﬁﬁd(gﬁv éﬁlq&éﬂgyéaﬁﬁnﬂﬁlﬁ &% o iR BGTE: t the
entirg pracg h.a I i Vity S for
gl g A PRSE G Toar e B R e e Y L FPOEa R R D
curve fomappéngrahefbimatsoalelmserspba¢edfwuhbsehdadapthtecahe ctuwe

Fi 2 i1l |, i i th hod i b b f. th
| nver ai of“GRdY rﬁéeiaaﬁ?ﬁ BAPE R SHofBPl PR ALt SocARBrERBY f 8P 8%4RTar
target. 5 é££)h fi el was sinulated by a 3D program Paraneters of

t he node 6II mg. €a depth is 1 km its resistivity equals 0.28 Wn
The square neasurenent, 4 Xx 4 kmin size, is located at the depth h =1

km bel owphhe-§8def bPOLpBRANRS rast 5ANGYEYSBbuhA for all delays con-
10 tains information about the entire process. Such a curve of
apparent resistivity can be used for imaging and mapping
field data versus time and be utilized as the base curve for

the transformation (inversion) of these data into the curve

Per(ha) .

15 Figure 2 illustrates an application of the method described
above for. the inversion and mapping of TEMP-VEL modelling
data calculated for a équare target. E t)-"field" data was
simulated by a 3D program. Parameters of the model are as
follows: sea depth is 1 km, its resistivity equals 0.28 Qm.

20 The sguare measurement, 4 x 4 km in size, is located at the
depth 2 = 1 km below the sea floor and has a transversal re-
sistance T = 2000 Qm? (thickness of 40 metres and specific
resistivity of 50 Qm). The map was constructed in accordance
with the algorithm described, with a time delay of ¢t = 6 s.

25 As it can be seen, the location, size and shape of the target

are determined correctly.

Phase 2: Transformation (inversion) of apparent resistivity

pa(t) into resistivity pe(hs).

The proposed transformation algorithm is as follows.



sistance T = 2000 W2 (thickness of 40 netres and specific resistivity of

50 Wn)
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The map was constructed in accordance with the al gorithm

dyvowntomiai4i ne delay of t = 6 s . As it can be segEmoOdvobzsoat i on,

shape of the target are deterfaned correctly. Phase 2 :
mation (inversion) of apparent
The proposed transformation algorithmis as foll ows. Define as

he Iogarithnic derivative of apparent resis tivity: Let the gain

t r ansf aor ned

BEsiar afy vl GbFagoparathp £ aprva ) S5 BBRET Shfe B5R% k(1)

Ehehggt m= 3/2 is used to correct the extra increase in rising

of t

s calculated as : ag @Rﬂfb gdgitﬂ = Inqg In Ptr >1In P * res,
unction b(res irp @malo s td resi t|V|t

i nserted |nto the algorithmto control the resol ution of

mation. The b(res) value may be changed within the range fromp a
Detr ahef gatmdkzapear ent resistivity) to p tr(t) and substantially
e shape of the curve of apparent resistivity ptr(ha) . b (r)p tr

of a
1

MO =

m= 3/2

Then the transformed apparent p¢.(t) resistivity of any time

delay ¢ is:

Pex(t) = k(1) pa(t)

The gain k() and coefficient m=3/2 is used to correct the
extra increase in rising branches of the curves of trans-
formed apparent resistivity and the extra decrease in falling
branches. The effective (apparent) depth h, for any time ¢ is

calculated as:

tf(res)
Ho

po=4m107 H/m

In(B(res))=In(p,)+ e, ) Oln(pa *res, 0<res<10

The function f(res) is analogous to resistivity, has the dimen-
sion [Qm] and is inserted into the algorithm to control the
resolution of transformation. The f(res) value may be changed
within the range from p,) ("non-transformed" apparent resis-
tivity) to ps(?) and substantially alter the shape of the
curve of apparent resistivity pu(hy). B — pr in the case of a
low-contrast medium, f—p, for a high-contrast medium and f =

(Prp)*’? in a medium-contrast medium. The relationship between

e curves of trans forned apparent resistivity and the extra
decrease in falling branches. The effective (apparent) depth h a for any

O

esistivity p a (t) into resistivity

has the di nen sion [ Wn

in



| ow-contrast nedium b - p a for a high-contrast nediumand b = (p trP a)
1/2 i a medium contrast nmedium The relationship betweenp tr and p a in
b(res) iswadpuatieds4by the special paraneter "res" - "re®olNO200v/m@H250
transformation”. The nethod described transforns the neasured voltage
response into an el ectrical cross-sectton - resistivity versus depth and
actually yields a solution to an inverse problem It pro vides a sinple and
qui ck tool for visualizing and mappi ng earth formations which include

resul t f a_transformation of

hydr ocar bon r servorké' ur§_3 sham% g

TEMP- VELPs 3| %, 1RafiGES I8 e guste ﬁ‘esPFﬁtla aBBﬁPE‘ﬁFerresF&q Vi ty
versus de%la,ola@rl@ﬁeb@rgraasmemmqehu hi =300m, PL=0.28Wn, h2 =
1400 m, p2 = = m, p3 = 100 WW1 pd = 2 WW1 As it can be

seen, t he transforned curve represents the nodel section qualitatively
correctl?heFmg@h@d4dﬁspﬁsbﬁétésaaﬁfaﬁeeu@aeu e asturere VRLEpESe ¥ SFPORGE f or

Tappi ng Eﬁﬂrogﬂigﬂgckﬁﬁggﬁscrog r%%g%ﬁ%% re%@%ﬁ%%139Ey33£§¥3sv%kgﬁ§iUp was

cal cul at a sinp Ired o the Troll region“(Johansen &€t al .
2005)5andnahanthaaﬂyfgﬁe&dsratsoﬁashshitbtynvemsexseeptbblbm.|§tomumeus

t hat the proposed.method f.or i N i_el ds .the_correct locatian, size and
oot b of VEASS: B GAIBLEoRRY, BRIEE EPUY oV iGHen IEHE% APHoTape e r ocul

of the apprexi ¥BkinARiehsawbAeh! inthuaet al gaebcb&%eh e skheoaert.i nuous
function of depth . The nodel constructed can be used as a good base nodel

for 3D inversion. References
Figure 3 shows the result of a transformation of TEMP-VEL
signals, namely voltage versus time, into apparent resistiv-
10 ity versus depth. Parameters of the model: h; = 300 m, p; =
0.28 Qm, h, = 1400 m, p = 1 OQm, hy; = 40 m, p3 = 100 Om, ps = 2

Qm.

As it can be seen, the transformed curve represents the model

gsection qualitatively correctly.

15 Figure 4 illustrates an application of the proposed method
for mapping hydrocarbon targets. 3D voltage response for a
TEMP-VEL setup was calculated for a simplified model of the
Troll region (Johansen et al., 2005) and then transformed

into resistivity versus depth.

20 It is obvious that the proposed method for mapping yields the
correct location, size and depth of the target; some reflec-
tion underneath the target is the result of the approximation
of a small, thin target layer as the continuous function of

depth.

25 The model constructed can be used as a good base model for 3D

inversion.
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netic response excited in the earth by a controlled source ; b ) analysis
of said el ectromagnetic response, approxi mation of the neasured response
by a snoowb oiwoaet44c ) determ nation of first derivati vesTofoe@morsbect r o
magnetic response; d ) transformation of said approximtion and first de
rivatives into a graph of resistivity versus depth; e ) application of said
graph for the imagi ng and mappi ng of earth formations, including

hydr ocarbon reser voirs; f ) application of said graph when constructing a
base nodel for inversion. .. The neghod 3s described in claiml , c har
ac-terizedi nthat%nee ectréﬁagﬁe%f%siesponse is neasured in
the tine domain. 3 . The nmethod as described in claiml or 2, c har act
er i zedi mthetheddfdt ohedgimndgprtorihefioaningoasdrmaapsiageelised in the

procedure for the approxjmation of the nmpasured tinme response by a snooth
curve . 4 . ThetFRReEsC cfafFetr PR BrEINF 1h¥g‘2°‘6“f‘r%°? guﬁ"%y%X%'c t er i

z e di nthat adgdifihogal ¢ nd of maLi @ngand: ¢ONSthatngcakfcya@dsi:n the
procedure for the determination of first derivatives.5 . The nethod as
descrd bed in clal rmdring sugveying kyhamrdrmgagurement$ of eele¢trompgt a

graph of appar ent;[esigliil Ve YEIPYS 14 "Bnd Sc&PPREYCL edoh BTl ON

source; :
b) analysis of said electromagnetic response, approxi-
mation of the measured response by a smooth curve;

10 c¢) determination of first derivatives of said electro-
magnetic response;
d) transformation of said approximation and first de-
rivatives into a graph of resistivity versus depth;
e) application of said graph for the imaging and map-

15 ping of earth formations, including hydrocarbon reser-
voirs;
f) application of said graph when constructing a base

model for inversion.

2. The method as described in claim 1, charac-
20 terized 1n that the electromagnetic response

is measured in the time domain.

3. The method as described in claim 1 or 2, c¢ch a -
racterized in that additional information

and constrains are used in the procedure for the ap-

25 proximation of the measured time response by a smooth
curve.
4, The method as claimed in claim 1, 2 or 3, ch a -

racterized in that additional information
and constrains are used in the procedure for the de-

30 termination of first derivatives.



to a graph of resistivity versus depth. 6 . The nethod as described in
clabm1, 2, 3, 4or 5, characteri zedi nthat both the
graph of wwpparsanti4aesi stivity versus tinme and the graphprof/Ne2o®I/®bISi ty
versus depth are used for imaging and map ping earth formations, including
hydr ocarbon reservoir. 7 . The nethod & described inclaim1, 2, 3, 4,
50or 6, characteri zedi nthat the graph of re sistivity
versus depth and first tine derivatives are used when a base nodel for

inversion is co structed. 8 od as descrlb dinclaim1, 3
4, 5, 6 or 7 Ihe Beghedag ?eﬁcFlPe ENJCL AN hat thé 8Fegtro nagnetlc

response is neaéq&%dxaladcftrétr derzi ¥agi ves rar ecgakcul araghand uppdrwhen a
base nodel for inver sion in the frequency domain is constructed. 9.
Conput er appar a8®6 regifptivity versesrtime gsdepngtrungteft iRagdfasian ed

machi ne -readab{g épgéégﬁeé eé?éti9P£ n@g}ggg ﬁQﬁtHﬁthOd for imaging,

transform ng and na ronagnetl mar | ne rocarbon survey data in
accordance with any one of clainms 1 to 8.
5 6. The method as described in claim 1, 2, 3, 4 or 5,

characterized 1in that both the graph of
apparent resistivity versus time and the graph of re-
sistivity versus depth are used for imaging and map-
ping earth formations, including hydrocarbon reser-

10 voir.

7. The method as described in c¢laim 1, 2, 3, 4, 5 or 6,
characterized in that the graph of re-
sistivity versus depth and first time derivatives are

used when a base model for inversion is constructed.

15 8. The method as described in c¢laim 1, 2, 3, 4, 5, 6 or
7, characterized in that the electro-
magnetic response is measured and first derivatives
are calculated and used when a base model for inver-

sion in the frequency domain is constructed.

20 9. Computer apparatus, characterized in
that it has installed machine-readable instructions
for implementing the method for imaging, transforming
and mapping electromagnetic marine hydrocarbon survey

data in accordance with any one of claims 1 to 8.



