METHOD FOR TRANSFORMATI ON AND | MAG NG OF ELECTROVAGNETI C SURVEY DATA FOR
SUBMARI NE HYDROCARBON RESERVO RS The invention relates to a nethod for the
anal ysis, processing and transformation of electromagnetic field data with
the 5 aimof mapping earth formations including hydrocarbon reservoirs. One
application of the invention is the imaging and inversion of

el ectromagnetic field data neasured during nmarine surveying by the use of
TEMP- VEL/ CEL hydr ocarbon prospecting systenms. 10 TEMP-VEL (= Transi ent

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

Li nes) hydrocarbon prospecting systens are described in NO patent 323889
and NO application 20065436, respectively, incorpo- rated herein by
reference in their entirety. Existing nethods of Controlled Source

El ectromagnetic (CSEM hydrocarbon surveying are typically based on a
sinplified, qualitative formof presentation and visualization of field
data, in which hydrocarbon reservoirs are discrimnated as a 20 | ocal
anomal y. Wen i magi ng and mappi ng nmari ne hydrocarbon survey results or when
inverting and interpreting the data, the researchers sonetines confine

t hensel ves t hrough general words like: "...analysis includes conparing the
results @Egﬁ@ﬁ 3ol KSR Ay hxﬁti@xzﬁésé’#tﬁﬁé@oﬁ?éﬁﬁ?é'%-

si mul a- I on node ased on thé known properties of the reservoir and

2 over buvEenDADA dFOR 0SIBEMART Nie SHYDROCERBOR (RBSERIBOTRH26, 819) ). Srnka (1986
(US 4,617,518)) proposed to nake neasurenents of an electric field with

el ectrod separated b onme di stance,. at two or npre frequencies, and to
ise t hem 5% HRTERTA TR LRI aherade Tearati 7Ty Tor Shpbrtion BYOTeEsT ogi on

| ocat ed whd hamd ot £4:88 EsimgepdRsof r one ¢ heoh@gnét DOr £1dhd SdaSa aw Vit h t tiad
description of a common nethod, VES, which is_w dely used on shore. Ei desno
et als (20029f TRPPHYSrerrer BEPrmavbeny ; inelindies RYdyecarbor speagr-
Johansen, &1, 8l . Oé@oﬁgl £ELr 1 S5 0GE LR SLIPLESI oh T AOSERE MBRLSIhGSaklie

el ectromagnetic fie response neasured along sone profile at™ sone

f r equencinwess hon nef | gkeict vomdgne espohsel dedatr edeasuseodredreiry enge poi nt

| ocat ed outside the.region in which t hydr ocar bon reservoir
noohel SHNE ST i il b COE SraMPL L BRI R OSSR b ESSP VO T
excl udespébeiggnéygtemé i on of the transmitter and the intensity of the

transmtter current, but the anomaly value in this nethod depends, to a
great degree, _on the response at the referencg@goint and nq&bsonetines be

ver y*coaf S¥Pp¥ELuSe DrRRFlehe Ehaftranpdrete Brrine BIRWRTT i ®9eld at the

reference.poipi1 Elelddidi QDnedNi Snd M PMeh OGHRT (ONTRRASs] ON¢ rEpObeEbON and
descri bes the survey results expressed in dinensionless values for the

el ect ri cndgredi¢ idreine oProsieering at Perlegerrl Fheckrietkirept dapecting,
namely r&%ééé}ﬁéﬁyp Qgpé%%ﬁﬁb 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



25 Wight et al. (2006 (EP 1 425 612)) proposed in their invention "...to
make mul ti channel transient neasurenents (MIEM __ of inpul se response of
the earth and display it or to make transformati on of such inpul se
responses, to create representation of _resistivity contrasts”. There is no
description of ma possible transformation in the invention. Appar ent
resistivity is often used to transformthe field 3 data of the field
measured. The apparent resistivity has substantial advantages with respect

Seabed. SPPOEPOFACRsCoREbaPHe. of PpRRanter 84; sePUFL JOPsTnBPREPIST) ©

determ ned as the resistivity of a honbgenous hal f-space having (wth a
gi ven trapfARht {epseecEEVEel 650 9P3) | hpropoeed mpdl Geke enpasaeensnt Babf
registered in field trials., For marine applications, Edwards et al.
(1984) héveeb?GEBéGdf191@h@lﬁkfﬁéﬁﬁEFﬁéﬂsmF?HaH%FﬁdiPﬁg?ﬂ@eiﬁlﬁﬁén?%rn1of

appar ent o d {;6S53t h¥iLY FRSqRENEPEs , | Bn¥hESNuPO tHRemCPoVAELELhESESan
2717-21-7 tivity, d is sea depth, | is electrical current fromtransnmitter

r i s ¢+ headesagaceebesheehtyheftaagpesntioerrofintheeregien, ladatedt wethennut h

conponent, . t he netic.field 15 neasured on, the.sea flopr.,This formula
P Al T S e et e Tt i s S VR SR TS
transm tseript Dénegbahbscohivosenetiepd, vEbe which bet we@sl{hasasesnage
resistivity of the first crust layer and that of the sea water is |arger
than 10,5B8Y®his formula is valid only for shallow 20 water and does not
give a good approximation in deep sea. Another fornula for apparent

resistiviiyeas BFORDSEd2bY2Y0! £01 8y 8tudl et (4986)20P8) 2 ARGndseROet Ui t ausa
17119, id 2 1,2 assunes that the upper electrode is at infinity, and is
val i t f orlsh&RPOf sedobangentdital s (WARHS| Yete. 1@sed 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



25 Chen and d denburg (2006) substantially inproved both Edward' s and

Wbl fgram's fornulas and consi dered a nore conmon 1D earth reference nodel
consisting of a two-layer structure excited by a sem-infinite el ectrode.
Their fornulas are based on a sem -analytical termfor the nmagnetic field
and 4 can be used for both shall ow and deep water. It has been found in

el ectric prospecting that the nethods operating in the tinme domain provide
hi gher resolution with respect to hydrocarbon targets than the direct
current gr_al-_5 terpating curren hods. In what foJlo we confine

our sel vedaE8 REo5hE! REEEA BRI | For naop R HoRRP A RO BY paRe: SUPAr Ty by
TENMP- VELE€kht 81 hed6ahBagsukeyt Bt rakpe200¢o (¥ 20DFNQ§3025) ) £ i &8dpheposed
here, after some nodifications, the method and al gorithm can _be used for
bot h soufi@ifg th Pﬁ@viéeﬁr%ﬁﬁ@hﬁyeGBHE?ﬁC%ﬁﬁlﬂﬁr%gttEGr?%ﬁP¢dlﬁtFH%'tine
domai n, the.response for a honpgenous hal f-space is calcul ated analytically
for any time T if it is possible, or by using asynptotic formulas for |ate
or early times (Kaufmann and Kell er, 1983; Spies and Frischknecht, 1991; is
Wt andTBeavalugo8l; apparéntoreaistavitgnis ehernal ty dipbeemiingdl @sset up,
Edvar ds (1997);has; pr pposed, the,foraul e gife 3 pa cBL L hiGh frgnsforms
the electric Tie resgonse i NTO %pparen resistivity. ?%ré,ls

t het dnpi diresh tranthecetegieceitee! detmpputied byma iwpelyverrpbpordeat a
dis- 20 tance r fromthe electric_dipole transmtter, 11.11 is the nonent
of the tRankhfttErILTheEedotAuf2ebdesTH3tSconsider the sea depth, rea

| ength of line, tine delay, as it assunes that the ratio between the
average F&sightvhéYaph1ibgibhs! sawstabayeraand(ivgd) ohatlepssgorasier is

| arger than 10. 25 These conditions evidently limt the possibilities of
suchia r abBe MABEP opethod with data imaging in the form of apparent

o ld : : : ,
resistivity as p,=p,—--, 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,- .
¢ 27D‘H¢ d2+r2

—pP, - This formula

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

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



The invention has for its object to remedy or reduce at | east one of the
drawbacks of the prior art. The object is achieved through features
whi ch are specified 30 in the description below and in the clains that
follow 5 A nmethod for fast inmaging and inversion of marine CSEM survey
data based a 1D two-1ayer reference nodel excited by arbitrary current and
nmeasured by an arbitrary receiver is proposed here. In a first aspect the
invention relates, nore specifically, to a nmethod for imaging, transform ng
and mappin | ectr netic.data.trom mari.,ne hydrocarbon surveying, the

met hod bE?ﬁQEEhﬁﬁﬁgpggfzgaggyS%ﬁ&ﬁﬁ&iﬁﬁ HESPoMPEGifng steps:  a) carrying
out a marine survey by and neasurenents of elec3.0 tromagnetic response
excited TR hhe Baehhfbynd cantnekkedcspubepectbhganabysichg smatdods.

el ectromagneti ¢ response, approximation of the nmeasured response by a
snmoot h c@Pg&ating ip) thet SipenPRPaLnr BYOYéFpy RiPHEE 61859&}1&1@Pea't1?ﬂ}5/\nagneti c
re-15 Spseeéﬁéch):ot 528%95%6& %aa:ggee%ﬂémheoai%@tf g{&&eﬁ@r byaghves
into a graph of resistivity versus depth; e) using said graph for 1maging
and mapptegnesinhy formenicomsthpdsl. udhnghhygdfoddpben wesepwndiine; o2®-f) usi ng
said grﬁgh mhentconstructingE@ base .nodel. fg@ i vershon..The -
electro S%EFFC Pegﬁgﬁgglﬁgy esﬁgggﬂpgdlpn fe "t “G0RaM . “CAGdPEonal

i nf or mat t@BuaAE190oBSt Tames vARY OBE tiseHotB Y BarpukozSetedur.e2bor the

approxi mati on of the neasured tine response by gmnth nurve_Additional

i nf or mat POA74AG388R41 r aPfis PERYCEEIUEEY S nat hETpFEMCARRIAL AEREARN Er ni - 4- 4mm
Anr 4, nr 4. ALl fefn8haRRaCh18BRAERR! chEShS! LkhY £¥e' BHEht bBEnARYgPEnCRRe

10 frequency domain and direct current.

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

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

dipole setup, Edwards (1997) has proposed the formula

_E 23

. , which transforms the electric field response into

apparent resistivity. Here, E, is the in-line 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.



30 StrUCted in addition to a graph of resistivity versus depth. 6 Both the
graph of apparent resistivity versus tinme and the graph of resistivity
versus depth can be used for imaging and mapping earth formations,

i ncl udi ng hydrocarbon reservoirs. The graph of resistivity versus depth
and first derivatives 5 can be used whén a base nodel for inversion is
constructed. Electromagnetic response may be neasured and first derivatives
cal cul ated and used when a base nodel for inversion in the frequency donain
i nd asp ect, the invention_relates

t ted. | t
appa- n PaPEE oHaP et ERFECA BT RAVRY (RECKFIER RECHRRAoFebaa Burvey”"

instruct yaes bakedml enERbNUalBe FeEBednter mbaBYI Bgciteans{OkbRg and
mappi ng el ectromagnetic mari ne hydrocarbon survey data in accordance wth

t he neth§§a§¥s@PrbéﬁtaaédemeﬁﬁuﬁﬁétbYoPPoﬁEbF§réé¥cF?§ééV8ﬁ éRaRpPe of a
preferreg E %odlnent which is visualized in the acconpanyi ng draw ngs,
i n which: |gure "shows the structural plan of a curve of apparent
resistivity;, Figure 2 denonstrates mappi hg of apparent resistivity; 20

Fi gure BIhIbuﬁﬁratessphettthﬁsﬁDVﬁatﬁon uélaEwﬁvVEQreespeqééitnﬂéyapparent
resistivity; Tro

I f
region r 8er88 g?@ﬁ %Wﬁﬁﬁﬁ%e pF% §§§@§F§néﬁﬁoW§BE 9t368? ﬁgforned

into reshsth¥i aatuefsuﬁ flepihe2hyliroaaebbtantevlifgt hehpr apered pethod.
Rectangl es in_both pictures show the geonetries of real reservoirs. The
upper p.éparehﬁré§§ﬁréZ?Hebgeéppéﬁdﬂﬁgathﬁoégiﬁ§w1ﬁanﬁgﬁpand the | ower

picture h? éer&Hﬁg'Bgt g8 ne Zurvey 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 graphAwhen 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 structed in addition to a graph of resistivity versus depth.



The nethod for visualization and inversion is carried out in two phases.
Phase 1: constructing a curve of apparent resistivity pa(t). This phase
consists of three sequential steps. Step 1. Approxinmation of the neasured
el ectromagneti c response and cal cul atign of first derivatives. This
procedure is unstable and needs stabiIinng. Some constrains and additi onal
i nformati on should be used for stabilization; for exanple approxi mation of
the field by superpo- n sitioning of exponential functions (Barsukov,

Svetov, 1984).. E(t)= TE(s)C' ds(1) Q Her EN is the exponenti.al, spectrum
which. | sPABLeFRE EHAPRoRT| RRPHESELr BARaEAVEFY T thur | b APPyaRTaFhE

cal cul at gdapnost ENeangt () tylbeAbtisr depehapphosemateantet fhegiingastadby a
snooth curve, it is apgropriate to present the field response in the form

of a curPePBindppareht LPERREEPHFt yihetdding| Rgdrogaepon, regapvoirs.
Presentation of the response in the formof a curve of apparent resistivity

Versus tiofe. gPapR 880LAsYLEDviWe Y8BsAD asyPR! QhhiCel PEpUbard6s€i{85ng the
behavi our of "electronmagnetic fields in the near or far zone, 1n full-space

or hal f -epackeousedowhanea hadel moded bor| énversion approréhuusbadof
apparent resistivity. For the TEMP-VEL/ CEL net hod the presentation of the

response i S e | cul at ] a resistivity
accordin%§?%£?ﬁ@£%§§%%€o?g%8§%%§v?% rﬁgnﬂéﬁgafgétgggaggg%F g?%%%%ic fields
across atiwes| agbeulatedt ané usequwhenpaabise m8deal £dor ihhersabrouiati on of

the firsthgpgroxinatio 8f.g€garggt rgsistivity:
p=1/ 10518R€ p* RBFFERBY . SRR R \EF 20O ETRGFER) - 512 D2/ 3(2)
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.



Here, P = TR |len *REC len (mx nm); TR len and REC |l en are s the | engths of
the transmtter line and receiver line, respectively; Ito = sea depth -

TR len/2 (m; t is the time (in seconds); pulse is the pulse current
duration (in seconds); Uis the signal _normalized to pul se current (V/A);
tto = 4n x 10-7 Hm Figure 1 (snDoth-Vined "field data" marked o with
triangular field dots) shows an exanple of a curve of apparent resistivity
for a two-layer nodel shown in the upper right-hand corner of the figure.
Step 3: ansformation of the.response_function.into apparent, resistivity
an 15 ThECLRECBP s E Rt Pl LA 6 R PR CRVAF LU 8 PRCERE% BB SPage for
the trans{erppkses.of the neasured voltage (electric field) into apparent
resistivity, loses information in an early stage of the response function
(shaIIOM/depth%, whereas the use of asynptotic fornulas which are valid in
the 20 eBRR§estageonsseucrihngr ArmfloHeoRtt ARPAEBRL| YRAGSELVHEY UP€Yin t he
section. pihes,dkanbanks 2L CopsaRLe MR EAETYI A3 upLCh are accurate for
the full transient process are used. In“sonme sinple cases it is possible to
find accurate fornulas for the full tran- 25 sient process. In the ndrma
case {twBtepyér Appuckimetaxpi pEédthg mesbupedgedbetroinggheéhécarbitrarily
subnergeg iH ghenaea ﬁndlrEEOBdeg erap gr?&%r rbl subner ged, sl oping

el ectri c PBEEFVET cﬁefuag ufat 8-f or fiiraSTar €2ab<8Rt, and only nuneri cal

met hods can he used. 9 In this case, apparent resistivity is determ ned by
sol vi ng Theésnppetedase ¢guahsoabl369a8(AbédphpRibiEiging. 1Sbhkusbhnat es the
sol vi ng Erocess. The rssistivit¥_gz at the tjnme_t giving t he sane response
(nm as PFERYNBaRBI(RAFLFES el s1AECERREYCE 5ROUpPaPentSFesfeti §Fehipa at
the tln91&za£mohnvg6§leﬁaﬁﬂgenaﬁakagiﬁggi&hnsfseﬁéefaélaes%assgewbah the
depth scale. Surface depth is considered as the effective (apparent)

soundi ngsdepening: ofacxpyreatipl Thenepiovsof Bappukent Sestevi viP§4iound for
all delays con- la tains informati on about the entire process. Such a curve
of apparent resistivity, can be used for imging and mapping field data
versus tinme and beEgggJLg@ﬂ;agsthe base curve for the transforgyion
(inversion) of these'dgta into the curve Palish

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-



15 Figure 2 illustrates an application of the nethod descri bed above for
the i nversion and mappi ng of TEMP-VEL nodelling data cal culated for a
square target. E40-"field" data was sinulated by a 3D program Paraneters
of the nodel are as follows: sea depth is 1 km its resistivity equals 0.28
nm 20 The square neasurenment, 4 x 4 kfhin size, is located at the depth h
= 1 km below the sea floor and has a transversal resistance T = 2000 OW
(thickness of 40 nmetres and specific resistivity of 50 nnm). The map was

constructe accordanc th th o] descr nme del a
or LUEesT bR REAR! CalRt Rt i0a 08 RadlbikeP L ABBEbsaRa it Ao kP ERe
t ar get aéﬁtdgggigtmegtyorrectly Phase 2: Transfornation (i nversion) of

apparent resistivity pa(t) into resistivity par(ha). The proposed
transformation algorithmis as follows. 10 Define as v=v(t) the

| ogarithmc derd {pgtzi wp*@g /(Qppa;ﬁ’én:thae[sf@t_i(yiptmzse)'m &n the tr ansf or ned
apparent pal) resistivity of any time delay t is: P(t) = PaN The gain k(i)
and coefficient me3/2 is used to correct the 10 extra increase in rising
br anchesHetef hR eurTRelenf *REAN$énr mdxappar TRt 1ensanti RECylandatrbe extra

decrease jn falli branches. The effective (apparent) depth ha for an
e T Ehe ot bR aOE o RT P PBLS L hoLite 1 on8 Soppyer  Danle re2’ &Y

spectively; hy = sea depth - TR len/2 (m); ¢t is the time (in
seconds) ; pulse is the pulse current duration (in seconds); U
is the signal normalized to pulse current (V/A); u =
4n 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(?).

15 The use of asymptotic formulas which are wvalid 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 wvalid 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.



PO 15 In(fi(res))= In(pc,)+In(p".)-1n(pa) * res, 0 < res <10 10 The
function fl(res) is analogous to resistivity, has the dinension [au] and is
inserted into the algorithmto control the resolution of transformtion.
The fifres) value may be changed within the range from paV
("non-transforned” apparent resis- 20 ?ivity) to pfrO and substantially
alter the shape of the curve of apparent resistivity Adkj. #-4)90- in the
case of a lowcontrast nedium fl--,pa for a high-contrast medium and fl =

Cbtrpjl.gZ L .a nmedi um contrast _nedi nl.The.reIaEionshig getme n, 11 pw and
pa in Nre8) Fésaa?ﬁgteaPB?r?ﬁg §S§&Fgﬁvb5¥aﬁ§t8? ergshes Ve§8?HfP8n of
tranSforHHEiHB£~1IH§aBEéHQQt§8ﬁCﬁ&ﬁQQtRﬁQﬂﬁiyfnﬁi%@@enﬁa§yi@§t¥§%éége

response into an electrical cross-section - resistivity versus depth 5 and
act ual | ytieebddvangopudbcenst oTha rasessevptpbpemt Itheprawiedésgavingpl e and
qui ck tool for visualizing @;ﬁ mappi.ng earth formati ons which include

hydr ocar bBR FaB8r {BFPSRSE § 8Sshd®d & HetredGircdesa fFaRSEEPYES on of

TEMP- VEL _ Si e,vens ti i,nto_a esistiv- o
Tty vorsas aEBrRerparEnteteyt Bt e 1 En R ELoR B L 0
1400 m p2ppidgQihehBimedfcalepds=répladed) wpdh=-tBendepfb statan Berseen,

t he transforned cgrve repre enta t he Hnde% section gualitaﬁgvelﬁ 80rrect|y.
is Fi gur£29ej AFRERr 4F eSCRAIApPFT cafi bR of T ERET hY5pbd2RA2RERROISPBRPI ARSI ng
hydrocargon japaets. 7ot age response for a TEMP-VEL setup was

cal cul at 88°F8r "4 sfnp (fi'éforrodel of the Troll regi on (Johansen et al.
2005) and then transfornmed into resistivity versus depth.

The curve of apparent resistivity found 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

Pex(hs) -

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 square measurement, 4 x 4 km in size, is located at the
depth # = 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 ¢ = 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.



20 It is obvious that the proposed nethod for mapping yields the correct

| ocation, size and depth of the target; sone reflection underneath the
target is the result of the approximtion of a small, thin target |ayer as
t he continuous function of depth. 25 The nodel constructed can be used as a
good base nodel for 3D inversion. 12 Rbf erences US pat ent publications
Publ i cati on No. Publ i shedl nventor 4,617,51810/1986Sr nka 0052685

Al 03/ 2003El I'i ngsrud et al. 0048105 Al 03/2003Ellingsrud et al. 6,628,119
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Let the gain k(?) be
5 k(t) = ! m= 3/2

-’

Then the transformed apparent p¢.(¢) 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

10 extra increase in rising branches of the curves of trans-
formed apparent resistivity and the extra decrease in falling
branches. The effective (apparent) depth A, for any time ¢ is

calculated as:

h, = /M ,  Mo=4mw10"7 H/m
Hy

(ptr )_ ln(pa)
10

15 In(B(res))=In(p,)+ In *res, 0<res<10

The function f(res) is analogous to resistivity, has the dimen-
sion [OQm] and is inserted into the algorithm to control the
resolution of transformation. The f(res) value may be changed
within the range from p,t ("non-transformed" apparent resis-
20 tivity) to p,t) 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 =

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



tan n,/ev)Anor u.../wnwnd WO 03/048812 WO 2004/ 049008 Al WD 2006/ 073315 EP
1 425 612 wo 2007/053025 Al 09/2001 Al 02/2002 Al 03/2003 7'1 nAPlIrirvx Al
06/ 2003 04/2004 01/2006 Bi 02/2006 05/2007 ElIlingsrud et al. Ellingsrud et
al Srnka et al. 04nlma et al. MacGregor et al. MacGegor et al. Johnstad et
al. Wight et al. Barsukov et al. 11

pr and p, in P(res) is adjusted by the special parameter "res" -

"resolution of transformation".

The method described transforms the measured voltage response
into an electrical cross-section - resistivity versus depth

5 and actually yields a solution to an inverse problem. It pro-
vides a simple and quick tool for visualizing and mapping

earth formations which include hydrocarbon reservoirs.

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, h; = 40 m, p3 = 100 Om, ps = 2
QOm.

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

section 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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racterized in that additional information and constrains are used in the
procedure for the ap- 25proxi mation of the neasured tinme response by a
smoot h curve. 4. The nethod as clained in claiml, 2 or 3, c ha- nn A
4t h-t =AA44-4n-n=1 4nffl r nr4- 4”n 16 5. The nmet hod as described in
claim1l1, 2, 3 or 4, 15

Patent claims

1. A method for imaging, transforming and mapping elec-
tromagnetic data from marine hydrocarbon surveying,
characterized 1in that it includes:

5 a) marine surveying by and measurements of electromag-
netic response excited in the earth by a controlled
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 1in that the electromagnetic response

is measured in the time domain.

3. The method as described in claim 1 or 2, c¢c h 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.



characterized in thatagraph of apparent resistivity versus tine is
constructed in addition to a graph of resistivity versus depth. 56. The

met hod as described in claiml1, 2, 3, 4 or 5 characterized in that both

t he graph of apparent resistivity versus tine and the graph of resistivity
versus depth are used for inmaging and ¥apping earth formations, including
hydr ocarbon reser- lavoir. 7.The nethod as described inclaiml1, 2, 3, 4, 5
or 6, characterized in that the graph of resistivity versus depth and first

time derivatives are used when a base_npdel_for inversion is constructed.
15B. The nePhod TRe BeERPBeRS| ACEFhined, 1B ckaiy 15 26 3r°% 4characteri zed

in that the el ecty oragpeti ¢ & §spoRsg §S Neasur edadng §i.faﬁh der hyphives are
cal cul ated and used when a base nodel for inversion in the frequency domain
i s construct ed. eRO9rSohpui el tupparaesist inhat acrenszrdciadt hat addiniagn

install ed machi ne-readabl e pnstructions for | npl ing the nethod for
i magi ng, transf%?n?n%rab% %%pﬁ%%bg%%§%€¥d§%5%% i@gﬁgﬁine hydr ocar bon 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 vVoir.

7. The method as described in claim 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 claim 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 1in
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.



