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Efficient imaging of single-hole electromagnetic data

Ki Ha Lee', Hee Joon Kim?, and Mike Wilt?

: ':V:A_bstrac_tv
The extended Born', or llolc'.alized nonlinear (LN) approximation, of integral equation (IE) |
| soln’tion has been applied to invertifrg"single;hole~ eieetror_nagnetic (EM) data ué’ing a eylrndrically e
- symrnetric model. The extenciied Bom app'roximation:is ies’s aecurate' than a full solution but
nlueh superior to the simple Born',appro.x..i.fna"t:ion. When applied to the eylindrically symmetri_c
rnodelv witn a vertical rhagnetic dipole'isonree.-,"hovyever; the aocuracy of the exfended Born. _
| : approninlation'iS'shown fo :be;_greatly :i‘rrivproved'_bec:ausethe.-el'ect_ric ﬁe'ld'i's-.scalarv and eontinuo'us
- j_eve_rywhe.re.. One of the rnost' 1mportantsteps 1n the1nvers1on i_S.t_he selection ofa proper
'. reguiarization parameterfor stablhty The extendedBornsolutlon orovides an efficient rnean_s :for : .'
 selecting an optimum regulanzatlonparameter,becausethe Green’s Iﬁnctions, the most tirne'
; | consurning part in IE methods,arerepeatedly re-nsab:l:e at each_iteration. In addition, thev_IE: o
. fbrrnulafron readily contains a sen51t1v1ty matnx, Whlch can oe .reyised .at each vityeration at little

~ expense. In this paper we show inverSiOn;reSults usmgsynthetlc and field data. The result from

o . Emest O Lawrence Berkeley Natronal Laboratory, Berkeley CA 94720 U S. A KHLee@lbl gov
2 Pukyong Natronal Umver51ty, Pusan 608- 737 Korea he_]klm@pknu ackr '
3 ElectroMagnetlc Instruments Inc., Rlchmond CA 94805 u. S A, mw1lt@slb com



field data is compared with that of a 3-D inversion scheme.

Key words: single-hole, extended Born approxifnation, cylindrical symmetry;in_version

Introduction

= 'High-jrésél_li_t_ionI.i.maigihgv of electrical vcc}ﬁc_ijucstiv»ity has been jthé:_él,_lbj gctiéf tmany sggdigé o
- crossholetomography usmgelectromagnetlc(EM) ﬁelds(Zhou1989Zhou il 1963; wilt o

41, 1995; Alumbough and Morrison, 1995, Newman, 1905, Aumbmugh and Newnan, 1990,
A“hghthth”und‘andng ind st fkd rtcs for s ol EM meths
_ ar é; relatlvelymature,thesetechmquesare éosﬂy- éﬁd'.sbfrrieti-més.:i’.c'..i's diﬁ_;léﬁlt toﬁnd two aajécépt
| bor"vholeSfOrCross-holeSurVeysThecost can b?_gfeétly redﬁéed if a:vs:ingl_e-lilo.l_é s'urveyz'me.t_hod, P i- o

could be developed.

. . The maln :advaiitage of i_nte_gfai equatioh_(IE) -méthOd in éoinpariéon with t:he'ﬁnit'ef_:- o
- difference (FD) and/or the finite element (FE) methods, is the fast and accurate simulation of =~

@:omp;;ict.-_3 -Dbodxesm alaye.'r:ed backgroﬁﬁd (Hohmann, 1975). TheFDa.nd FE 'methods.aré :



suitable for mode_ling EM fields in complex structures with large-scale conductivity variations. In
principle, the IE method can handle these niodels too, but the huge demand on computer
| resourcés places a practical. limit on its use. This is because of the full matrix arising from IE
“formulation. Another advénta_g'e of the IE method over the FD or FE method is its greater
suitability for inversion. IE formulation readily contains a sensitivity matrix, which can be
- 'revised at cach iﬁyersioﬁ_ itéraﬁ_oﬁ at little expense. With FD or FE, in contrast; the ééhsitivity
v _rnatrix ﬁas’to b@ r._ecp.mpl'l_‘ted vat'eavc'h ifératiqn ata lcost.ne.a}rly equai -to tha.t.‘_9f ﬁl_ll forv;(ard
.,ﬁiodel_ing. The _I'E..r._n;et}.:lod, however, has to overcorme severe practicallirh_itaiticihs imp'os.ed. on the'_: v
- nurpefiéal size Qf.:thé._:?ah.c%rriéloﬁs domaln fo; invé;éion purpdsés‘ In this dlrectlon, several
-_ a_ibp:ro.x.if..nate_.mcthvocfi.s., sﬁch a_s._tﬁe loéalized':nonliﬁeaif (LN) 'approxi_mationv(Haba;shy-efta_L, 1‘993) ’
. __ ahd qﬁaéi-iinieaf. approfiirﬁétién (Zhdanbv_ ar'_ivd.Fa'ng, 1996), havye.:be.en deve16p¢d .r_'c;cently.vilri_ fhis - |
:.-‘pap'er_ﬁwe §x1")i10i't_l'theadvan:vt:ag'<:é _§>f i:t_hé- LN apbrﬁximétioq witﬁ applicatipns to vsivngl'e_:-hole. f _ )

" invetsion of EM data.

Approach . - .

- Maxwell’s eQuati_Ons with an ™' time dependence, neglecting displacément’cur_'r'el'lvts,



" are written as

Zh

Efr)=-fmH ], | e W

2

Hir)=s MER <L fon), T )

where J, isthe impressed current source at r,. We-assume the magnetic permeability u is
. _¢6nstant and. iS-equal to that of free spac'c'.’j'li‘_he'_ieilvec,tri:cal-éQnductiVity ois 'hgté_rogén_e;'qﬁs andit: . o

i 3-':.may:b'e dii/ictedi'_r.:itd .

" wheré the subscript ‘b’ indicates the background. The conductivity of the background medium

e R O

" is assumed uniform throughout this paper. . The differential equation for the secondary electric.

{ ﬁ:eid _is»v'vc:leriyed from eqﬁétiéﬂs (1) and(2) as : | | :

§ N E fr) +ivms (;)'E(;')=:f;;¢m;fs o L ::  '_:_(4_)_

L . ’andvthe imimeri_cal solution for the;elévctriév field may-bé.:c_)'btainéd using either the. ﬁnitéé'eleme_nt or o




the finite-difference method. Alternatively, numerical solution may be obtained using the

integral equation method involving the Green’s function that satisfies

887G frr ) ms, G o) < - ©

' The syn%b'ol -I.is the ide‘ntify tensor. The sﬁperscript ‘EJ’ signifies that the Green’s functi'op |
: tfgnéiates cgff_ent 's.ouvrc;:_e‘,'.J_ . td electric field E.  Each %zector compéhent of the Gréép’s tehsb_f
; 'G'E_f (rr ) iS'_fhe'.Qector electric' field at r due fq a point source at 1’ with its current depsity of

—(zcou j’l Amp/mz, pqlaﬁze’d inx,y,andz, résbéét_ively. Usmg équa.tion.'s'.(4-) and (5>),vq._ne '.:ga.n : ;

" derive an integral equation for the electric field

E(r)ZE,(r) - iop [ G¥ (r-r')- Ao (X )E(r)dv'. - (6
The ﬁrstterm on the nght .is_ the background electric field that would exist in the pfeséncc of -
background_mediqm only, and the term AGE inside the irifégfal'is called-the_ s'cattering'vcu.rrent

: (Hohmann,1975) R

- The integral é{quation is nonlinear because the electric field inside the integral is ﬁ.m'cti:on;of the



conductivity. To obtain a numerical solution, the anomalous body is divided into a number of
elements, and constaﬁt electﬁé field is assigned to each elemeﬁt. Since Raiche (1974) first
. formu'lated:the vv.olu_me 3-D i_rltégral equation methods, many n}imerical solutions haye' been
o _ ﬁreseﬁt_ed op .th-is;sub.j_e'ct (-Hohma_ni;, 1988). Thé proﬁess inv&lved:in the vc_)llime i;ite’grgl B
o équatiéi; methods rg'c.lujr.es computlngtlme proportiéﬁal to thé ;:uﬁe < )_f the riumber of c'_elils’us'ed, B
' and 1tqu1ck1y become51mpract1cal Qé_ the 51ze of the i:n.ho_n_lvoge:n_'_e.i-ty:‘is'ihcreé}jéed to handle

realistic problems. -

" For some importarit class of problems the complexity associated with the full 3-D'problem = -

. can be reduced to something much simpler. A model whose electrical conductivityis - -

" cylindrically symmetric in the vicinity of a borehole is such an example. Tn order topreserve -

o magnetlchPOIemay be considered in the borchole.  In this case the problem is scalar when

" the cylindrical symmetry in the resulting EM field a horizontal loop current source, or a vertical -

 formulated using the azimuthal eleciric field E, , and the analogous integral equationis, .~
o E(0)=Ey @) 2menf[ P erao(f)E, (pdpias, ()

- where the VP:(V?VSiﬁ"’-)n.:V?ctOT r=p+%,and r'=p'+z'. The electnc field a’rid'Gjree'n?s functlon are 'v




both scalar, and the Green’s function is given in the form of a Hankel transform (p219, Ward and

Hohmann, 1988)

1 oo —ubk—z‘] -
GE"(r,r')=—EJ. eu AT, (Ap)J, (Ap")dA, (8)

0 b

1/2 . .
where u, = (lz + ia)uab) . Since measurements are usually made for the magnetic field,

equations (7) is reformulated to

H, (r)=H, (r)-2mioy [ G*ﬁ(r-f')Aa(r')E¢ (r')p'dp'dz', | NG

where G™'(r,r') translates scattering currents Ac (r')E, (r') at r' to magnetic fieldatr. -
Using equations (7) through (9), one can obtain the integral equation solution by first dividing the
(p,z) cross section into a number of elements, and formulate a system of equations for the
electric field using pulse base function. Sena and Toksoz (1990) presented a cross-hole
inversion study for permittivity and conductivity in cylindrically symmetric medium using high-
frequency EM, and Alumbaugli and Morrison (1995) investigated cross-liole EM tomography

using Born approximation and localized nonlinear (LN) approximation of Habashy et al. (1993).



Borehole access for geophysical survey in producing ﬁelds‘lis very limited. For thfs reason,
we consider an efficient single—hole EM imaging using the LN approximation. The LN
approximation offers an efficient and reasonably accurate electric field solution without solving

. the full integral equation solution from equation (7). To do this the integral equation is first

reformulated (Habashy et al., 1993) to

| E,(r)=E, (r)- 2miwuE,(r) H G* (r-r)Ac (r')p'dp'dz'

p'zt

- 2mioy [[ G® @-+)Ac () E, (r') - E, (r)]p'dp'dz"

or

Eq, (r)+27iopE, (r) H G%(r-rAo (r')p'dp'dz'

= By (1) 2mian [] G™ 180 (V) , (r)- B, ()] p'dp'ds’

If the electric field is continuous in the vicinity r, the contribution from the second integral may
be small compared with the background electric field. This is because when r’ approaches r, the
difference in [Eq, (r')-E,(r )] is getting smaller, so the scattering current is effectively zero at

the singular point. When r” moves away from r the contribution is also small because the Green’s




function falis off rapidly. So for the type of problem where there is only the azimuthal electric
field, we can get a good approximation even if we neglect the second integral entirely. Asa

result we get‘
E, (r)[1+27tiwu ” GY(r-rYAc (r)p'dp'dz’ |= E,(r),
p'z'

- from which, using
Ey (r)=7(r)Ey (r), (10)

where

7(r)=[1+27tia)u [J 6" @r)ac (¥)pdp'az

Substituting the approximate electric field solution into equation (9), we get the approximate

magnetic field solution

H,(r)=~H,, (r)- 2zmioy [[ G¥(r-r)Ac (r')[y(r-)Eq,,,' (r)]p'dp'dz. (1



To illustrate the efficiency anci usefulness of the LN numerical solutiop, especially in
single-hole application, let us consider a simple model consisting of a conductive ring about a
borehole axis in a uniform whole space of 100 ohm-m resistivity. The cross section of the ring '
isa3mby4m rectangle as shown in Figure 1. We; will let the transmitter-receiver offset (a in
Figure 1), borehole-to-conductor distance (b in Figure 1), vertical distance between the
transmitter and the top of the gonductor (c in Figure 1), and the conductivity contrast (s,/s3)
vary and find Qufhow the LN approximated vertical magnetic field compares witﬁ the result
obtained from the full ﬁnite-element method (FEM). Unless otherwise indicated the frequency
used is 100 kHz througho’ut. Figure 2 shoWs the compérison in the secondary vertical magnetic
field between the FEM (solid and broken lipes) and the LN solutions for three different
transrhitter-receiver éeparations. We chose center of the body as z=0, and plots héve been made at
ﬁhe transmitter—receiver midpoint. Conductivity contrast used is 10, and the borehole-to-
conductor distance is 3 m. For all three separations; 4 m, 6 m, and 8 m, two solutions agree very -
wéll. More anomalies can be observed in the imaginary part. The anomaly also gets stronger
for shorter soﬁrce—receiver separations. At the separation of 4 m the imaginary part of the
anomaly is 2.0x10™ Amp/m; and it is about an 8% of primary field is 2.48x 10'3 Amp/m (not

shown here). Next, we consider responses by varying the borehole-to-conductor separation,

10




while the conductivity contrast and transmitter-receiver separation are fixed at 10 and 4 m,
respectively. When the _separation is small we anticipated that the LN approximation may not
be as good, because the rapid changes in the eleetric field in the vicinity of the transmitter is net a
favorable condition for LN approximation. Figure 3 confirms this is indeed the case. For the
separation of 1 m; we see significant difference in the peak values of the real part between the
FEM and LN solutions. The difference is less in the imaginery part. We are also interested in
the quality of the LN solution when theconductivity of the body is increased. With the
transmitter-receiver separation, borehole-to-conductor distance, and the transrtlitter to the top of
the conductor distence fixed to 6 m, 3 m, and 4.5 m, respectively, the LN approximation is very
good up to a conductivity contrast of 200 (Figure 4). The imaginary part ot’ the LN solution
starts deviating from the FEM selution beyond conductivity contrast of ?OO, wItile the real part
still shows good agreement. Finally, the comparison is made for responses in frequency.
Conductivi‘t}-/ contrast, transmitter-receiver separation, and borehole-to-conductor distance are

" fixed at 10, 6 m, and 3 m, respectively, and the FEM and LN solutions are obtained for
frequencies ranging from 200 Hz to 80 MHz. Two solutions show good agreement all the way

“up to 2 MHz (see details on the right of Figure 5).

Based on the encouraging results of the LN approximation, we decided to proceed to vimplement

11



the single-hole EM inversion. The measurement position is in the same borehole as the
transmitter, so the radial distance p is zero. Upon dividing the inhomogeneity into K elements,

the secondary magnetic field at the i-th receiver position in the borehole may be written as
: ‘ K -
H}, = - 2miop ) A, Y, By [[ G (0, 2,-2)p'dp ' dz', | (12)
k=1 S

where the subscript £ denotes the value at the k-th element. The corresponding Green’s function

for the magnetic field may be deduced from the electric field Green’s function, equation (8), as

. . 1 > ‘"blzi‘z'| o
G"(p'z-z")= pr— [E — A%, (Ap")dA. C(13)
) 0 b .

For the inversion, the sensitivity of the magnetic field with respect to the change in conductivity
. can be easily-obtained from equation (12). Taking derivative of the data with respect to the j-th

conductivity parameter, and neglecting the dependence of the ¥ ; on Ag,, the sensitivity

becomes

12




a s . 1 [) ] | 1 |
S~ Hi =~ 2miony By, £ j GV (p',z,-z")p'dp'dz', (14)

J
which can be easily evaluated by integratirig over the j-th element.

The inversion procedure starts with the data misfit "Wd {H(c)-H d}llz , where all

subscripts and superscripts have been dropped except for the subscript d denoting data. The

~

data weighting matrix W, is used to give relative weights to individual data. If we allow a
perturbation 6 to the conductivity the misfit will take a form "Wd [H (o +d0 ) -H, ]"2 , and

the total objective functional may be written as
o=|W,[H(c+80)-H,] +A|W,d0] . | (15)

The second term is added to impose a smoothness constraint. W,

' is a weighting matrix and A
is the Lagrange multiplier that controls the trade-off between data misfit and the parameter
smoothness. Expanding the misfitin 8o using the Taylor series, discarding terms higher than

the square term, and letting the variation of the functional with respect to dc equal to zero, we

obtain a linear system of equations for the perturbation dc

13



(ITW] wdjuwj W, o =-J"W'W, [H(o)-H,]. | - (16)

Here, the ‘entries of Jacobian matrix J are the sensitivity function given in equation (14). | The
stability of the inversion is largely controlled by requiring the conductivity to varyv smpothly.
Larger values of A result in smooth and stable solutions at the expense of resolﬁtibn. It even
allows for the solution of grossly undérdetermined problems (Tikhonov and Arsenin, 1977). In
our single-hole inversion study, the Lagrange multiplier A is progressively selected in tﬁe
inversion pfocess. The selection procedure starts with executing a given number, say nl, of
inversions using »/ different mﬁltipliers that are spaced appropriately. The same Jacobian is
used at this step.  As a result n/ updated parameter sets are produced, followed by n/ forward
model calculationsvresulting in n/ data misfits. Arhong these, we éhoose the model and parameter
A giving the lowest data misfit. In this selection scheme, integral eqﬁation (IE), or an approximate
IE, modeling is quite attractive in spéed because the Green’s functions, the most time consuming

part in IE methods, are repeatedly re-usable throughout the selection procedure.

To evaluate the performance of the extended Born inversion using LN approximation, we

chose a coﬁdhctivity model shown on the left of Figure 6. The model consists of two, one

14



_conductivc (1 S/m) and the other resistive (0.01 S/m), cylindrically symmetric bodies in a wholé
sp.ace of 0.1 S/m. A finite-element modeling (FEM) scheme is used to generate synthetic data.
Using a vertical magnetic dipole as a source, vertical magnetic fields are computcd at five source- '
receiver offsets of 4 m through 8 m at three frequencics of 12 kHz, 24 kHz and 42 kHz. Using
'3-digit synthetic data generated by FEM, .the inversion is started with anvinitial model Qf 0.25 S/m
* uniform whole space. In this test we used nl=3 in each iteratiori to select parameter update and
Lagrange multiplier. After 6 iterations, the two bodies are clearly reccnstructed as shown on the
right of Figure 6. The recovered conductivity is found to be nearly the same in the conductive
body but is overestimated in the resistive body. The inversiop process is q;ite stable as shown in
Figure 7, where the misfit in rms misﬁt decreased from the initial guess of 0.478 (not shown) to
under 0.01 after 8 iterations. The rms misfit of 0.01 is assumed to be a target misﬁt level .because
the error level in the synthetic responses is estimated to be about 1 %.

Electromagnetic Inctruments Inc. (EMI) conducted ; ﬁeld test. of the newly built Geo-
BILT tool at Lost Hills oil field in southern California operated by Chevron US_A in May 2001.
LBNL obtained the data to evaluate them for future development of the 3-D approximate
inversion scheme. As part of the final evaluation of 2-D inversion code, we conducted inversion

of the data using only the M,-H, data (Figure 8) and the result is shown in Figure 9. Initial model

used is 0.25 S/m uniform whole space, and after 6 iterations the rms is reduced to less thém 1%

15



F igure 10). The conductive zone neaf the borehole in all depths éppears to be an artifact. This is
apparent if we comparé the 2-D inversion resuth with that of a 3-D inversion (Wilt et al., 2002) of
- the same section Shown on the right of Figure 9. The 3-D inversion used all three-component
magnetic fields as data from vertical magnetic dipole sources along the borehole. The 3-D
result shown here is only one cross section (eaéting direction) a_cross the borehole, and it shows
resistive zone around the boreho_le at the depth of 1680 ft. Similar registive zone appeared at the
same depth after 2™ iteration of the 2-D inversion. F uﬁher iterations reduce the rms but;
because of the overfitting, artifacts started to appear as is apparent from the result of 6_th iteration.
Further indication of the overfitting can be seen in Figure 11 in which the magnetic fields
generated from inveﬁed model ére shown to be perfectly fitting with the field data. Here, only the
imaginary part is compared because the real part has very little anomaly. Computing time
réquired for thg 2-D approximate inversion is about 30 minutes cofnpared’ tq 3to5 days for the 3-

D inversion on a PC computer (Wilt et al, 2002).
Conclusions

A bomputationally efficient inversion scheme has been developed using localized

nonlinear (LN) approximation to analyze EM fields obtained in a single-hole environment. The

16




medium is assumed to be cylindrically symrhetric' about the borehole, and to maintain the
sMetw vertical magnetic ldipole source is used throughout. The efficiency and robustness of an
inversion scheme is very much dependent on the proper use of Lagfange multiplier, which is
often provided manually to achieve a desired conver_gence. We have developed an automatic
Lagrange multiplier selection scheme, which will enhance ihe utility of the inversion scheme in
handling ﬁe}d data. The 2-D inversion scheme was tested using field data and the result was
compared with the conductivity image generated by a 3-D_ inversion with a reasonable agreement.
F or an approxirpate inversion scheme such as the one developed here, one needs to be céreful not

to overfit the data to avoid undesirable artifacts in the reconstructed image.
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Figure Captions

Figure 1. A cylindrically symmetric model. The inhomégeneous .body with a cross-sectioﬂ of 3
by 4 m is cylindrically Symmetric about tﬁe borehole in which source and receiver are
inserted. The parameters a, b, and c represents the. squrce-receiver, horizontal hple-body and
v-ertical source-body séparations,’ respectively.

Figure 2. The effect of source-récéiver separation on the vertical éomponent of éecondary
magnetic ﬁelds.. Operating freqqency is 10° Hz. The 0.1 S/m body is located in a wholg space
of 0.01 S/m at 3 m horizontally away from the borehole.

Figure 3. The'effect of hqle-bod& separation _.on thé vertical component of éecondary magnetic
fields. The operating frequency is 10° Hz, the conductivity contrast between body énd
background is 10, and thg source repeiVer separation is 4 m.

.Figure 4. The effect of operation frequency on the secondary magnetic fields. The soufée-reCeiver
separation is 6 m. The 0.1 S/m body is located in a whole space 0f0.01 S/mat3 m
hdrizontally away from the borehole.

Figure 5. The effect of conductivity contraét between body and background on the secoﬁdary

: magnetic fields. The ope%ating frequency is 10° Hz, the source-receiver scparation is 6 m and

the horizontal hole-body separation is 3 m.
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Figure 6. Inversion of synthetic model. The model (left) uséd to calculate synthetic data for
inv-crsion test consists of two bodies, of 1 S/m and 0.01 S/m, located in a whole-space 6f 0.1
S/m. An image of two conductors reconstructed from the synthetic data after 8th iteration.

Figure 7. Convergence in rms for the synthetic model inversion.

Figure 8. Vertical magnetic field data obtained iﬁ the borehole OBC1 at two offsets, 2 m and 5 m,
at the frequency of 6 kHz. Source used is vertical magnetic dipole. These data sets are used to
image electrical resistivity as shown in Figure 9.

Figure 9. Resistivity imaging derived from the 2-D inversion of data obtained from Chevron
USA. The model. started with uniform conductivity.of 0.25 S/m, and after eight iterations, the
misfit in terms of rms (shown as fractional numbers after the number of iteration»shown at
the top of each image) converged to about 1%. The image shown on the right is from a 3-D
inversion of three-coniponent data with vertical magnetic dipole source (Wiit et al., 2002)

.Figure 10. Convergence in rms misfit and associated Lagrange multipliér as a function of
iteration during the inversion of field data.

Figure 11. Comparison of field data and inverted model responses in the imaginary component.
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Figure 1. A cylindrically symmetric model. The inhomogeneous body with a cross-section of 3
by 4 m is cylindrically symmetric about the borehole in which source and receiver are inserted.
The parameters a, b, and c represents the source-receiver, horizontal hole-body and vertical |

source-body separations, respectively.
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magnetic fields. Operating frequency is 10° Hz. The 0.1 S/m body is located in a whole space of

0.01 S/m at 3 m horizontally away from the borehole.
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Figure 3. The effect of hole-body separafion on the vertical component of secondary magnetic
fields. The operating frequency is 10° Hz, the conductivity contrast between body and

background is 10, and the source recéiver separation is 4 m.
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Figure 4. The effect of operation frequency on the secondary magnetic fields. The source-receiver
séparation is 6 m. The 0.1 S/m body is located in a whole space of 0.01 S/m at 3 m horizontally

away from the borehole.
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Figure 6. Inversion of synthetic model. The model (left) used to calculate synthetic data for
inversion test consists of two bodies, of 1 S/m and 0.01 S/m, located in a whole-space of 0.1 S/m.

An image of two conductors reconstructed from the synthetic data after 8th iteration.
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Figure 7. Convergence in rms for the synthetic model inversion.
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Figure 8. Vertical magnetic field data obtained in the borehole OBC1 at two offsets, 2 m and 5 m,
at the frequency of 6 kHz. Source used is vertical magnetic dipole. These data sets are used to

image electrical resistivity as shown in Figure 9.
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Figure 9. Resistivity imaging derived from the 2-D inversion of data obtained from Chevron USA.

The model started with uniform conductivity of 0.25 S/m, and after eight iterations, the misfit in

terms of rms (shown as fractional numbers after the number of iteration shown at the top of each

image) converged to about 1%. The image shown on the right is from a 3-D inversion of three-

component data with vertical magnetic dipole source (Wilt et al., 2002)
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Figure 10. Convergence in rms misfit and associated Lagrange multiplier as a function of

iteration during the inversion of field data
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Figure 11. Comparison of field data and inverted model fesponses in the imaginary component.
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