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We derive solutions of the steady state magnetic field due to a DC current source in four types of
heterogeneous earth models. Four two-layered continuously earthed models are considered : an exponential
earth with a homogeneous overburden, a homogeneous earth with an exponential overburden, a homogeneous
earth with a linear varying overburden, and a linearly varying conductivity earth with a homogeneous
overburden. These solutions are critical to interpret the magnetometric resistivity (MMR) data. Our solutions
are achieved by solving a boundary value problem in the wave number domain and then transforming back
to the spatial domain. The propagator matrix techniques are used. The curves of magnetic field are plotted
to show the behavior of the field while some parameters are given approximately. To determine the conduct-
ivity parameter, the inverse problem is introduced via the use of optimization technique.

Key words : magnetometric resistivity, magnetic field, MMR

'Ph.D.(Applied Mathematics), Assoc.Prof., 2M.Sc.(Mathematics) Computational Science Center, Department
of Mathematics, Faculty of Science, Silpakorn University, Muang, Nakhorn Pathom, 73000 Thailand.
Corresponding e-mail: suabkul@su.ac.th

Received, 8 April 2006 Accepted, 30 August 2006



Magnetic field of direct current in heterogeneous ground
566 Yooyuanyong, S. and Sripanya,W.

Songklanakarin J. Sci. Technol.
Vol.29 No.2 Mar. - Apr. 2007

UNANYD
-~ T a [ ~
U Na agduBI waz 3uN3 Asdyan
1 < Vv 2!’ =Y ana %) (4
waudmanvadlhaszu asdlulase NanuAuuuyIIsiug
3. qUAUASUNS 1NN, 2550 29(2) : 565-573

co X - A v 4 a g 4

NIFBINL vemsANIMIHAIRAsYRY uNmanlY anzasy mAsnalihaszw assdegnileadly
X Axw G aa o ¢ & O A o X o & o A |
wulanndidnyazuddsiuguazidusy laesh mwinldvhvesiulanludnvaz 2 sugninmniinsan 4 nsdifedud

%) A o ¢ Ao o a & ~ o ¢ A Ada A
anvazmsulasundas s liheyudsnFueuimasdasausuumnii mwinllihevudanduail asaiiaud mn
i lddhevudanFuaailagnausuuui awinldheuuladFuavsmas  asainaud awih ldvhuvudadduasn
a o ~ ° du a v ~ v X a a ° v A v a o ~
lagauruuuil mmnldihwvuilanduda s wazasal aheiuaui mwihldihuuuilanieda ulasausuuul
mwnllvhuvuiledduasil wawasves wswitman nnsamlanamsuniymavevivanazerdemsuilaima
adiam a3 amemauminggmiunlidsznevlumsuiilym lasmmaasesieiiay Wemvuammniineili oz

= v U < 1 T < 1 d‘ AN v T v g L7 ! lil
1Nsasun WAL WRUSITHG INULILHANLAIZEZHITeILAIIa5Y- 9la uenmnilagadsmsmaKIngd N7

inunilymandy Ml unsammmndimesves mwinldihveslass Hdlanulanla

1y

ca a a a < a < a v oa ° - [ £
AUYIVYINYINIANUUT MAITIAUAAT A AVUSINYIA AT Nﬁ1]ﬂﬂ1ﬁﬂﬁaﬂ1ﬂ§ GRIFIGIYTGN] ﬂﬂ‘ﬁﬁﬂuﬂiﬂﬁ&l 73000

The magnetometric resistivity method has
recently become an additional electrical prospecting
technique used for finding mineral resources. This
technique is based on the measurement of low-level,
low-frequency magnetic fields associated with
non-inductive current flow in the ground. Edwards
et al. (1985) discussed a specific case where the
upper half-space is conductive seawater, as en-
countered in the magnetometric offshore electrical
sounding system. Edwards (1988) and Edwards
and Nabighian (1991) concentrated the ratio of the
magnetic fields below and above a known conduct-
ive layer to infer the basement resistivity. Sezginer
and Habashy (1988) computed the static magnetic
field due to an arbitrary current injected into a
conducting uniform half-space. Inayat-Hussein
(1989) gave a new proof that the magnetic field
outside the one dimension medium. Veitch et al.
(1990) pointed out that the general solution for the
magnetic field within a layered earth due to a
point source has not been fully explored. They,
indirectly, derived the magnetic field by applying
stoke's theorem and Ampare's law to the electric
potential. Unfortunately, these works do not supply
the amount of information about the magnetic
field that is required for many current applications.

Chen and Oldenburg (in press) derived the mag-
netic field directly from solving a boundary value
problems which was similar to the approach used
by Edwards (1988) and then discussed a homo-
geneous and a 2-layered earth model. The moti-
vation of this study is to determine if the magne-
tometric resist-ivity method may have applications
for salinity mapping in different parts of Thailand.
The continuous varying conductivity ground
profiles used in this paper are constant, linearly and
exponentially with depth.

Magnetic field due to a semi-infinite
source in a 1-dimension earth

A semi-infinite vertical wire carries an
exciting current / and terminates at the electrode
Q. The electrode Q is deliberately placed at the
interface z=z_of layer s and layer s+1. Each layer

has conductivity as a function of depth, 0;(z) with
thickness /2. The Maxwell's equations can be used

to determine the magnetic field intensity H as

VxE=0, ey
and  VxH =0E, )
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where E is the electric field intensity,ﬁ is the
magnetic field intensity and o is the conductivity
of the medium. Using (1) and (2), we have

VxLVxH=0. 3)
o

Since the problem is axi-symmetric, H has only
an azimuthal component in cylindrical coordinate
(1,0,z). For simplicity, we use H to represent the
azimuthal component in the following derivations.
Expanding equation (3) yields

19°H 9 1 oH
CE AT

1{19? 3 (19
g ?ar—z(rH)+g ? g(rH)

8(1)1 d
+—| = |-=cH)=0.
or\o/)ror

Since o is a function of depth z only, the above
equation becomes

&2_H+Gi(l)8_H+
dz° 0z ¢ 0z

*H (1\oH) 1
- 1= |-5H=0.
(8}’2 +(r) 8r) r? S

Taking the Hankel transform defined by

I:[(l,z) = IrH(r,z)Jl(lr)dr , (5)

where J is the Bessel function of the first kind of
order one, to the equation (4), we have

)

—2+(7 ! 8—H
oz oz

=)

- VH=0.
o oz ©)

1. The magnetic field response from the ex-
ponential conductivity ground profile

Soil salinity profiles frequently display
monotonically increasing or decreasing salt
concentrations with depth, z. This salt concentration
is strongly correlated with the conductivity of the
ground and frequently can be represented by an
equation

o(z)=ae", (7)

where a and b are greater than zero and
n €{-1,0,1}, and hence the equation (6) becomes

J0*H oH -
—nbZE - RH=0.
Jz " Jz ®)

The solution of (8) is
H(A,z) = Ae”* + Be® *, ©)

where A and B are arbitrary constants which can be
determined from the boundary conditions and

o= \(nb)? +4)°
2

’

and

L \ (nb)* +4X7
> :

2. The magnetic field response from conduct-
ive homogeneous ground profile
For the constant conductivity profile, the
equation (6) becomes

JIH

Faa NH=0,

(10)

and the solution is
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H(A,z)=Ce™ +De”, (11)

where C and D are arbitrary constants which can
be determined from the boundary conditions.

3. The magnetic field response from the linearly
conductivity ground profile
For the linearly varying conductivity ground
profile, the equation represented the variation is
denoted by

o(z)=a(l+nbz)",

where a,b>0,n € {—1,1}, and m €{0,1}. Putting
0(z) to the equation (6), we now have

o’H
oz

and the solution is

H(A,z)=0o"(z)
[EL,(Aa(z)1b)+ FK_(Aa(z)] b)]. (13)

where E and F are arbitrary constants which can
be determined from the boundary conditions. / and
K are the Modified Bessel functions of the first
and second kind of order p. o(z)=1+nbz and
p=(1+m)/2

sinh(Az)

Two layered earth models

Although stratified models are often relevant
and can usually be applied to real geoelectric
structures, few treatments of continuous geoelectric
structures have been presented. Although stratified
models with a large number of layers can represent
identically a continuum's response to surface
measurements, numerical computation usually
takes quite a long time. A better way to handle
certain continuous structures might be to solve the
equations directly for the desired structure. In our
work, we design the model as a two layered earth
structure.

1. An exponential earth with a homogeneous
overburden
In the case of an exponential earth with a
homogeneous overburden, we denote the conducti-
vity of the ground as

o(z)=a, 0<z<h,

O'Z(Z) — aenb(z-h)’

z>h,
where a, b >0 and n € {—1,1}. The magnetic fields
in the first and second layers after using the

boundary conditions at the interfaces are obtained
from (10) and (8) as

- 1
H (r2)=] *{m [l ~ sinh(Ah) = cosh(Ah) [ &

o (z—h)

]}Jl(%r)dk, 0<z<h,

H,(r,2)=| A

where 6 = o/ A.

2A(1—tanh(Ah)d")

J (Ar)d\, z> h,
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2. A homogeneous earth with an exponential overburden
In the case of a homogeneous earth with an exponential overburden, we denote the conductivity of
the ground as
nbz
o()=ae ,0<z<h,

o(z)=0/h), z>h,

where a,b>0 and ne {-1,1}. The magnetic fields in the first and second layers after applying the boundary
conditions at the interfaces can be obtained from (8) and (10), respectively, as

I eofz _ ea+z

H,(r,z)= Ix 57 {1— = 5+)e°‘+h:| J.(Ar)dA, 0<z<h,
I (5—60(11 _ 5+ea*h)e—x(z—h)

H,(r,z) = Ix 5T J.(Ar)dA, z>h,

1+8)e" " —(1+8)e”"

where §-=¢ /A and §*=a" /1.
3. A homogeneous earth with a linear varying overburden
In the case of a homogeneous earth with a linear varying overburden, we denote the conductivity
of the ground as
0(z)=a(l+nbz), 0<z<h,

o(z)=o(h),z>h,

where a,b>0 and 7 € {—1,1}. The magnetic fields in the first and second layers after applying the boundary
conditions at the interfaces can be obtained from (12) and (10), respectively, as

< [T [ @I (Aa(z)/ b)- 8K, (Aelz)/ b)]
H,(r.z)=] l{zm - ()T +3K) }}Jl(mdx’ O=z=h
[ 1 [d(Rah) ) b)+ 8K, (Rah) /b

where / and K are Modified Bessel function of the first and second kind of order V . 6=1 (Mb)/K (A/
b),0i(z) =1+nbz, I" =nl (Aot (h)/b)+1 (Act (h)/b), and K= nK (Aat (h)/b)-K (Acx (h)/b).
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4. Alinearly varying conductivity earth with a homogeneous overburden
In this case, we denote the conductivity of the ground as

c()=a, 0<z<h,

0,z) = a(l+nb(z-h)), 2> h,

where a >0, n = 1 and b > 0. The magnetic fields in the first and second layers after applying the
boundary conditions at the interface can be obtained from (10) and (12), respectively, as

sinh(Az)

o 1
H,(r,2)= {l[zm {1 = SinhCAR) + coshOAK (A TH) T K, (A TB) H’WW’O sz=h.

o(z-h)K (Ao(z-h)/b)

Hy(r.2)= {’1[27;/1 (K,(A1D)+tanh(Ah)K, (A /b))}’l(’mdl’ph'

Numerical experiments

In our forward model examples, we compute
the magnetic field due to direct current source on
the ground surface of the 4 models in the previous
section. The models are applied a current of 1-
Ampere, injected by the probe length of 1 meter
perpendicular to the ground surface. The depth of
overburden for the entire example models is 1
meter under the ground surface. The conductivity
used for the first example model is 0 (z) = o

-0.1960475832(z-h)
for overburden and o,(z) = e for the
second layer. The conductivity used for the
second example model is 0,(z) = e for
overburden and o,(z) = 0,(1) for the second layer.
The conductivity used for the third example model
is 0/(z) = 1-0.1960475832z for overburden and
o,(z)=0(1) forthe second layer. The conductivity
used for the last example model is 0/(z) = o
for overburden and 0,(z)=(1-0.1960475832(z-h))0,
for the second layer. The results are performed as
the graphs in Figures 1, 2, 3 and 4, respectively.
The graphs show the behavior of the magnetic field
against source-receiver spacing (r) at different
depth. The curves of each model at the same depth
are not too much different, but they are quite

different with varying depth. The magnetic field
intensity drops very fast as we increase the source-
receiver spacing to 10 meters.

In our inverse model example, we simulate
reflection of radiation data from our forward model
by injecting the 1-Ampere of current to the ground.
The conductivity distribution below the ground
surface is assumed to be continuous and depends
only on depth. In our example, the model is given
by

-0.1960475832z

o(z)=e ,0<5z<1,

o(z)=0/(1) ,z> 1.

The forward model to simulate the set of real
data generates the magnetic field. Superimposing
a Gaussian relative error to the 3 per cent level
perturbs the theoretical values. The associated errors
can be regarded as realizations of normal random
variables with zero means and variances Si2 =1,
2,..., m. Table 1 shows the result from our pro-
cedure. We start the model with initial guess b=1
and n = -1. The result from our procedure con-
verges to b = 0.1960475832 which is the true
value after using 7 iterations only.
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Figure 1. The behavior of magnetic fields (from model in section 3.1) against
r at different depth z = 0, 0.2, 0.4,...,3.2,3.4
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Figure 2. The behavior of magnetic fields (from model in section 3.2)
against r at different depth z = 0, 0.2, 0.4,...,3.2,3.4
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Figure 3. The behavior of magnetic fields (from model in section 3.3)
against r at different depth z = 0, 0.2,
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Figure 4. The behavior of magnetic fields (from model in section 3.4)
against r at different depth z = 0, 0.2, 0.4, ...,3.2,3.4

Table 1. Successive iterates using initial estimates for n = -1, b = 1.0 in an exponentially
decreasing ground profile with true values being n = -1 and b = 0.1960475832

i 0 1 2 3 4 5 6 7

b 1.00000 0.49665 0.19601 0.19664 0.19664 0.19664 0.19604 0.19604
0000 6754 4757 7589 7583 7584 7583 7583

AH 03713x  1.6661x 5.0911x 4.6283x 7.7139x 3.0855x 3.8569x 5.5523x
10° 10° 10" 10" 10" 10" 10" 10"
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Conclusions

In this paper, we conducted a method to
explore the parameter of the conductivity of ground.
The method used the integral transform technique
to produce the magnetic field which can be
computed easily. The magnetic field is plotted
against source-receiver spacing (r) at different
depths and these can be used for comparing with
the observed magnetic data to identify the earth
structure. The inversion process is used to find out
the parameter of the conductivity of ground. The
Quasi-Newton method is used to construct the
iterative procedure. The method produces a good
result and shows the robustness of the procedure.
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