SAPIENZA

UNIVERSITA DI ROMA

Environmental Geophysics

Giorgio De Donno

4. LFEM methods

Basic principles
Slingram method

“‘Sapienza” University of Rome - DICEA Area Geofisica

phone: +39 06 44 585 078
email: giorgio.dedonno @uniromal.it



Low-frequency electromagnetic (LFEM) methods
R

Low-frequency electromagnetic (LFEM) methods are geophysical
prospecting methods based on the EM induction theory
(Faraday and Ampere's laws)
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Comparing HFEM and LFEM
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LFEM method - EM induction principles

o)

Ampere’s law neglecting polarization:| — > 1 | DIFFUSION

VXH= +/a£
=] ot

WE
An electric current I flowing in a

piece of wire will induce a normally-

For a circular coil  gjracted magnetic field (according

having radius r:

Hol
B =——
21

Faraday-Lenz’s law

VXE= JB

- Ot
0D,
T T ot

7

For two
adjacent coils:

to the Biot-Savart law). If the electric
field is variable with time, also the
magnetic field will be variable.
Otherwise, it will be stationary.

Only a temporal change in o
the magnetic field can BwW\7

induce an electric current
on a coil thus exhibiting an
electromotive force (e.m.f.
or ¢) at its ends

ol Mutual inductance

&y = _M1,2 E [Henry - H]:[kg-mZ/(SZ.AZ)]
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LFEM method - coil approximation
e

INPUT Transmitter (T) Receiver (R)
AC current in the T coil

I+ (t) = Isin(wt)

A

Iy . . Mg L —
\/5\\/ ; f<’ff€\ 7‘j>=8¢ o
\ "

€ ' Mrc
' A:\ 7\ Primary ’
\/ | \/ \ ? magnetic field
Secondary
~ 7% magnetic field ; (t)
ouTPUT R%[¢ Conductor (C)

Induced e.m.f. in the R coil
(er) due to the EM induction
of both the T coil(e%) and e N\

the buried conductor C (&3) ASSUMPTION
The conductor can be approximated
er(t) = b (t) + &5 (t) by a coil itself having a resistance R.
We are negleting self-induction.

eg(t) = Acos(wt — Ag) \_ J
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LFEM method - coil approximation

T R
GEE
1. AC input current in the T coil— variable magnetic field (primary) 4
I:(t) = Isinwt surface [7(t) O:s
Primary
magnetic field
R C
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LFEM method - coil approximation
e

1. AC input current in the T coil— variable magnetic field (primary)

I;:(t) = I sinwt

surface I7(t) v

Primary
magnetic field

Eq
dlp(t
ef(t) = —Mrp ;t( ) = os wt R C

2. Induced e.m.f. in R due to the primary field —
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1. AC input current in the T coil— variable magnetic field (primary)8<1

LFEM method - coil approximation . P

surface I ()

I;:(t) = I sinwt
Primary MT.C

2. Induced e.m.f. in R due to the primary field magnetic field
Secondary

P
p dl(t) e =~ magnetic field R C
er(t) = —Mpp—== @ 0s wt

3. AC eddy current in C due to the primary field — variable magnetic field (secondary)

0l;(t M
ef(t) = RI(t) = =M gi ) = —wMry ¢l cos wt |$ I(t) = —w%lcos wt
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1. AC input current in the T coil— variable magnetic field (primary)8<1

LFEM method - coil approximation . P

surface I ()

I;:(t) = I sinwt
Primary MT.C

2. Induced e.m.f. in R due to the primary field magnetic field
Secondary

e - ic field
aIr(t magnetic fie
£R(0) =~ 229 = Cobip hcosa

3. AC eddy current in C due to the primary field — variable magnetic field (secondary)

0l;(t M
ef(t) = RI(t) = =M gi ) = —wMry ¢l cos wt |$ I(t) = —w%lcos wt

4. Induced e.m.f. in R due to the secondary field
||

0l () .
ep(t) = —Mc g % =1n(wt)
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1. AC input current in the T coil— variable magnetic field (primary)

LFEM method - coil approximation . P

I;:(t) = I sinwt surface I7(t)
. . . Primary MT.C
2. Induced e.m.f. in R due to the primary field magnetic field
Secondary

P <] - tic field
I magnetic fie
ef(t) = —Mrp ;t(t) = os wt 8

3. AC eddy current in C due to the primary field — variable magnetic field (secondary)

0l;(t M
ef(t) = RI(t) = =M gi ) = —wMry ¢l cos wt |$ Io(t) = —w%lcos wt

4. Induced e.m.f. in R due to the secondary field

|5R|

d1¢(t) .
ep(t) = —Mc g % =1n(wt)

5. Observed e.m.f. (sum of the two contributions), scaled by the magnitude of known primary e.m.f.

u el
SR(t) % OS((,()t) + | I;| Sln(a)t) =A COS((,()t — A¢) |€T|
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LFEM method - observations and theory

OBSERVED E.M.F. - What we measure is amplitude and phase shift of the e.m.f.
in the receiver (normalized by the primary e.m.f.)

S
e9B%(t) = cos(wt) + % sin(wt) = A cos(wt — Ag) osa)t ina)t

SgBS =P+ lQ P(Re)]T Q (Jm)
Im a |gl‘§| Ii
I, P(Re Im) = —- :
AAW Phase Quadrature e | | A
’ > t component N S/
P Re con;gzrlm_en (effect of the A /\ N
resistor) \/ \/ \ t
IMAGINARY
S
THEORETICAL E.M.F. - HOMOGENEOUS GROUND T St

For homogeneous ground having conductivity o, we can derive the magnitude of the
ratio z_s directly from the Biot-Savart law for a fixed distance s between T and R coils:
P

S
OMOGl — ||§P|| — YZZSZ [9 _ (9 + 9]/5 n 4]/232 + ]/SSS)Q_YS]) Where yzsz = l'O"U.()(USZ

|ex
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LFEM method - observations and theory

I
ASSUMPTION: low induction numbers B - 1Exam_|o:)e1 :
Neglecting self-indugtaznce of the ground (0= 5_; 0_0 Qr?r;)c,yu_o=.4n-/1 r8_7 H/m
yes
B = Sm( > ) <1 5
~38 — MH
WO oS> 2 ©® LG A10-71 8 — 800 MHz
K1- w<K
2 US>

For a homogenous medium we get a simplified expression for low B:
2 . OBS
HOMOG| .OUowS I:'; Measuring the quadrature I::) _ 40
[ e [~ 1+i 4 component of the e.m.f. 7 T ws?

For a real medium the expression for the ratio *5/¢, is

much more complicated. Therefore the correct 4QOBS
approach is to measure the quadrature component of UC?BS - <
the (scaled) e.m.f., thus vyielding an apparent ,Ltoa)S2

conductivity value ¢955

G
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LFEM Slingram method - observations
GEE

In the Slingram method T and R are located at a fixed distance s

Survey direction (x)

[

S i 4 OBS
OBS Q
Ny X Secondary field normal to 04 = >
) 1\ Rx the axis of the Rx loop UoWS
(a) - : = 4

y ]
mm

K\ /
! N -

AT | £0BS| 4
condu(h R Q
A
LKA XZ
M . \ R
b — e
d\
Primary field normal to the g
axis of the conductor  *, X .
vV 3 . . .
() gy i SN In this case we will have a negative
apparent conductivity value where the
“ anomaly is located

conductor

[
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LFEM Slingram method - Dol

G s
Acquisition mode
& &

» HCP: Horizontal Co-Planar (vertical magnetic field) — !

» VCP: Vertical Co-Planar (horizontal magnetic field) M

4

g,
Vertical Dipole Mode ! Max HCP sensitivity
% % 2 ..
Tx Rx /\ /-\
Mia? HCP ——
1.5 VCP ——

Depth
sensitivity

)
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Depth
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Giorgio De Donno - 14



LFEM - Slingram method
o

Northing [m]

Apparent conductivity/resistivity map
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L
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Landfills
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Electromagnetic terrain conductivity map (in mS/m) of Laurel Ridge Landfill,
Lily, Kentucky (in feet). The higher conductivity values (>40 mS/m) represent
areas of buried waste. &
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LFEM - Slingram method
o

Apparent conductivity/resistivity map

Utilities mapping: the absence of negative apparent conducivity values is
related to over-filtering of good data
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LFEM — Other EM systems

Airborne (helicopter-borne) EM Waterborne EM
SKkyTEM

Digital ——p
video camera

Generator

" line distance

TEM receiver — Land (bac kpack) EM

Transmitter
coil ———

TEM receiver coils ——s
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LFEM - Airborne EM
e

SkyTEM
Mapping the aquifers of the whole Denmark
Difference between borehole and geophysical LFEM data

Figure 1 - Map based on 518 boreholes Figure 2 - Map based on 1,400 TEM soundings

FITEMET TR
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LFEM Slingram method - Example (exercise n.7)
e

[Car-fluff landfill (central Italy) }

Aerial view A-A’ cross-section

Covering soil

A i
A, -
T A AT T B SN

The investigated area (225 x 80 m) is a closed
landfill, where both leachate and biogas are also
collected: although low the organic fraction (and
biogas production) is produced from the degradation
compounds of car textiles.

Main goal: detecting unwanted biogas upwelling
flows outside the landfill
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LFEM Slingram method - Example

frequency=10 kHz

\ Apparent conductivity map \
50 . —t - | "

ERT and GPR
main lines

i7% Gpr E M
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2015
(end of
GPR B =M Summer)

== ERT and GPR
I3 1 *
""" ERT main lines

[ Monitoring seasonality effect ]

Both data-sets display a

similar behavior in terms of

resistivity: a high-resistive

zone corresponding to the  January
elevated area and some 2,015
changes among the different (winter)
seasons, owing to the
different soill moisture
conditions.
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LFEM Slingram method - Example

[ Apparent resistivity map ] [ Aerial view ]
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The high resistivity zone, included within the white rectangle (in detail
in two blue rectangles) corresponds to the dry area in the aerial view,
indicating the biogas effect on the covering soil
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