Setting Moving FDEM systems in EMIGMA Monday, June 23, 2025

EMIGMA Manual:

Specifying system geometry, Specify and EM/IP/Resistivity System ; Specifically: Specify separation, To specify the coordinate system

Controlled Source Inputs entire section down to the beginning of Chapter 111

Normally, the Horizontal coordinate system is used for such systems in EMIGMA.

Coordinate system

v )

A

Horizontal Coordinate System

o_direction of unit vectors change with profile direction

o X and Y are horizontal and Z is up.

o X is directed parallel to the tangent of the profile at each
station.

oY is perpendicular to the tangent at each station

o the station locations are your normal GPS or grid values

Transmitters and Receivers
i ®

System Components

o_the transmitter and receiver are both wound coils

o acurrent is injected into the transmitter coil and this
produces a magnetic moment.

o the magnetic field caused by the transmitter and the ground
running through the receiver coil produces a voltage which is
output

o the voltage output can be converted to a value of magnetic
field coupling with the coil if desired

o the measured magnetic field is aligned with the moment of
the receiver coil

o mathematically the source and receiver are defined as point
electric dipoles — this is satisfactory as the coils are small with
respect to the tx-rx separations 1
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Data Processing
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Instrument Aspects

O a square wave current of a certain frequency is injected into the
transmitter

o the fundamental harmonic of this boxcar is extracted in the receiver
which produces a real part and an imaginary part

o the real part is inphase with the current in the transmitter

o the imaginary part is out of phase with the current

Inphase —a common name for the real part of the output
Quadrature —a common name for the imaginary part of the output

Normalization

o the strongest field is that directly from the transmitter which

contains no part of the ground response

p“ ma o this direct (primary) field is inphase and can be computed if the coil
strength and the current are known

o this primary field is removed from the output voltage either by

computation or by the use of a bucking coil (e.g. airborne systems)

|e| o the remaining voltage is the ground response

o the remaining or secondary voltage is then divided by the primary

voltage which was previously subtracted

o the resulting voltage output is then dimensionless

o depending upon the manufacturer the resulting voltage can be

adjusted to different units

Normalization

N
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Tx-Rx separations in EMIGMA

Horizontal Coordinate System

Y o_direction of unit vectors change with profile direction
o X and Y are horizontal and Z is up.
pS o X is directed parallel to the tangent of the profile at each station.
oY is perpendicular to the tangent at each station
profile direction o the station locations are your normal GPS or grid values but are the

(0,0,dz) _ locations of reference point on the moving system for computations

’\ _- o these conventions are for the source and receiver dipoles as well as the TX-
) - RX separations

Q" - - - - - -
@"yf o separations may be defined as any ( dx,dy,dz) with respect to the profile
S _- direction
%‘, -~ inline separation o transmitter leads receiver is positive convention
S
~ =~ crossline separation
Example

o_TX is a horizontal loop or vertical magnetic dipole

o RX'is a magnetic coil with axes in the X-direction

o RX'is 5m in front of the TX as the system moves

o RX'is 3m above the TX height w.r.t. altitude

o the Reference Points are either the TX,RX or Centre point

o the separation vector is the TX location vector minus the
receiver location vector and is constant for the survey. Thus the
software assumes a rigid TX-RX configuration

TX(X,y,)-R(X,y,2) =(dx, dy, dz) = ( -5,0,-3) 3
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Configuration Page Example in EMIGMA

RAONING SYSTERA PLOT POIMNTS

MEASUREMENT REFERENCE POINT

l RECERER SEPARATION TREMSEAITTER
LT PLOT
At Carrhar AF Transrnitter
Foaaitonm Posiion
Fizure 2-&

The station coordinates refer to Data Reference Point on the TX-RX frame
o 1: Centre Point 2: Transmitter 3: Receiver
Historically, data for moving systems was referenced at the center point between TX and RX as this was
inherited from resistivity surveys and is still common in Resistivity/IP today. For modern TEM systems, this is
not always convenient nor suitable for interpretation. In airborne EM, the reference point is almost always at
the receiver. For multi-separation TEM data, the reference point is always the transmitter. For other systems
such as dipole-dipole downhole IP, the receiver is the reference point. Often it is easier to interpret 3D
structure in resistivity/ip data when the data is referenced to the transmitter.
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Data Processing Normalization
o there are two types of systems — rigid and flexible
1 1 o in a rigid system, the tx and rx are housed in a rigid structure so
N Ormal Izatl on 2 that the separation of tx and rx is fixed — e.g. EM38, EM31, GEM2
separation oL o in a flexible system, the tx and rx are independent and connected
i rigid via a cable of some sort — e.g. Promis, MaxMin, EM34
system o in a flexible system care must be taken to ensure the cable is at the

prescribed length and the coils are coplanar

X X

separation ]
T ) /1 flexible system
|

X X

Additional Comments
O in an airborne system, the tx and rx and housed in a bird which is flexible during flight and thus normally a
bucking coil is used to reduce and normalize to the primary response
o in the PROMIS system, 3 components of the secondary field are measured simultaneously and so the coil

orientation of tx and rx should be made accurately
o in the older MaxMin system, one can measure Hx as well as Hz but the orientation of the receiver coils in both

cases must be made accurately
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Data Units
o the raw response is always calculated according to the formula below
o this ratio, however, can be expressed in various units as below

Response (Re, Im) = { Measured Voltage (Re,Im) — Primary Field }
Primary Field

InPhase Units  — Percent (%), PPT, PPM
Quadrature Units — Percent (%), PPT, PPM, apparent conductivity

Primary Field: Theoretically, this is the direct wave from the TX to the RX or what is termed the Freespace response. If calculated
this is the theoretical, low frequency field in an infinitely resistive space and thus is a real number. In practice, when bucking is

applied there will be a small imaginary part to this field depending upon frequency.

Data Units Apparent Conductivity
o it should be noted that the word "apparent” is extremely important for understanding these units
o this does mean actual conductivity, but rather the ratio expressed in terms of an approximate formula
which represents an equivalent halfspace for the ground and not the actual ground conductivity
o the formula assumes a halfspace for the ground and then only one (1) term in the accurate representation

from physical principles of such a system as discussed later.

6
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Data Units — apparent conductivity

Data Units Apparent Conductivity

o it should be noted that the word "apparent™ is extremely important for understanding these units
o this does mean actual conductivity, but rather the ration expressed in terms of an approximate formula
which represents an equivalent halfspace for the ground and not the actual ground conductivity
o the formula assumes a halfspace for the ground and then only one (1) term in accurate representation of
such a system from physical principles
o in the formula below "s" is the distance between transmitter and receiver. This formula assumes no effect
from the (1/s) term in the response (far field)
o if indeed the ground is a halfspace then the expression is most accurate when the induction number,

[ 6 wu,ys?] is small
o this approximation is also intended when the instrument is directly upon the ground and becomes
increasing incorrect very quickly as the instrument is raised above ground
o in practice with commercial systems, this approximation is reasonable for systems with 1m separation (s)
o the unit is useful only for non-scientists
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Tx-Rx separations in EMIGMA

Some Examples

o standard horizontal coplanar inline system configuration (HCP):
Tx—Mz ; Rx—Hz ; separation ( dx, 0,0)
[ EM38 - (1,0,0) , EM31 - (3.66,0,0), GSSI — (1.219,0,0)
o standard horizontal coplanar crossline system configuration (HCP):
Tx—Mz ; Rx—Hz ; separation (0, dy, 0)
o standard vertical coplanar in line system configuration (VCP):
Tx— My ; Rx—Hy ; separation (dx, 0,0)
o standard vertical coplanar crossline system configuration (broadside VCP):
Tx —Mx ; Rx—Hx ; separation (0, dy, 0)
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Configuration Page Example in emicma — EM38

Tx-Rx

System Mame |

1. System Mode
IEM.-"IF'.-"Hesthty

Trahsmitter
j Coord Sustem: Horizontal: < horizontal along profile, £ vertlcaj

System Type

IMoving Tx, Moving Fix

Separation(s] [moving system) input - |

" Fized & Moving

1. T<-DIPOLE Mz
2 To-DIPOLE
3. TH-DIPOLE Mx

2. Tranzmitter Type
& Coil ¢ Curent Dipole
 Loop ¢ Paole

—

Tranzmitter Input - |

Dipole Moment
[Ampim™2)

r Tx/F= Replacement Mode—
* fhdd = Replace

I Fultinle T Generatar,

Receiver
Coord. System:

Harizontal: ¥ harizantal along profile, 2 verticij

SEP-REF-FOINT AT CENTER
# ® Ay

1. 1.000e+000 0.000=+000 0.000e+000
2. 0.000e+000 1.000e+000 0.000e-+000

& ez s 1. R-DIPOLE Hx Ts I R [ Sep |
& Cail  Violtage Dipale | |2 B=-DIPOLE Hy
SHEEERRE | |2 e DIPOLE He 1 : ! <
© Loop € Pole ] 2 3 A Ul
3 1 \
Fieceiver Input ---> |
\ Ip/Res Spstem ‘Wizard |
< Back Mest > Cancel Help |

S/

1. Mz, Hz, (1,0,0)

2. My, Hy, (1,0,0)

3. Mz, Hz, (0,1,0)

4. Mx, Hx, (0,1,0)

System Configurations

o 1: standard HCP

o 2: standard VCP

o 3: standard HCP crossline

o 4: standard VCP crossline, broadside




Opening a database

rﬂ Programs

-

21 Documents

f@ EMIGMA d & Activate
dl ) OCTool
> ) GeoTutor Iy » G PEGeoMap

Start Dialog

2]

[y Create a Mew Database

™~

Select a Database

o~

EF% {* Dpen an Existing D atabase

\/

E S alootthw alcott_dbbw alcott mdb

Path P
More Files... /

E:\Radenko G55 _db_dbbGSS1dbomdb 2022201431
E:ATerzichTerzic_db\Terzic.mdb 2025/06/17

D-AProducthzampledatabases\ 2025_Yersions\FDEM_demo_databaze..  2025/06/04
H:\Shuttled Interp B ackup'hw alcotthha alcott_dbiw alcott. mdb

2025/06/04

[:\Producthzampledatabases\ 2014_versions\201 4preliminanMining...  2025/06/04
D AProducthzampledatabasesh 2018 VersionshFDEM_demo_databaszet... 2025/06/04
KoAShuttle?_interp_Oct2018MG5MCAVAMN Y zavan_db\cavan.mdb

H:\Shuttle3 Interp Backupialcott\HelTEM \HeliTEM_MT_Miligan_d...

H:\Shuttled Interp Backuph alcottw/esthaven' W esthaven_db\west
E:\K.encofWigionayGoldWking_Solomon_db\King_Solomon.mdb 202506404

Fot Demcdam b Tobmri =l CRANTTRA AL fmnrmm Bilmnb 80T O A ik kb = Lk helniel = n = i)

N

'.' " Check for updates

[ Use Prosy server to get updates

Or

\ Create a New Database

ok

Cancel Help #38h

Note: If Creating a new database,
It iIs recommended to put the
new database in a new subdirectory
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Importing Data - 1

Import a dataset

Usually, Yes

[ I L Il
2 Hame for Hew Project ¥ I

Type Mame far Mew Froject
|Give Me a name]

Raw Data Formats I Other Sources

- Ix

—Data Group:

“ EM " CSEM/CSAMT
" Potential Field " Magnetotelluric
" IP/Resistivity

A e Herconeer Lot ot ome - S@JECT Dipole-Dipole FEM

GTK Fixed Wing FEM [.qct or ASCII format

Cancel | Ok

AMIRA TEM

Crone [.pem or _raw format)
DigiAtlantis [.tem format]
Geonics TEM

Geonics 61

Phoenix TEM [.usf format)
SIROTEM-3

SMARTem [.tem format)
TEM-FAST [.tem format)
terraTEM [.usf format)
UTEM3 and UTEM4

Zonge GDP_32 TEM [.a¥g format)
Zonge TEM [.usf format)

D)

Geonics FE
Geophex GLN-2 [.qct or ASCII format)
Max-Min [_act or ASCIl format] j

0K Cancel | Help #B8h |

11
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T

v Importing Data - 2

Select System

GTE

PROMIS For other systems select Unknown and provide a name
DUALEM

GEM-2

G551 Profiler

Unknawn Inputs. Import Wizard Step 1. il

IGSSI Frafiler Systern Mame

Input Filename IE:\H adenko\ExampleAEMPA00__122_break.qct Browse |

& 0OCT file A5 file
ef bieader line
% | v | Line | station | MXCood | v«
0.00 .00 0.00 0.00 0.00 1. : _
0.00 015 0.00 1.00 0.00 2 Apply first Multipl
0.00 0.30 0.00 200 0.00 ix
4] | L4 I Apply first Separation
) ) Comection .
Frequency THK- Rx Dnenlathr;H Multiplier T=-Rz §$narat|on

@ [15000 z =z = I 1.213 0 o

I 10000 |z N E =l 1.219 0 ]

I [s000 |z N E = N 1.219 0

- - 1 i el Browse for
- o | = = I i i i .
g I 8 N o . .gct data file
(P [1] | = = I 0 0 0
- [ e 7 7 7
o[ a3 F— F—F P
T o | = - 0 0 0

% TxLeads Fix along Prafile

" Rx Leads Tx along Profile

< Back Mext » Cancel Help #EBh

12



Importing Data - 3

First, import your data to QCTOOL making any changes required
Then use the .qct file for importing

Inputs. Import Wizard Step 1.

A

Input Filename IE:\Hadenko\Example\EMP4DEI_1 22_break.qct Browse |
& [CT file  ASC file
Set header line | _
% [ v [ tine | Stafion | XCood | G| Chai
0.00 0.00 0.00 0.00 0.00 1. : - —
0.00 015 0.0 1.00 0.00 2 Apply first Multiplier |
0.00 0.30 0.00 200 0.00 ir
1 I I 4 Apply first Separation |
. . C ti . —
Frequency T_I:::M Fix DnentatloFTK N?SIEEHIBUP T=-Rx Sd$narat|0n -
W [15000 lz =z = 1.219 0 0 —
' [10o000 z =z = 1219 0 0 |
F7 [so00 |z =)z = [1.219 [o [o
o | = = | 0 I I
r [o [ = = 0 0 0 221
i | BN = [ I° I° |
o | = = 0 0 0 SE
- F =i g g g
r [ - N i el e
rF a3 F _F F
" TxLeads Fix along Profile B
" R Leads Tx along Profile :
I 0

< Back |

Mext » | Cancel | Help #EBh | l

If the instrument was in the list on the first page, default
settings will be made for the system configuration.
Check the system configurations and alter if required.

If the instrument was not included in the list, then all
settings must be made manually. Contact
suppori@petroseikon.com to have your instrument
added to the instrument list.

In this case, there are three instrument configurations.
All three are HCP and thus the dipole settings are Z for
Tx and Z for Rx. All three configurations have the same
separation between Tx and Rx at 1.219m. But, each
configuration is collected at a different frequency. This
interface allows you to define any dipole-dipole
instrument configuration.

Transmitter and Receiver location on the instrument is set by using the two choices on the lower left. If
you are only considering doing 1D inversions, this issue is not relevant but for 3D modeling and 3D
plate inversion this issue is critical. The Tx is usually at one end of the instrument and the Rx’s are
located down the instrument. Whether the instrument is carried or pulled with the Tx in the front as you
move or behind is being defined by this selection.

13




Importing Data - 3b

x|
Input Filename IE:\Hadenkn\Eﬂample\EMPdDEI_‘I22_hreak.qu:t Browse | In this case. the instrument is in VCP
0 eler (T ® 5] _ mode with a broadside separation. Thus,
" v 1 Lm | Swion | XComd | vo= [eern | the instrument is turned on it side towards
0.00 0.00 0.00 0.00 0.00 1 Ao it Moo | the direction of movement and held
0.00 015 0.00 1.00 0.00 2 PRl first ultiplier ; ; ;
000 030 100 200 000 _3|;| perpendicular to the direction of traverse.
1] | L4 Apply first Separation |
Frequency T'I::::-: 5H] Drientatioﬁux Erﬁ{:lﬁ;ltiizp T« -R= §$naration
v [15000 = = fx = 0 1.219 [o
v [10000 = = fx = I 0 1.219 [o
¥ IEDDD [ R | |1 |D |1_219 |u
r |u | =l | =] |1 ID |u |u
r [ i | I [ [ I
r |u | =l | =] |1 ID |u |u
r |u | =] | =] |1 ID |u |u
r [ = [ I

Note 1: Dipole orientations may be X,Y, or Z. These are in reference to the ‘Horizontal” co-ordinate system
(Manual). For example, Z-Z is horizontal co-planar and Y-Y or X-X or vertical coplanar. Y is perpendicular to line
and X is tangential to the line.

Note 2: Separations may be dX, dY or dZ. dX is along line while dY is across line. For example, a dipole
configuration with X-X and a separation of (0,dy,0) is vertical co-planar ‘broadside’.

14



Importing Data - 4

X
File "figw: - Erafile |dentification Sting [case
nsensitive]is used to indicate
1% | Y | 3 LIME | astation | 5 < the start af a new prafile,
0.00 0.00 0.00 0.00 o TNE
0.00 015 0.oo 1.00
: [n nan nonn 2N > = Line Labe!
r Location
[ % 1% - & M- uine Delimiters
"y = T Colurnn Label  Frequency . Column Label  Frequency
— | |F F.inphase  [7iP[15000) = i FB, Inphase |—;||—|
I Lat I vI I'IEDF _“
W F1,Quadia [ 0P[15000] ¥ | I F6 Quadia | |
[~ Lon I 'I
Py — AL [101Pr1o000] 'IW ™ Chonphase | vIID_
rz [ = ¥ F-2.Quada |11 0PI - I~ F7.Ouada | |
IEI & alt - bird ¥ FZ.inphase |13IP[EDDD] 'I =000 " F-8.Inphase I vIID—
|.uz Ak e ¥ F-3, Quadra. |14 OP(5000] v[ [ F&, Quadra. | v|
. & meter
Unit & [~ F-4.Inphase I vIIU— [ F-4,Inphase I vIID—
[~ F-4, Quadra. | | ™ F-5, Quadra. | |
GPSZ I 'I
. INphase i -1, Inphase ] [—
u ™ F5. Inph I_I_F1E|Ih i
- i 1
p Ermet | esguede [ o] Emowss [ o]
Fidugial——————— Units [Inphaze] i Ui (uadrature)
[~ FID I VI = Percent = PP £ Percent * PP
= FPT = PPT = mSsm
< Back | Mext » Cancel Help 58D

Check that the import has recognized the
colum=s correctly. If the instrument is not on the
lisi, then the correct channels need be selected for
each data component and IP and Quadrature.

Set the height (clearance) of the instrument if
there is no altimeter channel. If the instrument
has GPS then a GPSZ channel should be
available. Similarly for Lat/Long and station
1abel (FID).

Check the data units for the instrument

Note:

mS/m is not an actual data unit. The data
has been converted by the instrument
manufacturer through an approximation
to this unit. EMIGMA converts it back to
the original data units. You may later
display in these approximate units.

15




Importing Data - 5

ofiles. Import Wizard Step3

You may choose not to import all profiles
or decimate the data. But, both of these
operations can be performed once
imported to the database.

In/addition, if you require sub-metre
gccuracy in your data positioning you may
wish to strip off the leading numbers of the
UTM positions. The import handles the
coordinates in double precision but the
database is a single precision data
structure.

16



Importing Data - 6

Run. Import Wizard Step 3.

— System Parameters

Survey Typpe:

IMoving T -~ Mowing Rx j

Coardinate Systems: I Haorizomtal

Separation Reference Point: I Center

Maormalization Type: IContinuous

Mormalization Divisor: IInphase

Marmalization Canvention: I PP

uut\\uu

Project Mame |Surve_l,l 2

Survey Name: JEMP4O0_122_break

— Impaort to the Databasze
Meszages:

[~ Average Duplicates

Fiun [mport

< Back

Finsh | %\L Help 8 |

Here, we are defining several important factors in
the instrument design.

Kordinate System: This is not the data location

coordinate system but the coordinate system
associated with the moving instrument. We
discussed earlier the Horizontal co-ordinate system.
But, if this were a borehole instrument then the
coordinate system would be Bhole.

Reference Location: Here, we are defining where on
the instrument the coordinates of the station are
relevant. For example, are the coordinates that of
the Tx, the Rx or the midpoint between Tx and Rx.
In this case, there is only one TX-RX separation and
thus the reference point is probably at the center. If
using an EM31-R, then your data is probably
positioned at a common Tx reference point. This is
because the data is collected from a common Tx
antennae

Normalization Divisor: Is the amplitude or inphase
or quadrature of the primary field or freespace field
being used as the normalizing value.

Run Import:

17



Importing Data - Final

jase  Wiew Data Yisualization Processing Tools  Help

|2@m Bl o5 || e v e e || @)=

™ patabase: D:\Product’sampledatabases’, 2018 Yersions'FDEM_demo_database'FDEM_dd

You will find a new Survey and then you may use Survey Editor
to check the survey positions for multiple lines

Database | Survey Heviewl Data Correctionl Data Reduction

- - - - EM31-3 San Francisco - berry shifted - Meas Freq_97_100 - Survey Editor
r Projects in Database—— Surveys in Project - -
Data Set  View Edit Tools Map Tools  Help

Jordan Water Al = — = = =
Directional Comparizor Central ﬁl EI o | [ | IEI'@' -ﬁld:lszl Qlﬁl;il’l@l“’“l@ ?lél”l{ﬁﬂl 9' KI 3@“*“2"” Ellﬁlﬁll Y i ¢E| ‘ i”
EM31-3 levee Central cleaned
Eb34 San Diego Central main Currenk Profile:
Migerl EM34 Central main smoothed ’
GEM3_AveRep X0 Central main centre pt Prafile # 1
GEM2 Jan2005 centre main CF cleaned ll— 3050 3100 3150 3200
n Fr: Central main smoathed L34 [ [-%#
E hate P 3 C o l—
Mear Surface - Clay W LINEL ,
Hear Surface - EM38 i Change Prof. Mame I ﬁ [
Geonics FEM Data Sets in Survep— B &5
b Minwith banaaae r $°
Delete Selected )
® | Location § ; L g
=3 - =3
\ Split Profile at L =
d{) | Selected Location
Delete Selected
Itl Frofile
A Sort Locations
F4 l in selected = o
Profile & 2
=2 o
o =
% | Edit Location
Coordinates
E‘! Edit Model
;____jl Coordinates
= [--]
=3 =
g g
= | Undo
n Save Changes
2 2
Settings =5 &
=] =3
Save
Load
3080 3100 3150 3200
For Help, press F1 |%: 3200.56 |v:s0882.20 |Data: 1.193551  [FID: 0.1 |Azimuth: -90.00 7
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Select Algonthm

Helicopter D ata;

Calculating Apparent Resistivity 2] coijil

&' Homogeneous hal-space apparent resistivity model

" Pseudo-layer hal-space model + Centroid depth algorithm

= | =

The approximation used on pg5 by several instrument manufacturers in their output
data is a suitable approximation under certain very limited circumstances. In this
application, for each frequency and each component, a half space inversion is
performed. This inversion is not limited to elevation or ground resistivity but is only
limited to approximating the response as a halfspace. This approach was widely used

when towed airborne FEM dominated airborne EM exploration.

Calculate the best fitting half-space p,,, for any dipole-dipole configuration
and frequency, airborne or ground. This will give you a more reasonable
estimate of the ground resistivity. The second option is for airborne data

only, fixed wing or towed helicopter.

=l
®
i r- r~ Select Components
I Ol Wz
Start Resistivity r Target Type:
IB.82238 ' Amplitude
Fit Tolerance: £ Inphase
% Quadrature
0.01
PROCESS |
Finish Cancel Help |

Calculate the best fitting half-space p,,, choose which data elements to use. e.g. for EM34
then Quadrature is default. In some cases, the real and imaginary parts of the signal get
‘mixed’ due to calibration issues. In this case, you might try amplitude.

This will process multiple components (ie. dipole-dipole configurations, lines and
frequencies. A new dataset is output containing the apparent resistivities for all stations,
lines, configurations and frequencies. [e.g. Halfspace Rho_633 ] as well as the simulated
data for the halfspace. The p,,, data may be loaded to the pseudosection tool.

80790 80800 80810 80820 80830 80840 80850 80860 80870

-Data Sets in Survey

teasured FEM ER31-3
Halfzpace Rho_B33

- 19




Plotting Data - 1

iz
ﬁl_l ( see EMIGMA tutorial for more details)

ﬂlel%é?&&téﬂ?l@@@@ Hl=] s alllie] «d|tw] oclow] o] 5[ Ht}»wt"’ﬂ

X Plotter - EM31-3 San Francisco - Central - Measured FEM EM31-3

777777 P [s00 =0 I| _I £ Depth Ciposs O D:t:ZcE
: Tz | =l | | | [T € Fidudal | Kesp Settings
i iz | El | [T
L I j I h‘ j LI Data Kind: Data hd
: LR | T F |
777777777777777777777777777777777 e [ = | = Ll I &pp Resistivity
7 [ =] = | Resistivity d = I
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 1 Sl P.., display
T | Iz | [ | I Chargeabilty. = b2 Conscart p p
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, mi [ | ] LI ™ In-line Derivative
; : ; : culd B -4 Al Clear All Select
o i | i | | : F | = = | & -
80700 80800 80810 80820 8 F B : ﬂ : i ﬂ Senera Tnformakian converts normalized data to [\ app
Fus | =l = | ( ;r—‘ " through short separation algebraic
formula (pg5)
Settings For Plot 0 T or 1 concel | Helpzen |

for apparent conductivity display:
Settings » Custom » App Conducitivity

20



Plotting Data - 2

/x|

rIndicate Channels

Abscissa

—Chan # - Frequency Prafile Position —Field — " veaxie  OF Yeawis [ Peais

i IQBDEI ﬂ I ﬂ _I  Depth € Pos# O Distance

e I j I j LI  Fiducial [™ Keep Settings

Ls | 1z = |

4 - -

- : j : j ﬂ Datakind:  [App Resistivity *

e I j I j LI ™| &pp Resis M

- & E] i Resistivity \ -

r I I _I ’7(" Real = Imaginary. ~ d IS Ia

s | E| =l | ] app
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Gridding data - 1

Interpolate to Grid, interpolate onto a regular grid

3D interpolation

=10l

Diata

: Survey Bounds

F Data Mumber

|2511
|13

1. Profile Number

Min 2 |3115.32
Max % |3192.95

Min % I 80792,29
Max ¥ I 80890.65

Min 2
[altitude) [o:24

Max 2
{altituds) Joss

n

F Select Data Select Components
xn

! Z (Altitude)

5 ’

E

7 Methad

INaturaI Meighbour - l
1)
1000

Derivative Information

Select Interpolation app

IMax Ieeration

Resalution
Factar;

% Set o zero

£ Estimate

L= I = T

€ e Input

Clde Fdy Tdz

Interpolation

Channel Interpalation
Frogress

v &l Components

Responses

Current Process

arid

Z (Alttude)

0,44

Grid Setting |
Load GEtid |

V¥ Remowve Extrapolated Points

I 1.49643

= Fast

Spatial Radius

= Slow

INTERPOLATE |

Help #EBh |

Set Grid Settings

Select Components

Select Extrapolation removal
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Gridding data - 2

Interpolate to Grid, interpolate onto a regular grid
Set Grid Settings

Show Profile
4 Details

r Input Bounds

[ show Labels

[V show Locations

A Min I 3098,99
w Max I 320354
Azimuth: I 225,545

W Min I 80792.3
I 80895.5

Total locations: I 2511

W Max

rOukput Grid Yertices Information

Select UMin: | -61.685 WMing  [-11.767
- gnd azimuth UMax: | 61,685 ¥Maxi | 11,767
- grid centre a0z a:  Joss
- inline and crossline e [em e [
resolution o ot B ool

[ For FFT

Azimuth:
Center X

Center ¥

[~ Show Grid Yertices

[ Extend For bapering
[ Show Proportionalky

I 225.545 Set Angle |
I 3151.27 Set Center |
I 80843.9 Reset Grid |

Help #5Bh |

_ o) x|
Current Profile: Current Position:
To resize or move output grid, Click+Drag red boundary line or red center.
Or use Dutput Grid settings

Y
80896 +
80870 +
80844 +

e bt
o818 ’....a""
80792 +
} } } } } X
3099 3125 315 N7 3203

Average distance between locations:

0.45

Average distance between lines:



Gridding data - 3

3D interpolation

' Interpolate to grid

Survey Bound

Data Murber: |2?g Min 3 |3453_?2 Min v |33?41_5 Min Z: IU-2
Profils Number: 11 Mari [335461 Max'r:  [89190.3 MasxzZ: [0z

- Interoolation— I_ Model
Select Data for Interpolation: S elect Components for [nterpalation: ¥ &l Comporient

5 h View Grids

Method: - 3 10 0.00]
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W A1.7BERN2 11.766812 25 0.930568
ID.2
o Ysslzu Load Gid_| I Use Spl z 0.440000  0.440000 1 0.000000
ElasE dr Bz Cancel | =
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—— Gnd Azimuth _
Data Created: IE;"'I 8/2025 10:02:47 #o|3151 2661132 [degrees) 1. Tx - Dipole Mz
FrTTEEy— R - Hz i
i o |80843.898437 L
Girid Da.ta Set o : 297, 545 Sep-1.00 0,00 0.00
INalNE|ghb0ur_B34 Change Namel . ID.43999999?8 2 Ts - Dipole Mz
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10: E34 Delete Grid | Frequencies Sep-2.00 0.00 0.00
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view grid characteristics |_l ‘ 05 e non 0o
- process and export Daasat  [Wessaed FEN EVGT
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Remove Extrapolated Points | Export Grid Exit | :
| B |
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VieWing Gridded Data - 1 EMIGMA works with multi-layered grids which means more

than one data element can be stored in a grid.

laFS

l¥iz I

Grid Presentation

Filled grid cells Grid points plus contour lines

e 1 e s e m e 0
T T

M EM31

- Processing

Vo processing selected |
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" e
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Viewing Gridded Data - 2

-
a1 IR

: ‘r_- 3D Contour
=

Dala Type: Transmifters
[Data =] [Me
Separations

#2200 0.00 0.00) -

R Tupe Fix Dipole Orientation
r r Wz T

-
r r

R Eipoles # Loop

[ |
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1 5300000000 = 5121

Responses
Total-Fiee -

Phasor Impedance Settings
C Resl o al

* Imaginamy (o o

" Amphiude
" Phase

Ratation
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1D FEM Inversion — 1

System Configuration

This example is an EM31-3 survey over a levee in the southern US.

Two Tx-Rx configurations, 3 separations all at 9800Hz

il. towed array, Tx at back of coil’s cylinder
Profiles | waveforn  TeRx | Dutput | g
System Mame System Type IMoving Tx. Moving Rz
1. System Mode rarsmilter b - . _ .
EM /AP Fresistivity hd ;nnrd S:slem' IHononla\:Xhorizonta\ along profile, 2 verticaﬂ Separation|s] [moving spstem] input - _ - - Separ:atlons R.X Ieads TX along prOfI Ie i
C Fred @ Moving 1. T DIPOLE Mz SEPREFPOINT AT TRANEMITTER _ — — = station coordinates reference is at the transmitter
2. TH-DIPOLE My # # ¥ -z
2 Transmitter Type z 1. 1.000e+00) 0.000=+800 0.000e+000
G Comenbpoe ||~ T T === 5 288 Toon S onccram
Cloep CPOe || T T e
et A | " | TX’s — instrument coordinate system - HORIZONTAL
Transmitter Input ---> L ==~ - RX,S
Tx/R Replacement Made - --" -
i 9 Rl E:zz.v;;slem: IHorizonla\: ¥ harizantal along profile, 2 verticeﬂ —Eqmpgqgm' 'FE-‘; Select All Create Comp
8 IR T [Lrcopoe: Mg [ Re | Sep |
& Cal (" Voltage Dipale | |2 FX-DIFOLE Hy é’ - 1 1 1
€ Lo C o 1 i : COMPONENTS - in EMIGMA a component is the definition of physical
2 2 1 . . - . . .
sl = 2 2 2 (geometric) configuration is this case each component consists of

E |p/Res System ‘Wizard

Tx; with Rx; with Separation,

DIRECTION OF MOTION

Prafiles Waveform | TxAx | Dulpul'

% | Freg rDomain————
1 9800.000 f+ Frequency  Static
" Spectral  Time

r Frequency Mode:
ode:
@ Add " Replace

—

* <= Add to List |

r Spectral Mode

Frequency #

Frequency value[Hz)

lnpt—————————————————
Starting sequence index [fram -1 B

to 7]
F

End sequence index
F

Murnber of harmanics to skip
over [from O ta 15)
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1 D F E M I NVers | on — 2 This example is an EM31-3 survey over a levee in the southern US.

Data Resolution

19141 19143 19145 19147 19149 19151 A survey line is shown to the left. With the system set as horizontal, the tangent to the
/| profile in the direction of motion is always defined as the x-direction, y is
perpendicular and horizontal and z is up.

A section of the profile is zoomed into and shows the average distance between stations as
\ I dx =~ 1. The separations between Tx and Rx are 1m, 2m, and 3.66m and the instrument is
elevated at 0.42 above the ground.

~
T6ST9 LBST9 TO9I9

~—
61992 61597 61602
~
~
5
-~

B

{ . N PN SxX g
| 3 / 2
N s 3 Statistical Decimation: The data sampling is too fine at 1m spacings
Average ox = 1 o / 2 particularly for the 3.66m separation configuration. In this case, we
@ I 8 suggest applying a statistical decimation. This algorithm takes data in a
5 / 2 moving window and estimates the mean within the window based upon a
ﬁ/ 3 Gaussian distribution. The value at the center point in the window is
a 2 replaced by the mean and the remaining stations are deleted. An error
z 8 estimate can be saved for each remaining station. This is performed on all
the data elements and frequencies.
19141 19143 19145 19147 19149 19151
1o]x]
Statistical Decimation: For each profile, the number of data Profiles and Locations:
stations and the average station spacing is given. Under [Profile | #Loo | Spasing | Mew | Delete Selected Profils This app is found in the data and
Statistical Decimation define your window width. In this UNEta  oa 0w 290 o model processing toolbox under
: idth | i : LNcw  S% o pm o 2ot omedese ) Survey Editing.
case, the window width is 3 stations and the new station Delets every [ location
spacing is provided (=3m). If you wish to store the estimated [=5]
variance then select Calculate Statistics.  Statistical Decimati
Delete [2 of 3 locations
This tool can also do standard decimation as well as I Caloulate Statistics _Apply |
decimate profiles. | Select All Profiles
Select1in [2 profiles Save ta the Database | RESET |
ooty == Help_| 28
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1D FEM Inversion — 3 This example is an EM31-3 survey over a levee in the southern US.

Data Calibration - A

In theory, this survey would have 6 data measurements available
for inversion at each station. The more data for an inversion, the higher the resolution
and the greater the assurance of a correct model. Correct can be in regard both to
data quality and the limitation on the number of possible models (i.e. degree of non-
uniqueness).

A longtime problems with FDEM systems is their tendency to
become out-of-tune. We use this term as an analogy to a musical instrument
particularly string instruments. The instruments are very sensitive to improper
handling and of course, they can be returned to the manufacturer for tuning or
learning to tune the equipment yourself but this is not always practical or within the
user’s technical capabilities.

Probably, the only practical approach is to evaluate the
data calibration through some simple forward models. Such models are
easily done in EMIGMA and we will use this data as an example. Initially,
we would suggest taking part of line where there are no sharp obvious 3D
response and then statistically decimating to get the average trend over
the line.

The next step is to run a few halfspace models either
staring with what you may understand already about the ground
resistivity or run the CDI and use these results as a start. In the case
below, we used the CDI and ran a 10@m and a 12Qm halfspace model.
Below, to the left, we compare the quad data and the 2 models for all
separations. The 10-12 @m models show we are in the ball park. The
figure below, to the right, shows the response comparisons as a function of
the coil separation.

This study may not be entirely sufficient to check the
calibration of the quadrature data but takes us to the next step where
inversion is applied. However, first, we must check the IP data.

- L0a 3800 Hz, T-F(Q M) - MZ1 Hz - $3
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L i
o
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045 i e
L. i i i —
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012 o - R —
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1D FEM Inversion — 3 This example is an EM31-3 survey over a levee in the southern US.

Data Calibration - B

Using the Inphase (IP) is often much more
difficult. Many instruments only produce IP which can be used
only qualitatively.

The figure at the top left is the HCP IP at 9800 Hz for the 3
separations used in this survey. The models are 1, 10, 12, 1002m and a layered model
which is 1Qm over 12Qm. In the bottom centre is the same but for VVCP.

As can be seen the IP responses are all positive and increase,
monotonically, with separation and this is what is expected if the ground is primarily
stratified. Of course, it the ground contains 3D structures whether conductive and/or

100 T magnetic this would change. The responses for the VCP are the same but the
E E': e "Z'I'E‘E’?":go.!;u:.z,ln.n,; ”%:ﬁ responses are slightly smaller as predicted by theory.
= model 100 D) - 21 iz & In the figure on the bottom right we plot the IP for all 3 separations
for both HCP (pinks) and VCP (greens) at 7 stations ranging over 50m. The IP
80 H C P - neither follows the model examples nor are the VCP and HCP related to each other as
o expected in a stratified earth. Additionally, the IP for both HCP and VCP start
T negative at the 1m separation. The VCP is negative for all 3 separations and the
HCP’s IP response drops to near zero for the 3.66m separation.
[ s Ittt SOt BRI SR
=
N N S N S - 2
E 0.50
40 e
| _—
—
---------- P
) 0.00 ==
20 e
P — 10.0 — T : :
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s — o Lhv v oraan s seonti TRAS 13 oo - el | i /\
il vt criietialed Ml bt S - e
— N T e | : : Ny
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1D FEM Inversion — 3 This example is an EM31-3 survey over a levee in the southern US.

Data Calibration - C

If we plot the data IP for all 3 separations over a slightly larger
distance than in the figure on the previous page, we see that there is no obvious higher
dimensional response in the IP data.

0.50
L A
U N P s v
0.00 - N
P T ol g -t—]
(S DRI FUPIN =
€ ‘-- LINEQa, 9800 Hz, T-F({I M) Hz - $1
8 -0.50 |- —=— LINEOa 9800 Hz, T-F(IM)Hz-82 . @
lﬂ-i ‘+ LINEOa, 9800 Hz, T-F(I M) Hz - S3
o
-1.00 [
- . Mﬂﬂﬂim‘“_
aso 4
60200 60210 60220 60230 60240 60250 60260 60270 60280 60290 60300
Northing

The figure on the left is the IP for the 3 separations
(Im —red, 2m —blue and 3.66m green). There are not strong variations
in this data over this 100m but there is a trend in both the 1m and 2m
data.

The VCP data has much the same variations over
this section of the line. The difference being the 3.66m separation is
by far the strongest component in the VCP data while this separation
is the smallest in the HCP data.

For additional confirmation, we show the
quadrature data over this 100m section of the data (below). The
quadrature shows a very smoothly varying 1D response.

The results are similar over other sections of the survey that we
have analyzed.

CONCLUSION: The initial analyses indicates that the 3
guadrature data elements may be used in an stratified
layered earth inversion (1D) but the IP data cannot be
used in such a process.
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1D FEM Inversion — 4

. 4 inversion algorithms are provided. However, the two at the
using the tools 1 top (L1 and Standard LS Occam) are provided primarily for
student exercises.

¥ERSION. Style and Data Selection

- =] x|
The two choices in the bottom are

— Inversion Technigue

" L1 - Linear Regression " Standard Least Square Occam
Truzt Region = Enhanced Conjugate Gradient Occamn
[underparameterized method] with Suzceptibility E stension

-Trust Region: steepest descent fully
constrained technique

-Enhanced CG Occam — smooth model
technique

Frequencies Companents & Separations
1 s

Trust Region: thickness and resistivity are model
parameters. Allows inverting for a realistic number of layers
and obtaining exact depth within the limitation of data quality.
This is our suggested technique as it is the technique most likely
to obtain a unique solution.

Choose frequencies to use and data components
to use. In this case, only 1 frequency but 6
components — 3 HCP and 3 VCP.

Enhanced CG Occam: In regard to the layer
thicknesses, this is a standard approach where only the
resistivities are inversion parameters. This technique allows for
highly over parametrized model which are thus highly non-
unique solutions. Assuming the Inphase data is good, this
technique can also invert for susceptibility
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1D FEM Inversion — 4
using the tools 2a
=i

Set a lapered starting model for inversion. The model consizts of several layers over a half space with
resiztivity and thickness defined for each of them.

Mote: the model does not include the upper half space [i.e. the air).

Generate uniform layer

The two choices in the bottom are

-Trust Region: steepest descent fully constrained technique example

Tatal layers above half space Ig— e 100
Total thickness above half space &2 Susceptily |0 -this is the data that we have examined, previously, and will first
Irversion P b .
’76’ Resistivity ! Susceptibility  Joint Apply | use the TrUSt Reglon approaCh. ) i ) )
- in this case, we have imported a starting model obtained via trial
Laver# _ Resistiviy Susceptbiity  Thickness forward simulations as well as trial inversion
I 2662 P f1e+009 - it is a 3 layer over a halfspace model and this model will be the
& Ineat # | Ressivy | Susceptbity | Thicknessim | starting model for each station (unless modified in a later
1 188.33 0.000 0.40 .
€ Ropses |3 »8 om0 3% dialogue) _ _ ,
e |1 367 0.000 1000000000.00 - initially, we have 7 parameters to invert with 6 data. While
to List | . . . . . g ege
overparametrization is allowed this increases the possibility of

€ From previous inversion result % From a dataset Import |

— Import a layer model non'unlque models

-we can now add extra controls using the

“Parameter bounds and parameters to invert”

— Set parameter boundary and p ters to lnvert
Allowed number &
Celected number I?— Parameter bounds and parameters to invert |

< Back I Nemt > I Cancel Help #5Bh |

Trust Region: thickness and resistivity are model
parameters. Allows inverting for a realistic number of layers
and obtaining exact depth within the limitation of data quality.
This is our suggested technique as it is the technique most likely
to obtain a unique solution.
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1D FEM Inversion — 4

-Trust Region: steepest descent fully constrained technique example

using the tools 3a

Click an "lnvert" or "Set Bound" item to select/de-zelect the option. [F "'Set Bound'' option is checked, to edit min/max bound walue,

double click the value, then input new value.

Allowed nurnber of parameters ta invert |5

Selected number of parameters ta invert I?

r Fesistivity Setting
Layer & | Resistiviy | Irvvert | SetBound | Bound-Min | Bound-Ma: |
1 188.333206 ¥ Irweert Resistivity ¥ Set Bound 3.000000 37E.6EE412
2 3147000 ¥ Irvert Resistivity ¥ Set Bound 3.000000 I7E.BEE412
3 36.820439 ¥ Irrvert Resistivity ¥ Set Bound 3.000000 37E.6EE412
4 3.866200 ¥ Invert Fi esiztivity ¥ SetBound 3 376666412
Remowve Al Aipply Selected Min Selected Max Bound
Iteert All Set Al Bounds Bounds | Eound ta Al ta Al
r Thickness Settings
Layer # | Thickness (m] | Irvwert | Set Bound | Bound-Min | Bound - Max
1 0.393100 ¥ Irvert Thickness [ SetBound
2 0.085600 V¥ Invert Thickness [~ SetBound
K} 3.580200 ¥ Irwvert Thickness [7 SetBound
Iy Set All Bounds Remaoyve Al Selected Min Bound Selected Max Bound
Bounds ta &l ta &l

Of course, being able to control the inversion with
known information not only improves the inversion
results but increases the likelihood of obtaining a
unique result. This type of data is highly susceptible to
multiple models fitting the data.

If we have knowledge of a layer's resistivity or
thickness, we set that parameter’s value and turn off
the inversion for this parameter thus holding it fixed
during the inversion.

The bounds for each parameter may be set
individually, or as a group or not set at all. In this case,
the minimum resistivity is set at 3Qm and the
maximum at 377Qm. The data indicates the surface is
quite resistive but the ability of the instrument to
resolve higher resistivities is limited.

Ok |

Cancel |

Trust Region: thickness and resistivity are model
parameters. Allows inverting for a realistic number of layers
and obtaining exact depth within the limitation of data quality.
This is our suggested technique as it is the technique most likely

to obtain a unique solution.
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1D FEM Inversion — 4
using the tools 4a

_IEx)
— Resistivity Limitz (L, M]————————— [~ Minimize (L1)

Lower Bound |1 % Shsolute Values
= pbsolute Yalues of Differences
Upper Bound |1DUU

Bounds to enfornce: —Data Type (L, M)
) Upper £ Type 1 (Amplitude/Phase)
e Lo  Type 2 (Inphase/Duadrature]
! Hone (hot recommended] 3 SRS R
& Both [recommended & Type 3 (Only Quadrature)
— Inversion technique combination — lrwerzion P.
LRI [ )
& Individual
10 > kg ; |2D—
CiL-5125Mg 12 Mg Max. Iterations
- e previous result Target Fit (%] I1
— Inwersion Algarithm———————————— Madel Epsilon ID"I

= 11 data norm [mear abs, dif] Mir. Tolerance

ID.‘I
™| 12 [RM5] data nom [Decam] B T s I—D_m
v Trust Region
[underparameterized method) Fieset Default |

< Back I Mext > I Cancel | Help #3Bh |

Trust Region: thickness and resistivity are model
parameters. Allows inverting for a realistic number of layers
and obtaining exact depth within the limitation of data quality.
This is our suggested technique as it is the technique most likely
to obtain a unique solution.

-Trust Region: steepest descent fully constrained technique example

On this page, only parameters may be set. This
depends upon the technique utilzied.

Here, we set ONLY quadrature as we have already
determined the IN Phase is not quantitatively correct.

We also set the Maximum iterations and the desired
fit. If the inversion cannot reach this level of fit, it map
stop before 20 iterations.
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1D FEM Inversion — 4

using the tools 5a
il

Irversion assumes the standard geophyzical frequency quadrature convention.

Check to Flip Quad. Convention. Generally simulated datazet needs to uze this
feature.

Mote: data is processed.

¥ Use inversion result from previous location as initial model for cument lacation

[¥ Stare simulation for Sl

NRDFTotaI Profiles IU Current Profile ID
Current location in the curent profile ID

Ma. of Total Locations ID Mo, of Locations [nversed ID

Qutput Infarmation

RUM

Clear List |

Pragreszs

< Back I Firiish I Cancel I Help #5Bh |

Trust Region: thickness and resistivity are model
parameters. Allows inverting for a realistic number of layers
and obtaining exact depth within the limitation of data quality.
This is our suggested technique as it is the technique most likely
to obtain a unique solution.

-Trust Region: steepest descent fully constrained technique example

-Use inversion result from previous location as starting model

- this is a 1D approach and thus we expect a smooth variation in
ground resistivity. This allows to use the inversion model from the
previous station for the present station as the starting model. This
approach improves speed and well as the smoothness of the model
along the profile

-Store simulation for all

- if this is turn on then the inversion with simulate the model for all data
components and frequencies including IN Phase.

- RUN
- the inversion is applied to each station one after the other and
all profiles. The results are automatically stored to the database.

Note: EMIGMA uses the standard scientific sign convention for
imaginary EM data. Many geophysical instruments have historically used
the opposite sign convention from the remainder of the scientific
community.
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1D FEM Inversion — 4
using the tools 2b

INYERSION. Starting Ma

=oix]

Set a layered starting model for inversion. The model consists of several layers over a half space with

resistivity and thickness defined for each of them.

Mote: the model does naot include the upper half space [i.e. the air).

The two choices in the bottom are

-Enhanced CG Occam : over parametrized “Occam” approach.

Generate uniform layer

Tatal layers above half space l— . 100
[maximum 20 layers) fi Resistivity

Tatal thickness above half space 732 Susceptibility ID

Irversion P. b
’76 Fiesistivity " Susceptibility = Jaint Apply |

Layer # Fiesistivity Suzceptibility Thickness
IS |?.05255 |u |1 e+008
- # | Fiesiztivity | Susceptibiliy | Thickness [m] | -
st 1 254 0.000 0.20
& 2 4876 0.000 0.30
Replace 3 2253 0.000 050
4 1257 0.000 0.50
: 5 1384 0.000 0.50 b
Add to List 5 15,11 0.000 0.50
7 1273 . nEn =l

r— |mport a layer model

€ From previous inversior result ' From a dataset Import |

— Set parameter boundary and p ters to lnvert

Allowed number &

o

Selected number I‘I 5

bounds and parameters tojimvert |

¢ Back I Mext > I Cancel Help #8h

Enhanced CG Occam: In regard to the
thicknesses, this is a standard approach where only the

layer

-For this technique, the number of allowed layers is very high.
But, the thickness of the layers is defined initially and does not
change. Only the resistivities change in the inversion.

In this case, we have defined a starting model as 7 layers over a
halfspace. The top layer is 0.2m because of the short 1m
separation’s sensitivity to only shallow ground and the remain
layers are 0.50m in thickness. The top layers are slightly more
resistive decreasing in resistivity to the basement layer. The initial
layer resistivities are defined because of the apparent resistivities
from the CDI and from some forward models.

The RUN dialogue page does not differ
from the Trust Region technique.

resistivities are inversion parameters. This technique allows for
highly over parametrized model which are thus highly non-
unique solutions. Assuming the Inphase data is good, this

technique can also invert for susceptibility

37



1D FEM Inversion — 4
using the tools 3b

The two choices in the bottom are

-Enhanced CG Occam : over parametrized “Occam” approach.

=[ox]
—P. ter Limik —Data Type
Resistivity  Suzceptibility € Type 1 [Ampliude/Phase]
Lower Bound IE ID ol
ype 2 [Inphase/Quadrature] . . e e s
UpperBourd [0 [T & Type 3(0ns Quackatue) -For this technique, the bounds on the layer resistivities cannot be
et e selected individually but are only for all layers. Here, we define the
£ Upper — Inwversion P. b Tl 1
Lo minimum to be 4Qm and the maximum to 300 Qm.
b ax. Iterations I‘ID
= Mone [not recommended]
@ Bolth recommended] Target i I Inphase/Quadrature are only Quadrature is defined as input.
* acklifonsl Do MedlEason [P Maximum lterations and Target Fit are set by the user.
Join adjacent layers Min Tolerance ID"I
[ within a specified l? b4 ) o .
ot oty — P Tolesnes There are two other settings.
atio al _SL_,ISCE i[ul] 0 il q . . . .
et el =i ResetDefout_| Join Adjacent Layers: as there can be many layers, it is useful to
— join adjacent layers into one layer during the inversion when the

resistivities become close.

log(Conductivity)

If there is a wide range of conductivities/resistivities in the ground,
you may want the inversion to perform inversions based on the
logarithm of the conductivity.

< Back I Mewt » I Cancel | Help #,’Etll

Enhanced CG Occam: In regard to the layer
thicknesses, this is a standard approach where only the
resistivities are inversion parameters. This technique allows for
highly over parametrized model which are thus highly non-
unique solutions. Assuming the Inphase data is good, this
technique can also invert for susceptibility
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1D FEM Inversion — 5
Examining Results

When the inversion completes, the results will be saved to the database in a

v Twstd Data Set Name new dataset. Here, for example, the inversion was the Trust technique and the
(B oics finv_Trust 5 model consists of a section of 4 layer over halfspace models. This data set
Invv_Trust_5_GPSZ 7| Model Name: contains the results of simulating the inversion models for comparison to the
Diata File Name: kil data and a structure which contains the inversion models.
FDEM_demo._755.dat ¥ Model |

Configuration | ™ Gridis) | If we click ‘Model’, the following interface opens:

jodel Configuration x|
Frisms/Flates/Polphecka Lavers |
— —Ci
[N | Resistivi | Densil [ Thickness |
7 & o008 0 TerO08 Survep Name [l Trust_5
2 0 38716 0 026912
H H e H i ModelName  [Ime_Tnst 5
1 0 i 0 1560412
5 0 169397 0 182431 Total Number of Layers -
5 0 333514 ] 1e+008
Depth
Top Depth o
Sevebodel | JonLoyers | Splt Laper | Botiom Depth P —
~Ecit Modh ~Laper Parameter
Inseit Layer - liz [~ Cole-Cole Plarization Mode Parameters r—
Replace L . e |
BT B o
0
Disete Layer Relative Permittivity q
o
Lindo Delete: Relative Permeabliy (1
Susceptibiity 0 3 Grid Data
Restors
Models\ FDEM_demo
Density la/sm™3] 0 .
<-- Import Layers View File
Thickness (m) 0.263612
P ——— CometttoGPSZ | DelteFie Laperls) |
o | Cancel = Helo W38

The inversion models (all stations/all lines) are stored n a .pex file which is saved to the db and is linked here for viewing.
If your data file has GPS elevation or some other true elevation (not altitude), you may convert to GPSZ here. A new data
file will be produced as seen in the image at the top.
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1D FEM Inversion -5

Examining Results

PEX Viewer (called the CDI viewer) .

FIOJeCT 1L i L s

Inw_Tiust_4 GPSZ Domain Ty

If we select a data file which contains a .pex File, then we may use the

Date Created:

Inv_Occam_8 GPSZ
6/20/20141:16.05 PM iy Data Set }

Irey_Trust_4 &
Project Name: L0&*iiEs [iree_Toust €

EM31-3 leves o Tt S Model Name

I\nv_Tlust_E
Change Mame | D ata File Mame:
¥ Model
T | FDEM_demo_756.dat “4E| g (I F'.E“I ﬁ’ g
LConfiguration | [~ Gndls) | [

Create Project |

'-ﬁ' FDEM_demo_756_119.pex - EM31-3 levee - Decim_Merge_FILTER LOA/ LOB_SOUTH - In¥_Trust_5_GPSZ - Inv_Trust_5_GPSZ

Ii g m @ ?j 5 F] o] @ Resitivky O liear  EualRangs  abscssa  wn [0 [0.01931046z | Ful
= " Conductivity  * Log &' Equal Weight m = l— l— - r Range

.@ g @ L0a = - Suscaptibilty 2 o [5wamem 25

Hald Load PEX |
I Ming Help #58h
Mazx Export PEX |

60120 60130 60140 60150 60160 60170 60180 60190 60200 60210 60220 60230 60240 60250 60260
Loc X: 18921 t t t } t t t t t t + + + + +

60270 60280 60290 60300 60310
' ' ' ; |

22711

2260}
22671
22651
22631
22611 B B e 1 03600
22591
22571
22551

2253+

2251+

2249+

‘88 pata Plot

Resistivity
100

0

50 150
227 + +

22693
22673
22653
22633
2261 '
22593
22573
22553
22533

22517

22492

L0a:x = 18931,y = 60211

2lolsl x| A= sl A

The initial display does not contour results but displays the “raw” inversion models. The small subplot is a
resistivity/conductivity or susceptibility vs. depth display. If you select a point in the graph it will show depth and model

data at that point. You may export the inversion results using the Export PEX button.
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1D FEM Inversion — 5
Examining Results

For each data point, the response of the inversion model is computed and saved to the database in the output data
file. To compare the inversion model’s data to the field data, load the field data and the dataset output from the
inversion to the plotter.

You may navigate through the data by separation , frequency , IP /Quadrature , etc once loaded to the plotter.

1.80

= L0a, 9800 Hz, T-F(Q P) -MZ1 Hz - $3
-%- L0a, 9800 Hz, T-F(Q § - Inv_Trust_5) - MZ1Hz-83

170

1.60

Percent

-a— L0a, Y 60126.4,9800 Hz, T-F(Q P) -MZ1 Hz
—¥- LOa, Y 60126.4,9800 Hz, T-F(Q S - Inv_Trust_5) - MZ1 Hz

1.50

140

Percent

1.30

60120 60140 60160 60180 60200 60220 60240 60260 60280 0.50
Y (m) /
Using your right mouse, you may switch to separation mode or frequency mode if -
there are multiple frequency.

Separation Length {m)
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) If you have multiple survey lines, you may want to load the inversion
1D FEM Inversion - 5 results to the 3D Volume Contour (with Inversion model dataset selected)

S| Flo? |6 &) | v [T £ |2es| B o | o] G20 7] 30 W] 7| 3] W] | s | =] 27
B 8| mjw «|s|s| S0 i)zl S e g ] 2lE|[e | kS e lajEe] [= vz

] =] S

b
|
* Resistivity

{* Log
" Conductivity

' Location (35010.8
" Susceptibility " Linear

Change Cutting
Direction Apply i

b . ']'
R atio ! -

Zlox

R atio ’Tj 7“'””'—””

Rezet | Apply | Close |

AXxis Scaling Model Units Section Cutting
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Half Space Apparent Resistivity via Inversion [ground clearance 0.91
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Half Space Apparent Resistivity via Inversion [ground clearance 0.91

Tx-Rx Separation 3

334680 334700 334720 334740 334760 334780 334800 334820 334840 334860 334880 24

6240460
09r0rZ9

6240440
.
W
oprorze
-
-,

ta

6240420
0Zrorz9

ity 4 0.9

334680 334700 334720 334740 334760 334780 334800 334820 334840 334860 334880 0.5

The majority of the data indicates between 1 and 1.5 Qm. The eastern edge resistivities rise to 2-3 Qm
while the southern line indicating resistivities comparable to saline brine (<0.4 Qm).
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CMD Ground clearance Dependence

Ratio (PPT)

120

Quadl"afure Response VS. AltitUde [ Normalized Responsel

- L1, 10000 Hz, T-F(Q S - 1 OHMM) Hz - S1
i |-+ L1,10000 Hz, T-F(Q S - 1 OHMM) Hz - §2
"= L1, 10000 Hz, T-F(Q S - 1 OHMM) Hz - $3

e

S

020

0.40 0.60 0.80 1.00 1.20 1.40 1.60 1.80 2.00

Altitude (m)

LIN AppRho (Ohm-mj}

70

i L1, 10000 Hz, T-F(Ap S - 1 OHMM) Hz - S1

—— L1, 10000 Hz, T-F(Ap S - 1 OHMM) Hz - S2
= L1, 10000 Hz, T-F(Ap S - 1 OHMM) Hz - §3

Altitude (m)

Response to a 1Qm halfspace for 3 coil separations as function of elevation above ground

Quad/FS (PPT) on left ,

LIN Apparent Resistivity Approximation on right

NOTE: These are in the units output by the instrument. They are normalized units. Normalized by the direct/primary/freespace field.
The responses are somewhat deceptive as the primary field for the data decreases rapidly with greater separation distances.



CMD Ground clearance Dependence

Quadrature Response vs. Altitude I uvnnormatized

0.00

0.20

D 10 5 S YO SO O Wy oS VS SN S o o -

080 o B

nTesla

| i i i i T |-== L1, 10000 Hz, Tot(Q S - 1 OHMM) Bz - S1
R I S P P @ e 1L, 10000 Hz, Tot{Q S - 1 OHMM) Bz - S2
1 = = = i |-~ L1, 10000 Hz, Tot(Q S - 1 OHMM) Bz - S3

T Y R B Ll B L i

RN I SN NN SN NN SR NS NN S N
0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60 1.80 200

Altitude Z (m)

Response to a 1Qm halfspace for 3 coil separations as function of elevation above ground. This assumes a unit
area for both TX and RX. Thus, in this case, nTesla is equivalent to n\Volts.

Depending upon the manufacturer, they may stored in the instrument the primary field in the instrument and
subtract this from the measured voltage before normalizing. However, for this instrument and at this frequency,
there is virtually no primary field. 46



CMD Ground clearance Dependence

Inversion, Non-Unique Models and Effects of Coil heights

1. Inversion — the inversion utilizes the 3 coil separations and the instrument height to produce models which fit either
the Quadrature (OP) data or the OP and Inphase (IP) data.

2. Non-unique models: There is not necessarily one correct model and most often there are multiple models which
correspond to the data. Thus accurate data and accurate altitude (ground clearance) are extremely critical

example: Some FEM instruments have only 1 frequency and one coil separation and only OP data. In this case, there will be a best
fitting half space model but also many other models which fit the data. This is the basic nature of EM as even if there are multiple
strata, the combined effect of reflections and transmissions at strata interfaces can be interpreted with multiple models if there is
only 1 data element at a station. There are several methods which are tried to overcome this limitation but they will also provide
multiple fitting models as most are means to deal with geological and other noise. Only one measurement will provide additional
information and that is to turn the instrument vertical and measure HCP but with a vertical separation.

3. Effect of Coil Height: On page 4, we see that the responses of the 3 separations peak at different altitudes. On page 5,
we see this effect as well but other than for the shortest separations, the variations with height in absolute terms are not
so dramatic. There are 3 important criteria which cause these variations:

a) Fall off TX field: The TX coil is very small and thus the field from the TX which causes the response falls off very rapidly with height both
above and below the ground. Thus raising the instrument above the ground decreases the strength of the source field below ground not only
decreasing the depth of penetration.

b) Induction of Secondary Currents: When the field from the TX (source field) interacts with a ground which is conductive (or
permeable), secondary currents are induced in the ground (ie. Faraday’s principle). The responses of these secondary source fields are what
the instrument is designed to measure in both the IP and OP components although these responses may not be all of the response in the IP.
These production of these currents are dependent upon a number of factors (e.g. frequency, conductivity and source field factors). The source
field factors are primarily its strength but also its spatial distribution as the source field spreads out as it falls off with distance (somewhat like
a flashlight). Thus, although the strength of the source field diminishes with height above ground , it also spreads out.

c) Effect of RX coil height: The area of the RX coil is also very small and elevating this receiver from the sources of ground currents
causes a significant reduction in response. The ground currents radiate an EM field which also falls away with distance and also spreads out
becoming more diffuse with height above the ground.
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CMD Ground clearance Dependence
Inversion, Non-Unique Models and Effects of Coil heights

Simulation Examples

e 1 . Example 1: layer over a halfspace — HCP OP
[ 40,0 “
I 100m | .
: I 35.0 X A
| : ._K\\\ == L1, 10000 Hz, T-F(@ S -1 OHMM) Hz - $1 | 70 /'f \\“\, = IEHgggg Eﬂiigiéﬂwﬂ’)ﬁiﬁ
— o — — \ -"-L1,‘IUOOOHZ,T-F(QS-2Iayerr4)Hz-S1‘ \
30.0 \ 7 N
\\\ 60 f// x\\ \.\'\
25.0 N
: \ \ ; O\ \
200 \\‘t\ ) \\ \‘
N
15.0 \\\ L \\\\\\
NN
10,0 |-ie \:QQ R 1 . 82m 8)‘: \s\
1.46mM 0X S , N
. . } } .Altitu.de (m.) . . : : 0.00 020 040 060 ozt:tit :I:; ( r:\_;o 140 160 180 200

1. Effect of Height response amplitude — In general, as the instrument is elevated the instrument loses the ability to detect
the resistive strata. With the VCP mode, the situation is slightly worse. On the left, the response for the short
separation over a 1Qm halfspace is compared to our example model as the instrument is raised above ground. On the 48
right is the same but for the middle separation measurement.



CMD Ground clearance Dependence
Inversion, Non-Unique Models and Effects of Coil heights

Simulation Examples

L]
Example 1: layer over a halfspace — HCP OP
1Qm 2m
| 80 I 110
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: |
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2. Effect of Height relative response— Another important issue in regard to the height of the instrument is the relative responses of the 3
separations. To the left, is the relative responses of the 1Qm and the example model for the 3 separations at ground level while on the
right is the same but when the instrument is elevated to 1m above ground. At ground level, the short separation is roughly half of the
wider separations while at an elevation of 1m, the short separation is many times smaller than the other two and the middle separation
is now about 60% of the largest separation. 49



CMD Ground clearance Dependence

Inversion Results
Field data Example from central area of survey

Inv Trust 2A

334680 334690 334700 339710 339720 334730 334740 334750 334760 334770 334780 334790 334800 334810 334820
' 4 L L L L L L L L L L 4 4 |

ol + + t t } } t + + t t + " {
A '
j ]
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Inv Trust 3A

334680
|

334690 334700 334710 334720 334730 334740 334750 334760 334770 334780 334790 334800 334810 334820
| I I | | | 4 | | I | | | |

3

.577
Inv Trust 3C

334680 334690 334700 334710 334720 334730 334740 334750 334760 334770 334780 334790 334800 334810 334820

Model InvTrust 2A is a layer over halfspace model while InvTrust 3A and 3B are 2 layers over a halfspace. For the first two models, all 3
separations were used but only OP data while in the third used 3 separations and IP and OP data. This technique can invert for thickness
as well as resistivity. Thus, the depth of the model is NOT pre-determined.

50



Inversion Results

CMD Ground clearance Dependence Field data Example
Inv Trust 2C

Inv accam 16 OP
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Inv Trust 3D OP
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186
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1.1
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Model InvTrust 2A is a layer over halfspace model using 3 separations and IP and OP. InvOccam160P is a 15 layer over a halfspace
using defined thicknesses of 0.33m with a minimum resistivity of 1Qm, 3 separations and only OP. InvTrust3DOP is a 2 layer over

halfspace with a minimum resistivity of 1Qm and a maximum of 5Qm but thicknesses are not constrained. All 3 separationg fre used
and only OP is used.



CMD Ground clearance Dependence

Inversion Results
Field data Example

Inv Trust 3E OP 2SEP
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InvTrust3DOP 2SEP is defined exactly as the model on the bottom of pg9 but uses only the 2 larger separations. The

results are little different from InvTrust3DOP which uses all 3 separations. These results are confirmation of the
synthetic model results and discussion on pg?7.
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Inversion Results
CMD Ground clearance Dependence Field data Example

The inversion models’ simulated response compare to the measured data very similarly for all stations. Below, are shown for
one station, the quadrature response of the data at the 3 separation distances compared to the quadrature response of all 7
models. The data fits for those inversions which utilized the IP data as well as the OP are slightly poorer. On the right, the
5 model results using only OP are shown. The closest fit to the two wider separations is the last model which uses only
these separations.
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