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Motivation: negative transients
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Kimberlite exploration

Kimberlite pipe structure

ATEM data
Slacial tl Lake +7133x10°  time = 90 micro-s
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Devriese et al. (2016)

* Questions:

How to deal with negatives in airborne time domain EM (ATEM) data
Can we recover a 3D chargeability distribution?

Does it have practical utility in diamond exploration?”
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Outline

« Complex conductivity for kimberlites

 |P for inductive sources

« 3D TEM-IP inversion workflow

« Airborne IP inversion for VTEM data at TKC
* A 3D rock model at TKC

e Summary
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Complex conductivity

* Cole-Cole model (Pelton et al., 1978)

Time domain

Cole-Cole model in Time domain
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Cole-Cole model in Frequency domain
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Complex impedances at TKC

e From GSC Lab
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Real impedance (Ohm)
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Two kimberlite samples: XVK and VK
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Frequency (Hz) Frequency
Estimated Cole-Cole parameters
L Depth 0w O m T
Division (mbsf) | (ohm-m) | (S/m) (VIV) | (micro-s) ¢
XVK 266 81.3 | 277x102 | 0.539 |3.97x10" | 0.6
VK 78 490 |3.13x102 | 0.337 | 10.6x10" | 0.7

Geological Survey of Canada (2016)

Kimberlite pipe structure

Lake

N

PK sediments

Glacial till

Basement

Devriese et al. (2016)
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3D TEM inversion workflow: grounded source

Workflow | = S
( \ arth =
Invert TEM data,
to recover O )
Compute IP datum _

Remove EM responses

— Observed (+)
( A = Observed (-)
Linearized equations . Rundamental (3
\, J — IP(+)
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Invert d°* data, . .
- On- and off-time Off-time (log-log)
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L ) 12 - : ]
g 10 L—_ .... i
) é 08 - %H. *.h‘
Estimate Intrinsic e Bl : i
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3D TEM inversion workflow: grounded source

. EM\)
Estimated 0oc(= 0
Workflow 2000 Depth at-ZTSC.T)Om( et )
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Invert TEM data,
to recover o ) oo
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data,
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Workflow

Invert TEM data,
{o recover o

Compute IP datum
Remove EM responses

Linearized equations

\ S

4 N
Invert d'f data,

| recover pseudo-chargeability)

N

Estimate intrinsic

IP parameters

3D TEM inversion workflow: grounded source
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IP = Observation - Fundamental
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3D TEM inversion workflow: grounded source

Workflow
( )
Invert TEM data,
to recover 0o ‘
Compute IP datum
Remove EM responses
" IP . N
— . * d(t) = Gn(t)
Linearized equations
. / G(00): Sensitivity function
4 ™) =, _ 1
Invert d'F data, n: Pseudo-chargeability
- N
recover pseudo-chargeability
~ Seigel (1959)
N .
Estimate intrinsic Oldenburg and Li (1994)
IP parameters
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3D TEM inversion workflow: grounded source

Workflow

Invert TEM data, IP e
to recover Ooo d (t) o Gn(t)

G (00 ): Sensitivity function
7n: Pseudo-chargeability

Compute IP datum
Remove EM responses

Linearized equations / Recovered pseudo-chargeability (80 ms) \

; : 2000 Deptnat 2750 Northing at 750.0 m
IP 1500 —_ ﬁl
Invert d'° data, ol
ey 8
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\\ J/ £ Northing at -750.0 L g‘
€ 0 ga .U m 7
. . N | g !
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3D TEM inversion workflow: grounded source

Workflow

Invert TEM data,
{o recover o

Compute IP datum
Remove EM responses

Linearized equations

7

Invert d'F data,

 recover pseudo-chargeability)

~\

Estimate intrinsic
X IP parameters

N\

/ / Recovered intrinsic IP parameters:\

Pseudo-chargeability at i-th pixel

ﬁi — f(0-0077777_7 C, t)

0so: Conductivity at infinite frequency
n: Chargeability

7: Time constant (s)

c: Frequency dependency

=
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Inductive source IP

Workflow

Invert TEM data,
{o recover o

Compute IP datum
X Remove EM responses

Linearized equations

e

y
Invert d'F data,

 recover pseudo-chargeability)

Estimate intrinsic

X IP parameters

Workflow is the same but ...

Polarization currents generated
by a transient electric field

Airborne IP data have many
TXx-Rx pairs
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|P currents

Ohm’s law

j(t) = o(t) ® e(t)

= Uooé’F(t) — ;IP

where

Cond
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Cole-Cole model in Time d
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Linearization

 |P current density

FIP (1) = 0P (1) + Ao (t) @ &(t) | Pseudo-chargeability |
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Linearization

« By applying Biot-Savart’s law (similar to MIP)

_.’IP ~
- X
bIP('F; t) — ZJO / j : dv
T 0

|’F— 778|2 s where 7 —

i

3
|
!

We can have linear form:

d'"(t) = Gi(t)

G(0s0): Sensitivity function

(Seigel, 1974; Chen et al., 2006)
n: Pseudo-chargeability

2016 IP workshop
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Challenge: multiple Tx-Rx pairs
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Backgrounds of TKC

TKC kimberlite complex

Dighem map
(a} (b) Duadralure at 7200 H
7135000
E \\eump
E 7134000 -
£ }oz?
2
7133000 |
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556000 557000 558000 559000 Easting (m)
EaSTlng (m} m "If III 'LI' 'If 70 00
U eeem
« Kimberlite deposit located 360 km north east Yellowknife
NWT

Discovered by airborne geophysics
Two pipes:

- DO-18 (north)

- DO-27 (south)
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Northing (m)

m')

dbz/dt (/A

VTEM data at TKC

VTEM data

time = 90 micro-s

(a) T.133x10°

+7.133x10°
(b) =iz

e

time = 680 micro-s

« DO-18: even the earliest time is
negative (Al)

- No data for TEM inversion
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Step 1: Conductivity inversion;

Cooperative inversion of VTEM and Dighem

time = 90 micro-s

Northing (m)

+7.133x10%

Northina (m)

5.570 5.575 5.580 5.585

Easting (m) x10°

1.63 945

dbz/dt (pV'/A-m")

Estimated 3D conductivity

7133949 7134521

Morthing (m})

7133378

556855

Elevation (m): 318 m

557299
Easting (m)

557744

DO-18 A-A’

500

Elevation (m)
200 318

(=1
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Easting (m)
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200 318
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10~ " 10--';-5 10-'—;-5 10-t0

Conductivity (S/m)
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Northing (m)
~

Maorthing {m)

Quadrature at 7200 Hz

N\

Compute IP datum
Remove EM responses

[ Linearized equations

j

Invert d'% data,

krecover pseudo-chargeability)

Estimate intrinsic
IP parameters

[ Dighem: no negatives ]

bzt (L e

1

Fournier et al. (2016)
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ing (m)

North

Invert TEM data,
to recover

Step 2: EM-decoupling  ges=mmm

[ Linearized equations ]

IP = Observation - Fundamental (o |

Estimate intrinsic
IP parameters

d't = F[O‘(t)] — F[O‘.,x.] F|-] : Maxwell’s operator

130 micro-s

Observed Fundamental

Observed at 130 micro-s Estimated at 130 micro-s

8 = A5
v I
- -r
36 o~ 4.5 ==
L L
- -
24 ° 16 =
N N
o L0
12 © 7O
(o 158
12 1.9
l . 24 - K]
0 200 100 600 800 0 200 100 600 SO0
Easting (m) +5.568x 107 Easting (m) L5A68 %107
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Step 2: EM-decoupling

IP = Observation - Fundamental

d'Y = Flo(t)] — Flos]

130 micro-s

Invert TEM data,
to recover

[ Linearized equations ]

Invert d'F data,
recover pseudo-chargeability

Estimate intrinsic
IP parameters

F|-] : Maxwell’s operator

Observed Fundamental IP
Observed at 130 micro-s Estimated at 130 micro-s Raw IP at 130 micro-s
+7.133x10" =
8.4 8.1 8.4
1600
7.2 72 72
1400 6.0 6.3 6.0
1200 1.8 :; yJ-‘-':‘ 18 i
E - o+ B
o 36 =~ 45 3 16 o
£ 1000 g~ g3 =
L — —~— ~
= 2405 165 4 5
2 R N R
Eel 0 Kol
12 © 270 12 ©
(] (o 158 0.0
-12 0.9 -12
. ~2.4 . 0.0 -24
0 200 400 [RU4] N0 . ] 200 100 600 SO0 . 0 200 100 600 800 ”
Easﬁng (m) +5. 068107 Eastlng (m) L5568 x 107 Eas‘ing (m) +5.568 =10
UBC
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Step 2: EM-decoupling

IP = Observation - Fundamental

d'P = Flo(t)] — Flow]

410 micro-s

Observed

Observed at 410 micro-s

7 « 1)
.

Northing (m)
>
n

(L) SO0
Easting (m) +0.368x10°

. dbz/dt (pV/A-m?)

Fundamental

Estimated at 410 micro-s

e 600 KOO
Easting (m) +3568x10°

to recover

[ Invert TEM data, ]

[ Linearized equations ]

Invert d'F data,
recover pseudo-chargeability

Estimate intrinsic
IP parameters

F|-] : Maxwell’s operator
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+7.133x

Step 2: EM-decoupling

IP = Observation - Fundamental

dIP

Flo(t)] -

410 micro-s

Observed

Observed at 410 micro-s
10°

Flo]

Fundamental

Estimated at 410 micro-s

’m

Fl]:

Invert TEM data,
to recover

[ Linearized equations ]

Invert d'F data,
recover pseudo-chargeability

Estimate intrinsic
IP parameters

Maxwell’s operator

P

Raw IP at 410 micro-s

'm

12 ‘ ' &
é | Y ; (AR ;
2 = =
_é I ; A2 5; A2 0.02 5
- 5 o B
N -0l N
6 A3 "B A3 &
‘A4 ' 0us
010
200 {100 L0 S00 0 (] 100 600 S X 0 200 100 OIM) s00 .
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to recover

Step 3: 3D IP Inversion =

Remove EM responses

)

Invert TEM data, ]

Linearized equations

)
|

Recovered 3D pseudo chargeability [ et mneic

130 micro-s 410 micro-s

Elevation (m): 318 m

DO-18 A-A’ Elevation (m): 318 m DO-18 A-A’

500
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- E: - Et
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— = o — = o
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D L]
| |
3 3
TEEEE5S 557299 557744 TE5EEEE 557299 557744
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g g
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2 L 3
r~ 557299 ~ 556655 557299
Easting (m) Easting (m)
HEEE = Taaam |
556855 557299 557744 0.0 867 133.3 200.0 556855 557289 557744 0.0 6.9 139 208
Easting (m) Pseudo-chargeability (s') Easting (m) Pseudo-chargeability (s')
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Invert TEM data,
to recover

Step 4: Estimate nandt ==

r
.

Remove EM responses

Linearized equations ]

Pseudo-chargeability at i-th pixel [ vert d'F data, )

 recover pseudo-chargeability )

~

Mi = f(0o0, 1, T, ;1) 0

Time curves Recovered 7 and 7]
10% : : : . .
— Obs Al ) )
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Lo 0= 10 0.0 0.3 0.6
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Step 4: Estimate nand t

« Comparison with rock samples

L0 . | Estimated Cole-Cole parameters
s o A
o o A2 Division | 2Pt Q O n v c
0.8 . mbs _ icro-
o o A3 (mbsf) | (ohm-m) | (S/m) (VIV) | (micro-s)
= e @ Ad XVK 266 81.3 2.77x102 | 0.539 | 3.97x10" | 0.6
[
= 06 : 8
= o VK 78 49.0 3.13x102 | 0.337 | 10.6x10" | 0.7
| .
= o
o
5 0.4 F : o
O% ‘ 4000 .
® ' ® E.’h[!t] g
0.0 | | E' 2000 _‘...'r".."',.._ E‘
10! 107 Lo Lo 3 1500 ; BRI I TR -
. . oc ¥ : i Teeeesesel] @
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050 " 0° 10" 1° 10° 107 10T 107 17 107 107 10°
Frequency (Hz) Frequency
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7134600

Northing (m)

What can we infer from IP?

Anomalous pseudo-chargeability Pseudo-chargeability

Elevation [m): 318 m o DO-18 A-A

Elgvation (m): 318 m g DO-18 A-A
Elevation (m): 318 m

DO-18 A-A’

500

RN RN RN NN ANANI NI NARRANAR AR AR
IR A AR

| Al | e o
5
- ‘ N Al
LY ",,‘ E
o) 7~ < ‘556900 557300 557700
/' ? § Easting (m)
{""..I \:I_.\ A2 . ”"””“”III:I)IQI_I%? BII—IEI’”””“““””

7133950

S R iii.iiHHiE‘fH

318 500

- A3 |
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] EESIBDD 55_.;300 55?"?00 A3 (time ConStant)
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7133300

100

e w0 [G50eE) [B0en] * A3 can be distinguished from Al-

Easting (m) L.
' S A2 (chargeability)
o
2o hid] « DO-18 pipe: small time constant
Zo ‘ - « DO-27 pipe: two different
| @ PK chargeable bodies (small and
VK large time constant)

10! 107 ? 10
Time constant (micro-s)
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Conclusions

« We can invert airborne TEM data
— 3D TEM-IP inversion workflow

Invert TEM data,
to recover oo

Compute IP datum
Remove EM responses

Linearized equations

— S

Invert 7 data,

[recover pseudo-chargeability

Estimate intrinsic
IP parameters

—
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Conclusions

Invert TEM data,
to recover oo

Compute IP datum
Remove EM responses

[

. . |

 We can invert airborne TEM data e
— 3D TEM-IP inversion workflow } g

recover pseudo-chargeability

Estimate intrinsic
IP parameters

evation m): 318 m DO-18 A-A

* Apply this to TKC field example

BT

Easling (i)
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Conclusions

Invert TEM data,
to recover oo

Compute IP datum
Remove EM responses

Linearized equations

[

. . [

 We can invert airborne TEM data | ]
— 3D TEM-IP inversion workflow [[rem':‘;z:u;’;f;;’:tz’eamny]

Estimate intrinsic ]

IP parameters

DO-18 A-A

* Apply this to TKC field example

* |s our question answered?
— “Can airborne IP helps kimberlite Woxvk |t

exploration?”

Chargeability

0.0 .
10! 10? o* 1o
Time constant (micro-s)
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What can we infer from IP and g ?

Anomalous contour map Pseudo-chargeability

Elevation (m): 318 m 5 DO-18 A-A' Elevation (m): 318 m g DO-18 A-A
Elevation (m): 318 m o DO-18 A-A’
T T o
uw
g e y
= .% Do-27 B-é' %‘
o g
|_|J =
SL_. . .
T BB&S00 557300 557700
Eo Easting (m)
m 8 '
'__é % | § T DO_2? B_B asting (m) o Pseu::-;hameal‘:?ii::\ b e e
= = . .
= Conductivity
2
§ Elevalion {m): 318 m = DO-18 A-A'
o
]
(=]
2l gl - -
L] T 556900 557300 557700
r~ —\ _S}, Easting (m)
556900 557300 557700 -:I:E 0.0008 S/m
Easting (m) -
1.0
e o A
0.5 A 1 5_.:56-355 357259 5774
e @ A3 Easting (m)
551 557200 E5TTH it - T TR
E ol . o ® @ A4 | Easting [m) Gonductvity (Sm)
£ ° e
% o
204 . 1 H H
° o3, N * Most of IP bodies have high
) o : o | -
o2 ol ; conductivity
0.0’30

1o 10 1o Lo
Time constant (micro-s)
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“Can airborne IP help?”

Kimberlite pipe structure Physical Properties
Lake
Glactal tl E Division Dens. Susc. Cond. Charg.
Lake XVK Low Med. High ?
PK sediments
VK Low Med. High ?
PK Low Med. High ?
Basement HK Low High Med. ?
Till Med. Low Med. ?
Devriese et al. (2016) Hostrock | Med. Low Low ?

e Various Rock units:
— Kimberlites: XVK/VK/PK/HK
— Till, Host rock

 Different physical prop.

» Various airborne geophysical surveys:
— Mag/ Gravity

[“Everything inverted in 3D”]
— AFEM/ATEM
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Northing (m)

7134600

7133950

7133300

A final petro physical model

From Geophysics

Elevation (m): 318 m
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A final petro physical model

From Geophysics

Elevation (m): 318 m
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Easting (m) Rock units
Division Dens. Susc. Cond. Early Late
Charg. Charg.
RO Med. Low Low Low Low
R1 Low Med. Low Low Low
R2 Low High Low Low Low
R3 Low Med. High Low Low
R4 Low Med. High Low
R5 Low Med. High Low
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A final petro physical model

From Geophysics From Drillings

Elevation (m): 318 m - DO-18 A-A’ Elevation (m): 318 m - DO-18 A-A’
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