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What is required to see deeper”?

Penetration depth depends upon system power

Controlled source: « Infinitely large loop source
— Using a small loop — Sheet currents generate plane
— Magnetic moment waves
m=1A
— Total geometric decay — Total geometric decay
r6 r3
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Natural EM sources

Sun and magnetosphere, solar storms

Auroral electrojet; aurora

Position of
Westward
Electrojet

Metatech

Applied Power Solutions

22:00 UT

March 13, 1989




Aurora movie




Earth as a waveguide

ionosphere

« EM waves bounce between earth and
highly conductive ionosphere

« Travel as plane waves

Earth—-ionosphere  Solar wind—-magnetosphere

waveguide interaction
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Refraction of waves

Snell’s law
k;sin0; = k; sin 6,
k is complex wave number
k? = w?ue —iwpo

Quasi-static: %50 <1

2w€0 .
sin 6;

sin Ht =
o

Angle of refraction is 8, = 0° In
almost every instance

O1,M115€1

027”2,62

— < \\\ \
\

Example for 10,000 Hz

oc=10"3S/m
9, = 89°

Then 6, = 1.35°



Plane waves and skin depth

« Skin depth (meters)

5—\/ —503\/
WUo

* Low frequency waves propagate further

+ Depth of propagation > < §?
— A few skin depths < <<g <
— Only a portion of a ‘
wavelength >

100 ohm - metres

20 km

Period = 100 s Period = 4 s Period = 1/ 26 s
skin dopth = 50 km skin depth = 10 km skin depth = 1 km
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Control source vs Natural source

« (Controlled source « Natural sources
— Well-defined location, — Sources are random in space
geometry, and amplitude and time
ooy H oy H g H@Hx
/gw I N / & ek

v v
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MT Station

Maxwell’s equations:
— Linearin J

VXE+iwuH =0
VxH-—-ocE = Jg

— E and H affected in the same way

Effects of unknown source
removed by taking ratio

Transfer function

E=ZH g B
\ B, B, B,

impedance (matrix)

/

()= 2) (i)
Ey Zy:v Zyy Hy




Impedance and resistivity

Plane wave in homogenous media:
— E and H fields are perpendicular

TE mode TM mode

Homogeneous half space

Impedance Resistivity Phase
Zyy = T = —|Z ® = tan~1 a4
Y H, P a)/,tl =1 Re(Zyy)



MT soundings in 1D

In general:
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* In general:

-

Lyy #F Lyy

« TE mode

— E-field parallel to structure
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MT soundings in 2D

In general:
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In general:
Z
Z — (Zxx
yXx
In 3D:

MT soundings in 3D

N
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Zyy

No symmetry or special

conditions
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Measuring MT data

« Basic acquisition

Remote @
B, B
E, ey
E,
; B, B,,B,

« At each station, measure: 24 WN\J\M\W Ey

Ey, Ey, By, By, B,

* At remote reference, measure:
By, By, B

1 second



Processing MT data

Divide time series
into time windows

Apply Fourier transform
— For each station:

ex(t) = Ex(w)
hy (t) - Hy(w)

Form the impedance tensor:

(Ex(w)Hy" (0))

20 = T @) (@)

time window

I__\

time

— For the remote reference;:

RE() - HE (w)

(*) complex conjugate
<> average over multiple samples

19



Inverting MT data

Boundary conditions important for
modelling

Mesh size:
— MT: extended grid
L: a few skin depths from data area

Challenge: Unknown boundary
conditions

— Possible channeled currents

— Data can be affected by distant
structures

Otherwise, inversion of MT is
essentially same as CSEM data

20



Outline

Background on natural source EM methods
Magnetotellurics

Case history: Geothermal

Case history: Minerals

/-axis tipper electromagnetics

Case histories (ZTEM): Geologic Mapping, Minerals
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MT case history

*
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Hengill geothermal region: setup

lceland: geothermal hot spot
— On the mid-Atlantic ridge

— Hosts multiple high
temperature geothermal
systems

Hengill geothermal area

— Supplies majority of hot water
in Reykjavik

— Contributes ~450 Mwe to
National power grid
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Physical properties

» Relationships between alteration, resistivity,
temperature, and conduction processes [_] Rel. unaltered pore d
|:] Smectite- zeolite zone
] Mixed layer clay zone f,:’gi;e,,f,‘,’,’;f;‘_f”"
- Chlorite zone
- Chlorite-epidote zone ?:):?(f:liia:intinduction

ALTERATION RESISTIVITY

TEMPERATURE

Fresh
water

)

1
‘\
s+ Boiling

50-100°C
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Remote @
B.B,

Survey :

MT instrumentation
— Phoenix MTU5’s

Survey
— 133 stations used

— Combination of 2E and 2E+3H 7115
setup ’

_ Frequencies: 300 — 0.001 Hz ol

7105}

Remote reference
— About 40 km away

7100

Northing UTM km

7095

Raw data processing using Phoenix
software

470 475 480 485 490 495
Easting UTM km



Northing UTM km
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Surface alteration,
hot water, fumaroles
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Ohm™m
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3D Inversion
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Interpretation Resenvoir

Resistive near

Resistive near , Clay cap
surface Reservoir Clay cap

surface
ohm*m ‘ Gruhnjukar Hellisheidi M. Nesjavellir
1000. £ -~
316. °
o
® o
T
100. s &
—_ O
= 1
EfEN
. o @
© &
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o
° tive C
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e
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Synthesis

Ohm™*m Temp (C)
1000. 350.

Gruhnjukar Hellisheidi Heng'”

Nesjavellir

3lé. 300.

150.

[rs'q wy]yidag

0'8-0/-09-06- 0%-0€-02 04- 00 A

10.

1.

« (Conductive layer corresponds with formation temperature
« Two main production fields: Hengill and Nesjavellir
« Deep conductive heat source 29



Case History:
Santa Cecilia Porphyry System, Chile

Bournas and Thomson, 2013

Thanks to Rob Hearst at Quantec
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South
America

-

e s

e 2 ol B s
< e . ¢ e .

Within the Maricunga Metallogenic Belt which hosts known gold-
copper deposits

Intense hydrothermal alteration (elevation between 3600 — 4600 m)
Main mineralization: gold, silver, and copper

31



Conceptual Porphyry Cu-Au Deposit Model
(after Sillitoe, 1995) Acid-leached zone

VOLCANIC EDIFICE

High sulphidation

Sericitic alteration massive sulphide lode

Potassic alteration
with porphyry Cu-Au mineralization

Propylitic alteration

. . A
Porphyry stock iR s & . P

- S 55 s ay : . |
o o | o FRiag ~. o
- 2 R SEROM Sl

SUB - VOLCANO BASEMENT

« Within the Maricunga Metallogenic Belt which hosts known gold-
copper deposits

* Intense hydrothermal alteration (elevation between 3600 — 4600 m)
« Main mineralization: gold, silver, and copper

32

[ Can we image the porphyry system? }




Setup: Ground Magnetics Inversion




Setup: Discovery

Ground magnetic data
— Delineate alteration zones

Mobile Metal lon (MMI)
— Gold and copper anomalies

CSAMT
— To test MMI

Sili¢ification \ N

Intermediate
argillic

Advanced

argillie

3D Susc.

Peripheral
propylitic




Properties

Conceptual Porphyry Cu-Au Deposit Model

(after Sillitoe, 1995) Acid-leached zone
A % Advanced argillic alteration

) = 4 y
Chloritic alteration . o < ‘\_
s y ’ N Low sulphidation vein

High sulphidation
massive sulphide lode

VOLCANIC EDIFI (/ y
- — \ -
Peripheral B /

propylitic

Silicification s ‘ N ‘
N\ ] \ :, : . Vo Propyliticalteration—/

Potassic alteration
with porphyry Cu-Au mineralization

\ Porphyry stock
SUB - VOLCANO BASEMENT

Intermediate

argillic
Advanced
argillie

Units Resistivity | Chargeability | Susceptibility

Host rock High None Moderate
Stock Moderate Low Moderate
Alteration zones Low - Mod. | Mod. - High Low
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CSAMT

Controlled Source Audio Magnetotellurics

Plane wave assumption
— Receivers need to be far away from source (several skin depths)

Uses MT inversion algorithm

36



Survey: Discovery

Controlled Source Audio Magnetotellurics

Transmitter

— 3.5 km dipole

— Frequencies: 2-9000 Hz
Receivers

— 10 km from source
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Elevation (meters)

Processing: Discovery

2D resistivity sections

L9 2-D RLM Inversion

400 600 800 1000 1200 DA
4400 ———L L L1 4400 \’\/6
4300 — — 4300 ~
4200 — — 4200
» Recovered horse-shoe
£ 4000 — /\/ — 4000 o
E 3900 D 3900 N
S 3800 — — 3800 ©
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o 3600 — — 3600 )
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3400 L 3400 N \l/\
400 600 800 1000 1200
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Interpretation and Synthesis: Discovery

3D cut-off volume from CSAMT

Gold anomaly

Recovered conductor consistent with Au and Cu anomalies
from MM|
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Interpretation and Synthesis: Discovery

2D resistivity sections with drill holes

\ Resistor

o o %Oieé—

(1400 and

1700m) 7

« Two holes are drilled and found mineralized zones (2011)

» Mineralization extends beyond CSAMT conductor
— Lowest frequency in CSAMT (24 Hz, rho=10 ohm-m)

5:500\/? ~ 325 m



Setup: Evaluation

Ground magnetic data
— Delineate alteration zones

Mobile Metal lon (MMI)
— Gold and copper anomalies

CSAMT
— To test MMI
— Found large conductor

Two discovery holes
— Need to see deeper...

ORION 3D: DC/IP & MT

Sili¢ification \ N

Intermediate
argillic

Advanced

argillie

3D Susc.

Peripheral
propylitic




Survey: Evaluation

Orion 3D survey

From Quantec

Layout Coverage 100 MT sites

« DC-IP + MT

— 150 m dipole length

— Two orthogonal induction coils
— 450 m spacing

— Acquired over night

— Frequency range: 250-0.001,Hz

— 539 transmitters

— 300 receiver dipoles
— Pole-dipole

— 150 m dipole length



Apparent resistivity

« 150,000 data points from
150,000 data points — 539 sources
— 300 receiver dipoles

 Hard to visualize and
interpret data

* Need to invert

43



Processing: DC inversion

3D DC resistivity




Processing: DC inversion

3D DC resistivity




Processing: DC inversion

/00 mbelow surface




Processing: DC inversion

900 m below surfact

D

N
w .:-;-“
Res_25 M= ‘
- W E =
1 km |D.1 1 T B lll} 1 ! ! It o 90 ’ 47




(we also have |IP data)



DC data

DC-IP Data

150,000 data points

150,000 data points from
— 539 sources

— 300 receiver dipoles

Hard to visualize and
Interpret data

Need to invert

49



3D DC IP inversion

« Use DC conductivity
* Invert IP data, recover a 3D chargeabillity
« UBC DCIP3D

Resistivity Chargeability




Interpretation: Resistivity & Chargeability

/00m below surface

Resistivity Chargeability



Interpretation: Resistivity & Chargeability

900m below surface

Resistivity Chargeability



100 MT Sites
150 m dipole length

Two orthogonal induction
colls

450 m spacing
Acquired over night

Frequency range: 250-
0.001 Hz



Processing: MT inversion

3D MT conductivity



Interpretation

3D DC resistivity

1 'k

res_09_clip §€
1 10 100 1000 v
! 1 1 | | | | | | | | W




Interpretation

3D DC and MT resistivity distributions

=

DGy




Interpretation

3D MT resistivity

CSAMT
L

Conductor
|




Synthesis

3D MT resistivity

= Significant

‘ < 10 Ohm-m

conductor,
increases the size
and depth of the
alteration zone and
related
mineralization to a
depth of 2km in the
down dip direction

o res_O'B_cI;pD . \A ’x E_%S

D 4 4




Tipper data (ZTEM)

Magnetic transfer function
H,=TH
H,(r) = T,sHy(ro) + ToyHy(ro)

Frequencies 30Hz — 720 Hz

H, ¢

v

59



X Synthetic example

VA Real

4213 . 3.16e-002 4213, 2.60e-002
. 2.12e-002 . 1.72e-002

3609 | 3609 |
1.10e-002 . 8.56e-002
3006 . 6.61=-004 3006 | -1.64=-004

_-9.64=-002 _-5.85=-003
2403 2403
-1.95=-002

- . . . A . T N 2832002
2800 2403 4008 4803 5212 2800 5212
4213_ .2.322002 4213 .3.702002
. 2232002 | 2.442-002
3809_ 2809
. 1.142-002 .1.182002
3006 ' . 3.622-004 3006 | .-8.032004
.-1.082-002 .-1.342002
2403_ 2402 |
| -2.182002 . -2.602002
800 ’ " ; 1 3282002 1800 , ’ . . N 3882002
2800 2403 4008 4803 5212 2800 3402 006 4803 5212



/TEM case histories

« Synthetic based on
Noranda district

» Balboa copper porphyry deposit

61



Noranda district, Canada

« Hosts many deposits:
— 20 economic VMS

True model at 275m depth
— 19 orogenic gold ‘ ' '

L S/m 1 0_2

— Several intrusion-hosted
Cu-Mo

* Physical properties

L __10—3

Northing (m)

— Synthetic from geologic model

— 38 geologic units

-5000+

—7500-

-7500 -5000 -2500 0 2500 5000 7500
Easting (m)
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Data

« Forward model data at 6 frequencies

— 30, 45, 90, 180, 360, and 720 Hz

* Need to invert data Observed (90 Hz)

Northing (m)

8350 Real Tzx - # of data: 142?60 u 1.496-001 8350 Imag Tzx -_‘#:.fdata: 14246?
- b | 9.01€-002 E E L‘ 1
J = . 1 | = ey
True model at 275m depth 4144 & i R
¥ . - = Bl T

L SIm,n2 ' o
1500 \ | 63 275e-002 -63. :
- - -8.626-002
' -4269 -4269
| -1.456-001

2500
’ o , . -2.04e-001 -8475 )
-8400 -4206 -13 4181 8375 -8400 -4206 -13 4181 8375

o

=

o
&

-2500

Imag Tzy - # of data: 142460

- 1.85e-001

. 1.24e-001
104

7500 5000 2500

Eastig (m) 2900 .6.33e-002

_2.27e-003
_-5.88e-002
-4269
. -1.20e-001

. -1.81e-001 -8475 -, .
-8400 -4206 -13 4181 8375

-9.27e-002
_5.56e-002
-1.86e-002
_-1.85e-002
_-5.56e-002
_-9.27e-002

_-1.30e-001

~1.11e-001
_7.44e-002
~3.82e-002
~1.91e-003
_-3.43e-002
_-7.06e-002

| -1.07e-001
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Interpretation

Recovered Model

Model at 275m depth

L S/m10-2

0.01

l 0.00464

0.00215 — ]
£
| 0.001 2 1
=
b =4
0.000464 S
I 0.000215 -2500+ ™
0.0001
-5000+ -
75001 - .
L
; T : ; - 104
-7500 -5000 -2500 0 2500 5000 7500

Easting (m)

« Geologic units are well mapped
« Some mineralized bodies are located
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Synthesis

Recovered model represents the regional geology

A . A A . S/m10-2 A , A ) A A Slmm_z
7500 3 7500 :
-
50001 ¥ 3 50001 ‘
25001 % | 2500 b 8 ||
o . o .
£ 0 =0 H100 £ 0 " 10
b ey z
o o
b4 | ¥ 1 z
-25001 L 25001 ]
~5000- - -5000
-_— E |
~7500 & ~7500 >,
. y — - 10~
-7500 -5000 -25 5000 7500 -7500 -5000 -2500 O 2500 5000 7500
Easting (m) Easting (m)

Mineralized zones are recovered

True Recovered

825 .
28400 northind
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/TEM case histories

« Synthetic based on
Noranda district

« Balboa copper porphyry deposit
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Case History:
The Balboa ZTEM Cu-Mo-Au porphyry
discovery at Cobre Panama

Legault et al., 2016

Balboa Colina
—
€ o hand
—
S ;
O -500 -
.ﬁ
>1000~
2
w
_llllllllllllllll

154 250 400 480 540 606 684 779 1004 1384 2500
VIEW LOOKING WEST RESISTIVITY (Ohm-m)
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Setup

Resource map

Caribbean Sea \ iy . < Measured
% X . . +Indicated
Colén : . L________,_________.____j Resources
Cobre A5 S LU . 105 :!nef:c::ler:e i
Panama . o o Colina [ Medio Shs i e
 PanamaCi BALBOA & ;.
DISCOVERY ’
- {
’ Y
Panama ( .
\
- ——
Drill Program l
0 1 2 * Historical I e A
. .+ FEED : % % ;
. + Post FEED . . Mole =
kilometres « Balboa |ﬂ‘fral_c°:"ftn__;___________

« Balboa porphyry Cu-Mo-Au deposit

— Located 1-2 km from known deposits: Colina, Medio, Botija, Valle
Grande, Mole, Brazo, Botija Abajo

— Most known deposits found with soil samples; followed by
exploration programs
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Setup

W 985.000mN

g Legend

Pit Outhine
Faults

Porphyry
Granodiorite
Andesite
Basaltic Andesite
Picritic Basalt

980,000 mN

LB N BN e

LLLLL

\\\\\\

» QOverburden: 20-30m of clay-rich saprolite

* Mineralization:
— Mostly chlorite and chlorite-sericite alteration
— Abundant disseminated chalcopyrite, pyrite and magnetite

» Previous helicopter TEM survey unsuccessful in detecting mineralized zones

[ Can ZTEM see mineralized zones below the conductive saprolite layer? ]




Geologic map

985,000 nf

Properties

980,000 mN

Legend

N\ Pit Outiine
N Faults

@ Granodiorite

B Basaltic Andesite
W Picntic Basalt

« Mineralized zone
— High conductivity
— Low magnetic susceptibility

= ¢ Highly conductive saprolite at
B Anceses surface (up to 30m thick)

Susceptibility (SI)
Low

Moderate
Moderate

High

Rock Unit Resistivity (2 - m)
Saprolitic overburden Low

Host rock High
Granodiorite/porphyry (host rock; unmineralized) Moderate
Andesite/basalt (unmineralized) Moderate
Mineralized/clay-altered Low

Low J




Survey

A) ZTEM Helicopter EM -:=‘*'?"»‘i“ :

23% 1%5

.
Base-station

v

¢ System
_ — 6 frequencies: 30-720 Hz
‘_ 3-axis Base-Station — Hz: airborne receiver

Receiver (Hx-Hy)

— Hx and Hy at base-station
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Survey design

A) 2D Synthetic Model for Balboa Porphyry below Saprolite

2-D Model

balboa2
00f0803%808080708091B1718181818161718182820782924202820782930: 17828363838 178594B.74340848484P484809585956545857 5859501 '
60k Om x 50m Thick “Air” Layer  300m x 30m Thick “Saprolite” Layer | o « TJypical AEM survey
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_— o . 1. 18 ,

2 l;;,, can’t see through

2 ;g conductive saprolite
3200

a oo
18000
32000
56000

E-W

 /TEM insensitive to
B) ZTEM 2D Inversion Model for Balboa below Saprolite

1D conductivity

0.0 km 1.0 20 0410k 4.0 5.0 6.0 km
om 4—"} .
g ZTEM 2D Resistivity ] 1
= E 30 Qm x 30m Thick Saprolite?
E -500m Volcanics g
ul ~500 0m
-1000m. - - - ——EESEES=._ __ _ ] OO ool
Altered Porphyry
~30-100 O0m
[ — — Hesisivy
10 n_?n ” n E lm m ne 02 mlmovm n62 m’m n_mm'm)

RESISTIVITY (OHM-M)

/ZTEM can see through conductive overburden. 72



Data
« Tipper transfer function:
H,(r) =Ty (r,r0)Hy(ro) + Toy(r,ro)Hy(ro)

— Tzx and Tzy obtained using similar processing as MT
— Hx and Hy obtained from reference site (ry)

« /TEM survey also acquires magnetic data

A) ZTEM Flight Line over Digital Elevation Model ~ B) Total Magnetic Intensity (TMI)

525000

Orebody

aaaaaa

gees
SER8
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Processing: magnetic data

* Reduced to pole (RTP)

A) Total Magnetic Intensity (TMI) B) Total Magnetic Intensity (Reduced to Pole)

—
33910 ——
33890
33866
33838
33802
33754
33687
33604
33512

74

555555 wma 535000 540000 \ 545000 R000 5 —M—
2 > =’ i Ore bOdy Road —— i (T[4 Orebody Road
| gorer S s ELmele

— Known deposits correlate with magnetic lows (after RTP)
— Demagnetized areas are due to alteration
— Balboa not delineated (has both high and low anomalies)



Tzx

Tzy

/TEM data at 90 Hz

SS23I2

0
0
0
-0.
-0.
0.
2
-0
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Processing: ZTEM data
« Total phase rotation (TPR)

TPR real at 360 Hz

1 -
L

Grande & B

b, e

$25000 5300 835000 = 540000 gy 545000

: N %
Y i Rivi@F Orebody Road

(mwters)
5 84/ UTU 2008 TN

o
Orebody Road

— At 360Hz, high values collocated with known deposits; some false
positives

— At 30 Hz, regional resistive structure; deeper conductive structures
collocated with some known deposits 76



Inversion and Interpretation

3D conductivity at 500 m depth

Vertical conductivity section at L1170
A Balboa Colina  f\

o .

-1000

1305
1101
969

1792

876
208
756
708
‘ 666
625
| 590
559
529
‘ 502
a74
445
‘ a18
\

Elevation (m)

Vertical susceptibility section at L1170

Balboa Colina

288
359
328

206

AN T [ [ [ [[TTTITTTTT]
Elfvation (m)

264
228 VIEW LOOKING WEST
173 [ N I N I |
- - 07 1.0 13 16 19 22 26 31 a7 45 56 74 10.0 143 237 35.0
3D Resistivity MVI MAGNETIC SUSCEPTIBILITY (x 10 SI)
(ohm-m)

» Balboa deposit
— Conductor imaged at depth
— Magnetic low at depth
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Synthesis

A) Balboa Deposit Cross Section — Sulphide & Ore Shells

. | Pyrite
|| Shell

Drillholes

“200 e Saprolite
+ Chalcopyrite > 1%

Elevation (m)

Grade Shell
& S VIEWING WNW v
B) Balboa L1170 ZTEM 3D Resistivity (500 Qm Start)

0 2000 4000 6000 8000 | 0000
(532080.971503) (5321 3549) (532091.975516) (532092.977555) (532 0561) (532088.981519)
Distance(m)
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C) Balboa L1170 3D MVI Magnetlc Susceptlblllty

00000
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VIEW LOOKING WEG MVI MAGNETIC SUSCEPTIBILITY (x 10 SI)

Exploration and drilling
motivated by soil sampling failed
to identify Balboa

Helicopter TDEM could not see
through conductive saprolite

Conductive anomaly collocated
with Balboa deposit agrees with
boundary of higher-grade zones
from drilling
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End of Natural Sources

Next up
| | = >
v V—®—\ v vx v V—®—\ /‘\
DC Resistivity EM Inductive Grounded Natural Induced The
Fundamentals  Sources ‘ Sources Sources Polarization Future

Lunch: Play with apps
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Additional Material

 Case Histories:
- Landslides



Case History:
Landslides, Sweden

Shan et al., 2014
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Distance along profile (m)

10 100 1000
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Landslides in Sweden

Photo: C Fredén, 1977, Tuve

o

Photo: Mats Engdahl, 2006, Munkedal




Formation of quick clays
The last glacial period

Location map

Glacial time sea lev

Land uplift and formation of quick clays

@ T
7 1 fhreretr
YT AN
Jrrraea 0y
Prrag o
'rorag
r

1y
! /
' Present sea level

Postglacial sediments

)

Isostatic rebound force

« Marine clay, deposited, uplifted then flushed with freshwater
— Decreases salinity and reduces strength > quick clays

Can we detect quick clays? .




Properties

Soil material Resistivity interval
Salt/intact marine clay 1-10 Q2m
Leached, possible quick clay 10-80 O2m
Dry crust clay, slide deposits, coarser >80 Qm
« Clays
— Conductive

— Usually overlay sand / gravel

* Quick clays
— Infiltration of water removes salt
— More resistive than typical clays

» (Coarse-grained layer
— Resistive
— Sand and gravel (porous)

Resistivity (induction log)

a)

1,0
0.0

45.0

50.0

E-01

Resistivity ((Qm)
1,0E+00 1,0E+01 1,0E+02 1,0E+03

7202

i

Coarse-grained|

layer

—eRasistivity CPTU-R

Quick identified from CPT

—

rod friction

-l o Undisturbed sampling
o Sensitivity > 50

Formation of quick clays

—YN

R

7




Northing (m)

SUrveys

Geologic map

6455000

6454500

1 1 I
331000 332000 332500

Easting (m)
1 g%?"gd%ﬁ‘?g"“e to B Postglacial sand - Scar/erosion surface
Sandy-silty till Postglacial silt

Geotechnical drilling

Glacial clay * (CPTU/CPTU-R)

I River sediment/silt
-.- Postglacial clay/gyttja

« DC (ERT)
— Lines 2-5
— ABEM system

— Wenner array (bm spacing)

RMT survey
N p(Qm) po = L |Exff
d[m] =503 - f(Hz) xy Ko |Hy

0= [ ]

From Bulent (2017)

« Radio MT (RMT)
— Same lines as DC
— EnviroMT system
— 21-28 radio transmitters
— Frequencies: 18.3-183 kHz
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Computed using determinant of impedance tensor at two stations along Line 2

7. ny] {Hx] Determinant: Zgo = \/ZHZ_‘,_\, ~ 77,

Zy Zy || H (complex-valued) 86

Impedance tensor: | £x| —
E yx yy

y y



Pseudosections

Line 2
st DC: apparent resistivity Nw

Log10 Rho(Q2m
0 == : =5

3

— L |2

1

Pseudodepth (m)

0 50 100 150 200 250 T 300 350 200 450

St RMT: apparent resistivity

st RMT: phase

200 250
Distance along profile (m)
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RMT

ERT

ERT

RMT

Elevation (m) Elevation (m)

Elevation (m)
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Processing and inversion

2D resistivity sections
ZSSE _A._
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Seismic section 7067
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similar images

Jointly invert ERT
and RMT

Correlates with
seismic
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Processing and inversion

2D resistivity sections
s A

RMT
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Processing and inversion

2D resistivity sections

258—-A B NRiver
RMT E 10f= g | "
c _5 ; —— .
':‘E —20 \ ,iﬁ- o
w3 ‘ AP
-50 T T T T I £ (_/‘ !
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S N .'J
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RMT &~ [EATAMT
- 0 50 100 150 200 250 300 350 400 450 — Dry crust
Distance along profile (m) ‘_\ & ry
- <— Clay/Quick clay
1 10 100 1000
Rho (Qm)
Coarse-grained
Lithology (from boreholes)
B Quick clay Clay
300 350
I Coarse layer
Soil material Resistivity interval Quick clay

Salt/intact marine clay 1-10 2m
Leached, possible quick clay 10-80 {2m
Dry crust clay, slide deposits, coarser >80 Qm

« Jop interface: conductor to
resistor

* Thickness difficult to estimate



RMT

ERT

RMT

Synthesis

7202

\ 2D resistivity sections Resistivity log
l Resistivity ((Qm)
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AN

units = identify possible quick clays

— Corresponds with seismic

— Determining thickness is challenging Clay

300 350
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