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Common challenge: getting enough energy into the ground



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 = I = Area waves

— Total geometric decay = 716
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Natural EM sources

Sun and magnetosphere, solar storms

Auroral electrojet; aurora

* 4 Position of

4
- | Westward
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Earth—ionosphere  Solar wind—magnetosphere

Earth as a waveguide

ionosphere

EM waves bounce between earth
surface and highly conductive
lonosphere

And travel as plane waves

waveguide interaction
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Refraction of waves

Snell’s law

k; sin 0, = k; sin 0,
k is complex wave number

k? = w? e — wuo

Quasi-static: % &1

ki
sin 0, = \/2weq /o sin 0; %
Angle of refraction is 8; = 0° in /
almost every instance o1, €1 /////

— Example for 10,000 Hz Tz H2 €2
« 0=10"3S/m
- 9, =89° |
 Then 6 = 1.35° .




Plane waves and skin depth

« Skin depth (meters)
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* Low frequency waves propagate further

—_—
» Depth of propagation o H.EB ?};
> {

— A few skin depths <
— 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 dopth = 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
e m, e n, H g, H\ZyH,,
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MT Station

Maxwell’s equations:
— Equations are linear in J VXE+wuH=0

— Both E and H are affected in
the same way VxH-ocH=J,

Effects of unknown source
removed by taking ratio

Transfer function: relationship

between fields. lﬁj;te °
E =7ZH £y

Z is the impedance (matrix)

()= 2) (i)

B, B, B,




Impedance and resistivity

" Current shget (%)

* Plane wave in homogenous media:
— E and H fields are perpendicular
TE mode TM mode

——e-—» N

P
Homogeneous half space
Impedance Resistivity Phase
Ex 1 2 Im(Z ) TC
ny = H_ pP=— |ny| ® = tan™! V) =
y WU Re(Zyy) 4
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MT soundings in 1D

In general:
=

7 = (Zxx ny) p =100 Qm
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1D MT app

Forward mOdel MT data fOI’ MT_n_layered_earth_example X
|ayered Earth (1 to 3 |ayerS) = C' @ localhost:8888/notebooks/notebooks/geophysical_surveys/MT_n_layered_earth_ex... @ ¢

.
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MT soundings in 2D

* |n general:
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MT soundings in 2D

* |n general:
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In general:

MT soundings in 3D

N
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No symmetry or special

conditions
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Measuring MT data

« Basic acquisition

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

* At each station, measure: §¢ /\W\A\W Ey

Ey, Ey, By, By, B,

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

1 second



Processing MT data time window

Divide time series

iINnto time windows .
X

Apply Fourier transform
— For each station:

ex(t) = Ex(w)
hy(t) » Hy(w)

Form the impedance tensor:

(Ex(w)Hy" (w))

Zer (@) = T o) (@)

I_H

— For the remote reference:

hy (t) = Hy (w)

(*) complex conjugate
<> average over multiple samples

18
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Inverting MT data

Important: boundary conditions 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

19
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MT case history

*
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Hengill geothermal region: setup

Iceland: 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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e Low-temperature area
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Physical properties

Relationships between alteration, resistivity,
temperature, and conduction processes

[ ] Rel.unaltered

[ ] smectite- zeolite zone
[7] Mixed layer clay zone

- Chlorite zone

- Chlorite-epidote zone

Pore fluid
conduction

Surface conduction
in clay minerals

Surface and
pore fluid conduction

ALTERATION RESISTIVITY

TEMPERATURE

Fresh
water

Saline
water

50-100°C
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MT instrumentation
— Phoenix MTU5’s

Survey
— 133 stations used
— Combination of 2E and 2E+3H setup "
— Frequencies: 300 — 0.001 Hz iof

7105f

Remote reference
— About 40 km away

Northing UTM km
~
=]
o
S)

7095

Raw data processing using o
Phoenix’s SSMT2000 software |

470 475 480 485 490 495
Easting UTM km



Surface alteration,
hot water, fumaroles
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3D Inversion

« Off-diagonal impedance (Z,,,
and Z,,,) used

« Combined multi-frequency
inversion (300 Hz - 0.001 Hz) g*
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Interpretation Resenvoir

Resistive near " _
surface eservoir

enhmm \ Gruhnjukar Hellisheidi Hengill
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Synthesis

Ohm*m Temp (C) | Gruhnjukar Hellisheidi Hengill
1000. 350.

Nesjavellir

316,

[rs'q wy] yidaQ

08-02-09-06 0¥-0€-02 01~ 00

10.

« Conductive layer corresponds with formation temperature
« Jwo main production fields: Hengill and Nesjavellir
« Deep conductive heat source 28
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Tipper data (ZTEM)

Transfer functions = relationship
between two different fields.

For MT relationship
E=Z7H

Relationships between magnetic

fields
H,=TH

ZTEM: Z-axis tipper EM




/TEM data

* H, recorded over survey area

* H, and H,, at a ground

reference station H, (1) = Tz Hy (15) + Ty Hy (1)

* Frequencies: 30-720 Hz

« (Complex transfer functions
E
j ' s

v

Hz(r) Hx(rO) ’ Hy(rO) 31




X Synthetic example

Real

4213 3.16=-002 4213, 2.60=002
. 2.132-002 732002
3503 . 2209
. 1.10=-002 8.56=-003
3008 6.61e-004 3008 -1.842-004

2403 2403

1800 ] : , : ' B 2020002 1800 : : , ' B 2820002
2800 3402 4008 4803 5212 2500 3402 4008 4803 5212
4213_ .2.322002 4213 .3.70e-002

. 2.22e-002 . 2.442-002

. 1.142-002 . 1.18=-002
3006 _ ' . 3.62e-004 3006 | . -8.022-004
. -1.06e-002 _-1.242-002

2403 _ 2403 |
. -2.16e-002 . -2.60e-002

1800, , ; , ' B a28e002 1800 , ’ , . Basze0m
2800 3402 4008 4808 £212 2500 3402 4008 4803 5212
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/TEM: some comments

Can explore the “difficult to see”
depth range 200-1000m

A& f
Fast and economical E Z §§ ;

Good geologic mapper

Can be basis for follow-up ! i

ground survey

33




/TEM case histories

* Noranda distric

« Elevenmile Canyon geothermal areg

« Balboa copper porphyry deposit

34



Noranda district, Canada

* Hosts many deposits:

— 20 economic volcanogenic True model at 275m depth
massive sulphide deposits (VMS)

L S/m10—2

7500+

— 19 orogenic gold deposits =

5000+

— Several intrusion-hosted
Cu-Mo deposits 2500-

0- 1102

Northing (m)

* Physical properties

-2500

— Synthetic example ’
from geologic model ~5000-
— 38 geologic units converted 7500

iINnto expected conductivities ~7500 -5000 -2500 0 2500 5000 7500

Easting (m)

35



Data

« Forward model data at 6 frequencies
— 30, 45, 90, 180, 360, and 720 Hz
Observed (90 Hz)

Real Tzx - # of data: 142460 Imag Tzx - # of data: 142460

Northing (m)

8350 Y 1.49e-001 8350 2 19.27e-002
. e 9.01e-002 a : = .  5.566-002
4144, B - I 4144 F - T
True model at 275m depth N T s 130002 - © 566.002
. . . . Sm, o2 " [ p— IR iy

7500 \ 63l 2.75¢-002 63 : -1.85e-002
. -8.626-002 -5.566-002

' -4269 -4269
| 1.45¢-001 | -9.276-002
-8475 o - 0 -2.04e-001 -8475 -~ 1-1.30e-001

8400 -4206 -13 4181 8375 8400 -4206 -13 4181 8375

1.856-001 8350, Mad T2y - #of data: 142460 1.11e-001
 1.24e-001 7.44e-002

- 4144
0 Easﬁgg (m) 2 .6.33e-002 3.82e-002
2276003 -63 1.91e-003
: -5.88-002 -3.43e-002

« Need to invert -4269
| 1.20e-001  -7.066-002
| 1.81e-001 -8475 | 1.076-001

8400 -4206 -13 4181 8375
36



Northing (m)

True mod{el

7500+

5000+

2500+

-2500

-5000+

—7500

-7500 -5000 -2500

« Geologic units are well mapped

Easting (m)

S/m 1 0-2

_10-3

Northing (m)

Interpretation

S/m 1 0-2

Recoyered

-2500

-5000+

—7500

L __10-3

Easting (m)

Model at 275m depth

« Some mineralized bodies are located

-7500 -5000 -2500 0 2500 5000 7500
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Synthesis

Recovered model represents the regional geology

. | ) \ . S/m10-2 . , . , L S/m10

7500 - 7500 )

_'. -

5000 - 5000 ‘

&

2500 % | 25001 = |
£ o o £ o o o
£ S b ~ =
2 K dh 2 a0

| 1
1 — . PO ) .
25001 Ly -2500 / g
- 4
-5000 - -5000 b 0 -
- E - L=
I‘ < - - ‘- - < »,'_
~7500- ~7500 . B
_ - -4
. . \ , 10
-7500 -5000 -25 5000 7500 -7500 -5000 -2500 0O 25
Easting (m) Easting (m)

Mineralized zones are recovered

True - Recovered

-2325

3825 -7500
8400  northind

() 38
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Next Up sl

End of Natural Sources

* Introduction to EM
 DCR

 EM Fundamentals
* Inductive sources

— Lunch: Play with apps

« Grounded sources

« Natural sources
 GPR

* Induced polarization
* The Future

>4
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