GEO-DEEP9300 o01.N0v.2021

Imaging Earth through
electromagnetic (EM) signatures

Florence Ramirez
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EM wave is...

m a unification of electricity

and magnetism
(described by Maxwell’s

equations)

composed of E and B
fields that can sustain
each other

a time-varying magnetic
field (B) acts a source of
electric field (E), and
time-varying E field acts
as a source of B field

Radiation Type
Wavelength (m)

Approximate Scale
of Wavelength

Temperature of
objects at which
this radiation is the
mostintense
wavelength emitted
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https://courses.lumenlearning.com/astronomy/chapter/the-electromagnetic-

spectrum/



E — electric field strength
B — induced magnetic field

» Maxwell’s Eq qu‘ions I — electric current

J — current density

@ - electric flux

@5 - magnetic flux

. . Qencl - enclosed electric charge
lnfegral Form Differential Form €o - electric permittivity in free surface

Uo - magnetic permeability in free surface

Qencl _ Qencl Y postive »ditection, e sume
% E-dA = o = Gauss'sLaw V' E = 2 the diretion of £ x .
€0 €0
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KEY properties of EM
waves

EM wave is transverse; E and B are
perpendicular to the direction of the
propagation of wave. Both fields are
perpendicular with each other.

There is a definite ratio between the
magnitudes of E and B: £ = ¢B.

The wave travels in a vacuum with a definite
and unchanging speed.

E and B are in-phase in free space (phase
angle of m/4)

EM wave does not require a medium.

The wave is traveling in the
Y positive x-direction, the same
= —
as the direction of E X B.

>
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E

B
E : y-component only
B: z-component only

What if there
is a MEDIUM?
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Maxwell’s

equations for a

medium

_ Qencl
€

V-E

V:-B=0

dE
VXB=u +6E
dB
VXEZ_E

Gauss’s
Law

Gauss’s
law

Ampere’s
law

Faraday’s
law

E — electric field strength

B — induced magnetic field

I = electric current

J — current density

Qencl - enclosed electric charge

€q - electric permittivity in free surface

Uo - magnetic permeability in free surface

conductor

YL@—E . @—»/f | B
\[ ®T>6d®_>ﬁd %A
\@_»Ud T, @ ?ﬁdlAi

= oE
1

conductivity
dielectric
Charge
+Q -Q
Electric Plate
field E area A

e
Plate separation d

Dielectric permittivity

|

e, =1+ x,

relative permittivity

Comparison of Dia, Para and Ferro Magnetic materials:

DIA

PARA

FERRO

1. Diamagnetic
substances are those
substances which are
feebly repelled by a
magnet.

Eg. Antimony, Bismuth,
Copper, Gold, Silver,
Quartz, Mercury, Alcohol,
water, Hydrogen, Air,
Argon, etc.

Paramagnetic substances
are those substances
which are feebly attracted
by a magnet.

Eg. Aluminium, Chromium,
Alkali and Alkaline earth
metals, Platinum, Oxygen,
etc.

Ferromagnetic substances
are those substances
which are strongly
attracted by a magnet.

Eg. Iron, Cobalt, Nickel,
Gadolinium, Dysprosium,
etc.

2. When placed in
magnetic field, the lines of
force tend to avoid the
substance.

The lines of force prefer to
pass through the
substance rather than air.

e

The lines of force tend to
crowd into the specimen.

pr >1

Magnetic permeability

H = Holly

|

Uy > 1

Uy =14+ xm

relative permeability
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EM - material interaction: What properties can we get?

Material Properties

Constitutive Relations

Diagrams

m Electrical conductivity (or resistivity), 0

Measures the ability of a material to
conduct electric current (conduction

]_.

current) —>
m Dieletric permittivity, € ! v - i
—  Some molecules have overall electric — E ‘ I e S\ A

dipole moment (e.g. H,O), which will
align with an applied electric field
and generate displacement (D)
current.

= €p€yp

m Magnetic permeability, 1

Magnetic dipoles in the material
interact with an applied magnetic
field to give characteristic magnetic
flux density.

Magnetic behaviors: diamagnetism,
paramagnetism, ferromagnetism
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(2) paramagnetic
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EM methods and their

_RMagne’ro’rellurics (MT) — natural source

(plane wave), sinusoidal EM time variation

J Loop-loop system, frequency domain

systems — dipolar B field source through
transmitter, sinusoidal EM time variation

J Time domain EM (TDEM) — dipolar

source, square wave EM variation (Fourier
transform)

1 Ground-penetrating radar(GPR) —
high frequencies propagate as wave in
the Earth, seismology techniques can be
applied

Hydrogeology, mapping aquifers
and contaminants

Mineral exploration (e.g.,
graphite)

Hydrocarbon exploration
Geothermal exploration
Tectonic and lithospheric studies

Inferring mantle parameters (i.e.,
water content, melt, temperature)



Common features of Controlled source
all EM methods

m Primary EM field (\";\ f

— incident on Earth e \ : RX

—  Can be man-made (dipole transmitter — ~— / \\:—/‘” surface
active EM methods) or natural (plane / {7 %" secondary
wave — passive EM methods) e
Induced ..°
m Secondary EM field ot B . Orebody
— Generated in the Earth by primary EM
field Natural sources

— Eddy currents are induced, amplitude
and phase of the signal is changed

m Ground response to the propagation of
the EM fields (alternating E and B)

m Determine electrical resistivity profile

high frequency low frequency
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Maxwell’s equations in

° E' r
action! N l T E
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Ampere’s law (outofth3; l X
UxB=u(1+:%) or ab o
— ] dt V xXH —_]-+ E

1Hz signal:10 ohm.m earth 10Hz signal:10 ohm.m earth 100Hz signal:10 ohm.m earth
= T T T T o T ] T——=r=— —

Faraday’s law ol o
vxE=-22 i i |
XE=——
dt Conduction displacement 5l "
current current | 3 3
These equations are Wherﬁ" — H = 2 L.
8 coupled -- can show D= F | 3t :
2 @that EM waves can ] =0E of . o
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° . . 8 B — 8 " 8 — e
& W Faraday-Amperes law coupling: ~ Dhusion U e ey T LR s
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Maxwell’s equations in action!

Electromagnetic Induction

Plane Wave
Source

&

& Faraday's Law . \\

>° N\

% N —-atB : \v

) v :
o Primary field 7/ Ampee'slaw
% P -

S ol fie\l :

g Conductor = . ;'-‘16;(_10_9(1';“\1'—”(" 3
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L
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What can we infer from MT?

y X
(out of the
page) § z

E! .
E 1-—
. l T E* IMPEDANCE | Z,, (w) = (@) (D) |0k
Air Hy(w) V2 01
1 1 1 |E,|
RESISTVMITY  p = —=—|z,|" = — | =
01 WHg wlo |Hy

But, resistivity is NOT CONSTANT in Earth!

surface measurements Thus, consider:
,ﬁd} . N ﬁz_ﬁ?& 1 |Ey(w) 2 | (average over a
L\ T -y APPARENT (w) = al hemisphere with
Record Pa wig [H, (w)
: Hy v, e Hﬁﬁﬂi‘;’“'“ ; RESISTIVITY Ho |11y radius = &)
E,(w
PHASE ANGLE | ®(w) = tan™1 [ H’; ((w)) % in halfspace
—\ " i




Apparent resistivity from MT

EY
N\

pP1 = 100m

p2 = 100Qm p2 = 1000m

Depth (km)

f=1Hz

6 =1580m

f=0.1Hz
Ei$ 8 =5000m

apparent resistivity (QQm)

f requency (Hz)

1 |Ex(w)
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Q 3 8 3
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S |

APPARENT RESISTIVITY  po(w) =

wio |Hy(w)
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|ny(w)|2

Y

1000 100 10 1 01 001
f requency (Hz)

SKIN DEPTH ¢ =

f=0.01Hz
6 =15800m
U

apparent resistivity (2m)

Y

503,/pT



Sensitivity of MT to subsurface APPARENT
resistivity variations

— 2 layer model

1 2
pa(w) = w_#o |ny(w)|

L [Ex(@)
PHASE ANGLE ~ ®(®) = tan [Hy(w)

= 3 layer model

0 , 0
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100 e ‘

- fphenomenon " V——_ |
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2D Earth resistivity model:
an inverse problem

p(z)

——>E

Transverse Electric
(TE) Mode

Induced electric

field

py)

Transverse Magnetic
(TM) Mode

I

Induced magnetic

field

MT Data

d =F [m]

[NON-UNIQUE SOLUTION]

- Inherent non-uniqueness

(integration of thickness and conductance)

Surface Surface

measurements measurements

Ex — Zxx ny Hx
Ey Zyx Zzz ) \Hy

Impendance tensor - calculated

N
pa(w) and (I)((l))

3

OCCAM INVERSION algorithm
(deGroot-Hedlin and Constable, 1990)

g

Electrical resistivity model

Resistivity Mode




Inferred subsurface electrical resistivities

0 km

Upper crust A

2000 - 5000

What are these resistivities telling

20 km

Crust

! § us about the Earth structure?
40 km ‘ g
: need
ek, X experimental data
for these rocks!

Asthenosphere
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Factors affecting electrical resistivity

OHM’s LAW:

Current density Electric field

Electrical conductivity
(material property)

1 E 1

What about the Earth’s materialse

o ] B nqgimob

- idealized model
- resistivity p Is constant

where:
n number of charge carriers
q is the charge
Umob mobility of the charge carriers

- Non-ohmic or nonlinear behavior (i.e., semi
E*
conduction, p X ekT)
- Electrical resistivity or conductivity is affected by
(1) temperature and number of charge carriers

like (2) presence of hydrogen ions

Empirically, conductivity (eroton) is
E> + PV°
T e e
ag=A,Ctexp|—
e~rw p RZ_
(2) (1)
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Electrical resistivity (ohm-m)
0.01 0.1 1 10 100 1000 10,000

Fresh granite T
T Weathered granite
Basalt
Sea water @
|  Brines / geothermal fluids
I Sandstone
T Limestone
Quartzite
Alluvium
[ Graphitic schist
Il Massive sulfides
I Fure melt
[ Partially molten rocks

100 10 1 0.1 0.01 0.001 0.0001
Electrical conductivity (Siemens /m)

Electrical resistivities of common rocks

Other controlling factors that affect the
charge carrier distribution and their mobility:

| Factors__|_Increase p_| Decrease p

. Reduce
Pore fluid / Add more
remove
Salinity of pore
. yorp Decrease Increase
fluid
Mineral Lithification Add clay
deposition (block pores)  minerals
Increase/
) . Decrease improve
interconnection . .
connection connection
between pores i
(spherical (elongated
at constant ores, high ores, low
. |
fluid content P A 9 P !
wetting angle) wetting
angle)
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Inferred subsurface electrical resistivities

0 km

Upper crust

20 km

40 km

~ 200 km

2000 - 5000

Crust

T

Mantle

Lithosphere

Asthenosphere

high resistivity due to low porosity crystalline rocks (igneous and metamorphic)

intermediate resistivity

low resistivity, few percent partial melt
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Study area Crustal melting inferred

Al
v

Oa ’da,h X\
as,',’

Inferred properties

Somiiard :
Pan-Ganze terrang

| Low resistivity region .
+ Qiangtang tertarie L
e | indicates presence of R FP
e 0 e i !
‘ o ° cE &
fluids (partial melt) — _w|EE 2
<} 7]
S |
may be weak to flow ERN |\ N i
I . I ° E Southern Tibet
over geological time 3 s
Tethyan Himalaya
§ GHs S Kangmar dome ITS Gandese batholith o 01Qm
S 0km — 1,000 0 o1 02 03 04 05
4 b
z iz 2
= L
© 100 N 9¢§_g £ 1900
= o g W7 s
g 3 27 t‘ @ {700
10 O g
@ L} i <
L | 3 5
L 100 km /B 1 % 3 {300 =
£ = IS IS @
=) £ £ £ £ E
o' ° g & & 1 S — 1100
S_dne .
. . . o N T . T T
(1T 0 0.1 0.2 0.3 0.4 0.5
¢d B Unsworth, et al. (2005) Melt fraction
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Study area East African rift: weakening

Longitude (° E)
35 37

— not by high hydrogen content?

Tanzanian
Craton

Northern ° olS
Profile

Small grain size may control the

OARCURy, 0. 3.

5 v
” ©BA < L. Man MO \
o, L. Eyasi ' : yara . ° ° . .
g -- localized rifting in East Africa
3 Mozambique
E oSH Belt
Southern
g Inferred properties
Rift volcanics and
= volcanic centre oSl oKl p p
E==] Rift basin Station SI (Mozambique Belt) ~ Station KR (rift) Station IS (craton)
—=— Extensional fault 0 m 200 0 0 0
o MT station Water content (wt%) Water content (wt%) Water content (wt%)
100 102 10 100 102 104 100 102 104
40 e 40 - - 40 s
MT observations
80 80 80
a i | Evasi L Manyara  Mount Kilimanjaro b Southern Profile Labait ,-E\
i <
WTanzanla Craton Mozambi e Belt < 120 120 120
oW o £, a
[4h]
g = f
~ T 30 160 | — Geotherm 160 160
£ < ) [] water content (ref. 6)
bt < 100 <
£ = Z FA Water content (ref. 5)
) o 2R
o) [a] D 200 ||||||||| 200 L L 1 1 L 1 L 1 1 200 L1 lA I
E} 600 1,000 1,400 600 1,000 1,400 600 1,000 1,400
200 1 Temperature (°C) Temperature (°C) Temperature (°C)
more conductive than Mozambique belt and rifte? rich in hydrogen

Selway (2015)
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Study area

. Heat Flow
[mMW/m?]

120

A -6 -114° 112 -110°
40° , e

60

40

Crustal Thickness
Cl=25km

0 = o : \,j
-116 -114° -112° -110 R

Thrust Fault
sl Normal Fault

+= < Approximate TZ boundaries

I Quaternary igneous
Late Tertiary igneous

© MT broadband site
O MT long-period site

MT observations

B Eastern Great Basin . Transition Colorado Plateau
W NV UT Zone UTCO  E
L PTETTITTITI T Luna g aa gy ._Resistivity
[Qm]
SR W W e 103
§ 100 - 102
o 4
8150
&8 150 - S 10!
200 100
- |
250 50 km

Liu & Hasterok (2016)

Inferred lithosphere
viscosity structure from MT

MT-inferred viscosity predicts the topography,
lithospheric deformation and mantle upwelling

Inferred properties

Elevation

Depth (km)

= 97 :
% E o ‘J'— Observed B&R extension
> g '27 Predicted B&R extension

FS
L
|58 B i B i |

= Predicted Topography

= Observed Topography l__ River Valley j

(km)

...........
120 -
..............

[—— 20cmpyr o>
160 =f| — 3850 c— Isotherm [p » » »

i log(viscosity) (Pa s) |,

18 19 20 21 22 23 P A A YY Y YAA o

200 - .

200 400

BUT...

- deformation within CP is
overpredicted

- lack of localized crustal
weak zones

may be due to exclusion of
compositional and grain size
variations in viscosity
calculation
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Lithosphere

Electrical

CArIC, Low velocity
resistivity

zone (LVZ)

Seismic
velocity

Asthenosphere

Low High

LVZ due to melt? Or water?

MT and seismic analysis

Geophysical observations

(a)

Depth (km)

Melt well connected <0.1%

100 I/ /l T

HPD2016
200} \ \ IF2010
attenuation
\ .
L ol
s
T
A
300 ! <
4.1 4.3 4.5 4.7

Voigt average shear wave velocity (km/s)

Temp (°C) Mid-Ocean Ridge
15007 ] —
Inferences
50
1000¢ 100
g m}mr;g, -------
£ 150
&
(& ]
50 200
(R} [
V| A
250000 A
[ I
1Z1RER I
300\-” ! |, I SF S
0 20 40
100 T T
10 ppm ' 300 ppm| |
Water- ; |
saturated—_/ |
E peridotite ¢ [
= J‘ o 4-.ul Ta
£ 200 8 g B
& ' £ 5.5,1?
[a} ' =]
) s d
fI | |I
: n 'I II
(@) B (aiv)) | |
300 0" T 10°

Selway & O’Donnell (2019)

Resistivity (Qm)

Resistivity ((im)

Resistivity (ohm m)
“““““ 10 100
" Entrained unextractable melt,
___________ 5 _ Lowvatercontents _ —_________ I >
HPD2016
————————————— R NI R e S S MO e
No melt, o
High water contents >
Large grain size and/or low oxygen fugacity
60 80 100 120 140 %0 41 43 45 47

Lithospheric age (millions of years) Shear wave velocity (km/s)

LVZ caused by a
small amount of
melt, not water



Set-up Integrating MT, seismics and mineral

» ~ physics to constrain viscosity structure

Composition and water content
= 1+ prermemnEr CrOl SeishT
observations] farge: l’mﬂﬂ s qccounT CompOSITlonql T ]00 . %Cﬁ'y SeisMT
[inferred T vdad riq"‘ions When Z‘ 200 ; _Eyﬁh::;fgrpl"fof
e (jri A . . . . 2300
estimating viscosity 200 :
16 18 20 22 24 26
Results _100| WSS
= - o
SEISMICS ONLY MT ONLY BOTH SEISMICS and MT =200 £ ¢ e ety
2000 l 1 2000 2000 p=3 F g [ICrHa seismT
': : (a) : . : i : : :i(c) A300F¢ 0% WC CrHa
— = i i WF' Q- i : : ] | : : i synfhefic 7l
s Q 150(:'_5s = 1500 s 1500 - i ¢ P 400°
Sl CHEEEE 16 18 20 22 24 26
3 E 1000 )_ 1000 ‘ 1000 _ | I )_ Effective Viscosity (log Pa-s)
© 3 500 'a) E) 500 '_'33 > N I e 1] ! CrPy SeisMT
° © B > T ‘:7 R : E : Y : ] CrHa SeisMT
< SAR  ERER BRSO | .\ i[ - cote ser
m 0 el ot : .i T I‘ : 1. 0 o~ 1 0 ..... e : |.., T e __ (for 50% W)
o ‘ 1000 1200 1400 1600 1800 000 ]200 1400 1600 1800 1000 1200 ]400 1600 1800 |l CrOf SeisMT
LEGEND: -
0. D logn (Pa-s) . . ]
L L e both MT and seismics -
m grain size = 10 mm llr"?g (S]m) ) ]
n pressure = 3.5 GPa : : : :D: seismics ° 1 ) L L
3 Tiomh? put tighter bounds on " A
wet diffusi ° ° ° . . . .
Nt e disactin viscosity estimate Viscosity Uncerfainty(fog Pa-s)
dry diffusion . .
6 dry dislocation I RamlreZ, et al. (In prep)




Where are we now?

m Combined MT and seismic anaylsis in inferring subsurface structure
m Electrical anisotropic inversion has performed (e.g. Evans et al., 2005)

m Use of 3D MT inversion to determine thermochemical lithospheric structure of specific
areas (limited Earth’s surface coverage)

m 1D joint inversions (MT and seismic data) (e.g. Moorkamp et al., 2007)

Future works?

Develop 3D joint inversion approaches (MT and seismic)

Combining EM data with other geophysical data in doing analysis and interpreation,
and exploit complementary sensitivities and uncertainties

Need to have a lot of MT data! --- need to do electrical conductivity experiments
for other minerals!
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