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'he Magnetic Field Spectrum-p,,

— Magsat & CHAMP
Exosphere [

Solar radation F peak
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Magnetic Power Spectrum \
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‘ lonosphere

Observation Altitude = Shortest A

—> Degree
> 36000

Temperature, °C Electron density cm3

¢ Advantages of Satellite-Altitude: global & uniform coverage; sensitivity to
deeper magnetic sources
 Limitations of Satellite-Altitude: only long-wavelength anomalies (~ 350 km to

~ 3000 km)
.. geologic interpretation less direct; S/N




Long-wavelength contamination of aeromagnetic
survey compilations:

Survey A (1965) Survey B (1995)

Zero-levels after Core-field correction & Tie-line
~ Corrections:

50
nT Q-

=50

Survey A (1965)  Survey B (1995)

Some more adjustments (to avoid edge mismatches):

50
nT 0+ False long-wavelength
-50- anomaly

Annexation of many individual surveys into
a regional compilation can result into
significant long-wavelength contamination!

Opposite problem in - Inaccurate IGRFs

- Mismatches at the edges of
separately processed data
- Wavelengths < 200 km ??

aeromagnetic data
Example: Eastern US
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The “proverbial gap " in the spectral coverage of magnetic anomaly data

Near Earth Satellite Data Aeromagnetic Data
Magsat, Oersted, CHAMP (~0.1-1 km altitude)

(~400 — 700 km altitude) /

Layer Thickness = 10 km
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After Blakely (1993)
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AEROMAGNETIC COVERAGE

LINE SPACING
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Digital U.S. Merge (2002)
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U.S. Merge Up 15 km
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Earth’ s Magnetosphere: Complex magnetic field superpositions

Cusp 2/ Plasma sheet boundary
e layer current -

\
Dayside

— magnetlopause

Solar wind current




CM - The Comprehensive Model of the near-Earth
Magnetic Field

Tucson observatory for alf years
25300 '

Sabaka, Olsen, & Langel (2002+) ovgl BRIV iy

a
25100 -

e Simultaneous modeling of core field,
crustal field, and prominent quiet-time

ionospheric & magnetospheric fields using PO Rl (WY

Rl L P

worldwide observatory hourly data and 43200 e

AN

POGO, Magsat, @rsted, & CHAMP satellites [l

1960 1965 = '19I?0
e Improved modeling of external fields Tucson obsarvatory for 1967

necessary to isolate the most reliable 26220 L

. . . 25200 M,) -
lithospheric anomaly signal 25180 ] Lad’

25160
25140

e Continuous from 1960 to ~2010 (?)

e CM can be used in place of IGRF for
retaining correct baselevels




NURE Anomalies using IGRF
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NURE Anomalies using CM




Eart | ey
Profile Surveys (1969-1976
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The difference between the CM main field

(deg. 13) and the DGRF main fields (deg.
10) for the EPB surveys

.-.

10 to 40 nT discontinuities at the survey edges




Earth Physics Branch (EPB) Long-Profile
Surveys (1969-1976) corrected using the CM

-250-150 -80 -70 -60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60 70 80 150 350

nT

Note: The Canadian portion of the North American Magnetic Anomaly Map (ca.
2002) based on Jointly inverted EPB and CHAMP satellite MF1 anomaly data




NGDC Residual of NGDC Marine Magnetic Data
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CM4 Residual of NGDC Marine Magnetic Data
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NURE — National Uranium Reconnaissance Evaluation (1970s)

Not all data missing

0 o (some leveling
2 (Ion) X 1 (Iat) quads 550 -500 -450 -400 -350 -300 -250 -15020009r0b|em5’ contractor

- IGRF related problems nT errors, etc.)




NURE — Using the CM

—:i- Some NURE quads
| . ‘ — very difficult to
-20000-250 <150 <100 50 O 50 100 150 250 20000

nT

resurrect
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m
O
q¢)
>
O
o]0)]
=
%)
L
&
Y
o
Q
o
e
o
=
O
Q
)
L -
Q
)
=
%]
®)
X
Q
>
@
%)
o+
-
Q
=
o]0)]
()
0]
<
>
<
Z

Present NURE Magne




Second Vertical Derivative of NURE — short wavelength data

integrity problems (correctable but time-consuming)
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The best full spectrum magnetic anomaly product possible for
the US with the present data!

N R e A SRR
2 § (3 s o) . .".v ¢ -~ 2 G e
i o S e R T

=

B0 E The b *:‘
e duda

'~ S
I.'\, TS



Difference between Corrected
NURE data set and NAMAM (2002)




AEROMAGNETIC COVERAGE
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Comparison of Azimuthally Averaged Spectra




1500 km window over the westcentral U.S.
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14 —e—Full Spectrum (this study)

——NURE processed with CM
12 T e NAMAM Original (2002
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Implication of the new compilation for crustal magnetic thickness estimation

Maus et al. (1997) Method:

Spectral analysis of aeromagnetic anomalies
for a model of fractal random magnetization Z, depth to the top, Az thickness, {; fractal parameter
Bouligand et al. (2008) for magnetization

10 km

T T LI L AL |

Theoretical curves ( f=3)

w
o

25}

N
o

"| NAMAG 2002
— Better representation of z=-0.26 km, Az=62 km, misfit=0.25

wavelengths > ~180 km than NURE 2008
NAMAM 2:=0.09 km, Az=21 km, misfit=0.17
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Four main approaches used to find magnetic
bottom/Curie depth

1) The Centroid Method (Bhattacharyya & Leu, 1975,
1977; Okubo et al., 1985; Tanaka et al., 1999)

- Magnetization is assumed to be uniform in the form of a parallelepided source
- Centroid is derived by 1/k scaling of the slopes of low-wavenumber part of the
Fourier spectra

“F(k)” Spectra “G(k) = 1/k F(k)” Spectra

0.1 0.2 c = 0.1 0.2
lk1/(2m) [km™] Ik I/ (2n) [km™]

Valid argument, but one could end up picking slopes from
different layers....especially in multi-layers situations




2) Fractal Magnetization Model (Maus et al., 1997)
+ Analytical Expression (Bouligand et al., 2009)

®p1p(kir) = C — 2kyz — (B— 1) In(ky) Automatic process may represent meaningful

I SN [n( VT (COS*I("HAZ)F(M> lateral geologic boundaries, but Zb not
r'(1+9% 2 2

<

4

143
— Kuua(kn A2) (k”,)Az>T

>)] always the Curie point of magnetite

My model studies indicate:

- A range of feasible solutions
exists

- Azimuthal average not valid
for windows with strong 2-D
trends
Strong upper magnetization
layer over a weaker one
identifies shallower than true

Zb




Kapuskasing: Fractal Method Acceptable Spectra
— hon-unigueness

Azimu thaly averaged log of powsr

Azimuthaly averaged log of powser

Observed and Calculated Spectraat the Minimurn of L2 nomn

p=3

Nomn from Logarithm of Power ]

Residual L2nomn=1.9966
Residual L1nom=12.0658

Beta= 3
Depthtotop(m)= 600
Thickness(m)= 23000

¥
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0,..

Thick

ness = 23 km

‘Wavenumber (radiansikm)

Observed and Calculated Spectraat the Minirmurm of L2 nomn

Nomn from Logarithm of Power )

Residual L2nom =1.5623
Residual L1nom=35.6691

Beta= 25
Depthtotop(m)= 1000
Thickness(m)= 59000

Thigkne;ss =|‘559 km

‘Wavenumber (radiansikm)

Azimu thaly averaged log of powsr

Observedand Calculated Spectraat the Minimum of L2 norm
T T T

T
MNorm from Logarithrn of Power

Residual L2nomn=1.6027
Residual L1nomn=8.8392

Beta= 275
Depthtotop(m)= 800
Thickness(m)= 32000

| 8 .
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‘Wavenumber (radiansikm)

Kapuskasing 500 km window: L2-norm of the parameter space, [=2.75
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2) Fractal Magnetization Model (Maus et al., 1997)
+ Analytical Expression (Bouligand et al., 2009)

®p1p(kir) = C — 2kyz — (B— 1) In(ky) Automatic process may represent meaningful

I SN [n( VT (COS*I("HAZ)F(M> lateral geologic boundaries, but Zb not
r'(1+9% 2 2

] always the Curie point of magnetite
kHAZ =z

4

My model studies indicate:

- A range of feasible solutions
exists
Azimuthal average not valid
Sfor windows with strong 2-D
trends
Strong upper magnetization
layer over a weaker one

identifies shallower than true
Zb




2) Fractal Magnetization Model (Maus et al., 1997)
+ Analytical Expression (Bouligand et al., 2009)

®p1p(kir) = C — 2kyz — (B— 1) In(ky) Automatic process may represent meaningful
N (r(\/j‘ cosh(ky Az) | <lt_ﬂ> lateral geologic boundaries, but Zb not
always the Curie point of magnetite

<

My model studies indicate:
- A range of feasible solutions

exists

- Azimuthal average not valid
for windows with strong 2-D
trends

- Strong upper magnetization
layer over a weaker one
identifies shallower than true
Zb




Fractal Magnetization Model (Maus et al., 1997)
+ Analytical Expression (Bouligand et al., 2009)

®pip(ky) = C — 2kyz, — (B — 1) In(ky)

| kyAz - 1n VT : (cosh(kHAz)
r'(1+9% 2

— Kuss (ki 2) (kﬂzAz ) T>)]

Great Plains — Bouligand Zb ~ 30
km; My Zb range 22-30 km

Wyoming Craton — Bouligand Zb ~
30 km; My Zb range 38-43 km

Basin & Range (East) — Bouligand
Zb ~ 20 km; My Zb range 19-25 km

Rio Grande Rift— Bouligand Zb ~
20 km; My Zb 30 km

Colorado Plateau — Bouligand Zb ~
10 km; My Zb 15 km




3) Hybrid Centroid - Fractal magnetization Method
(Bansal et al., 2011)

Frequency domain magnetization parameterized as:

where f3 is the fractal parameter.

For B ~ 3, corresponds to Fedi et al. (1997) ensemble modeling
scaling exponent; it is also the most often encountered P in the
continental crust (Bouligand et al., 2009). p = 0 random
magnetization (no correlation); § = 1, layered magnetization; § = 5
— 6, sources with larger correlation length in three dimensions.




4) Spectral Peak Method — peaks meaningful and
present only forp=0-2

* Origin in the theoretical background outlined by Boler
(1978) and Connard et al. (1983) — but incorrectly used
in practice due to spectra showing false peaks

InZb — In Zt

keak=

p

Forward modeling of spectral peak avoids false
identification of spectral peaks (Ravat, 2004; Finn and
Ravat, 2004; Ross et al., 2004; Ross et al., 2006; Ravat
et al., 2007)




Ross et al. (2006)

—e— Spectrum
—— z;=12km, zp =18 km
—— z;=10 km, zp =25 km |

Ravat et al. (2007)
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Magnetic Zh ]
Layer

In(Power) — max(In(Power))

b b f B
(6] (¢)]

—e— Spectrum
zy =12 km, zp =20 km
— =1.0 km: zp =.30 krp \ . . :
125.7 62.8 41.9 314 25.1 20.9 17.9 15.7 13.9 12.6
Wavelength (km)
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Fourier rum —e— Spectrum
ourier spectru i = Z;=12Kkm, zZp =40 km

z; =15 km, zp = 30 km |
o Zt=15 km, zb=35 km

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Wavenumber (2 t / km)

Figure 8. An example with real data. The depth to the top of the deepest
layer from Fourier spectrum (continuous line) is ~12 km and the depth to
the bottom from the frequency-scaled Fourier spectrum (dash—dotted line)
is ~44 km. The forward modelling (dashed line) leads to the same depth to
the top, and the bottom can be matched at ~40 £ 10 km. The direct use of
the spectral peak method (eq. 2) led to the bottom depth of 35 km.

In(Power) — max(In(Power))

b &
(6)]

125.7 62.8 419 314 251 20.9 17.9 15.7 13.9 12.6
Wavelength (km)
0 005 01 015 0.2 025 0.3 035 04 045 0.5




Depth Integrated Long-wavelength
Susceptibility from CHAMP MF7 Model &

Ave. Starting Susceptibility = 0.025 SI units x 40 kgg© 1.00 SI Units X km

SN 24, \

- Sl Units x km

-3.00 0.00 025 050 0.75 1.00 125 150 1.75 2.00 6.00




Pikwitonei,
Kapuskasing &
Minto Block
Magnetic
Anomaly Field

from NURE-
NAMAM 2008

Large windows
(500 km) to sample
the magnetic
bottom




Spectral depths from the Spectral slope method

* Pikwitonei
— Spectral slopes: Spector & Grant (1970) and Bansal et al.
(2011) + Centroid method: Bhattacharyya & Leu (1977)

Model 1 Depth (km) Model 2

392 point (430 km) window at location 151 and 5953

Maximum

i k =~0.1 SI Units
Maximum or

k = ~0.06 SI Units J=~44A/m
or
J=~2.65A/m

0
T
36
- —
Q
=
=
-
0
=

15
Wavenumber (22km)

Detecting magnetic “layering” implies that layers have different bulk magnetization




Pikwitonei: Fractal Method Acceptable Spectra —
non-uniqueness

Azimuthaly averaged log of power

Azimuthaly averaged log of power

Pikwitonei S00 km, Beta 3: Minimum of L2 norm

Residual L2 norm =1 0187
Residual L1 norm = §.0729

Beta = 3
Depthtotop (m)= 700
Thickness (m) = 18000

p=3
Thlckness = 18 km

Norm from Logarithm of Powver |

Wavenumber (raduansfkm)

Observed and Calculated Spectraat the Minimum of L2 nom

T T T T
Nonn from Logarithim of Power
Residual L2nom=0.5107
Residual L1nom=2.9178

Beta= 25
Depthtotop(m)= 1000
Thickness (m)= 51000

B=2.

Th1ckness = 51 km

Wavenumber[radlanslkm]

Global
Mimimum

Azimuthaly averaged log of power

Thicknezz

Pikwitonei 500 km windowy, Beta 2.75: Minimum of L2 norm

Norm from Logarithm of Power d
Residual L2 norm = 0.79436
Residual L1 norm = 4.7876

Beta = 2.75
Depthtotop (my= 800
Thickness (m) = 31000

p=27
Thlckness =31 km

0
Wavenumber (raduansfkm)

0" Pikwitonei S00km: L2-nonn of the parameter space with Beta=2.5

L\

1000 1500 2000 2500 3000
DepthtoTop




Pikwitonei Region: Geophysical Information Pertaining to the
Upper Lithosphere

Crustal thickness: 30-35 km (Chulick & Mooney, 2002)
Low heat flow: 30-40 mW/m? (Levy et al., 2010)

Sub-Moho temperature estimates ~ 200°-550°C (Shapiro et al.,
2004)

Thus, thermally, the mantle has potential to be magnetic, but
the magnetic bottom closer to the Moho depth and suggests
that the mantle mineralogies here may be non-magnetic.

Among the first magnetic anomaly based confirmations of “the
Moho as a magnetic boundary” idea of Wasilewski and co-
workers (1979, 1992)




Spectral depths from the Spectral slope method

* Kapuskasing — 500 km window

— Spectral slopes: Spector & Grant (1970) and Bansal et al.
(2011) + Centroid method: Bhattacharyya & Leu (1977)

Preferred Model

400 point (500 km) window at location 1001 and 5251

k =>0.01 SI Units

Depth (km)

k = ~0.075 SI Units
or
J=~33A/m

In of Amplitude

9
8‘4
7
6
5
A
o
2

1

0

1
—

Wavenumber (2n/km)

Detecting magnetic “layering’ implies that layers have different bulk magnetization




Kapuskasing: Fractal Method Acceptable Spectra
— hon-unigueness

Azimu thaly averaged log of powsr

Azimuthaly averaged log of powser

Observed and Calculated Spectraat the Minimurn of L2 nomn

Residual L2nomn=1.9966
Residual L1nom=12.0658

Beta= 3
Depthtotop(m)= 600
Thickness(m)= 23000

B =3

+
.
0,..

Nomn from Logarithm of Power ]

:Thigkneiss =23k

‘Wavenumber (radiansikm)

Observed and Calculated Spectraat the Minirmurm of L2 nomn

Nomn from Logarithm of Power )

Residual L2nom =1.5623
Residual L1nom=35.6691

Beta= 25
Depthtotop(m)= 1000
Thickness(m)= 59000

B=23

Thigkne;ss =||559 lgm

‘Wavenumber (radiansikm)

Azimu thaly averaged log of powsr

Observedand Calculated Spectraat the Minimum of L2 norm
T T T

T
MNorm from Logarithrn of Power

Residual L2nomn=1.6027
Residual L1nomn=8.8392

Beta= 275
Depthtotop(m)= 800
Thickness(m)= 32000

B =275
‘Thickness = 32 km

‘Wavenumber (radiansikm)

Kapuskasing 500 km window: L2-norm of the parameter space, [=2.75
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Minto Block, Superior Province, Canada (Pilkington &
Percival, 1999, 2001)

Supracrustal rocks susceptibility ~ 0.001 - 0.01 Preferred Spectral
Sl L Layered Model

Charnockitic lithologies (igheous orthopyroxene-
bearing diorite, granodiorite, granite)
susceptibility ~0.08-0.10 SI Units ——

k =~0.01 SI Units

Crustal thickness ~ 35-40 km (chulick & Mooney, 2002)
Elastic thickness > 70 km (wang & Mareschal, 1999)
Heat flow: 20-30 mW/m? (Levy et al., 2010)

o k = ~0.08 SI Units
Lower crust temp.: 200-450°C (shapiro et al., 2004)

or
J=~35A/m

Fractal modeling results similar to layered
modeling:

e Global Minimum: Magnetic Top= ~0.6 km; Magnetic
Bottom = ~28 km; § =~2.5




Differences in the Moho estimates from

two sources

Moho 1 from CRUST2.0 Moho 2 from NAO4 (van der
(Bassin, Laske, Masters, 2000) Lee & Frederiksen, 2004)
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Centroid-based Magnetic Bottom & Geology

Investigating whether magnetic bottoms deeper than Moho may
correspond to the relict of serpentinized subducting slabs

Moho from NAO4 (van der Lee &
Frederiksen, 2004)
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Eastern Egypt and the Red Sea
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Lithospheric thickness Crustal thickness
(Pasyanos, 2010) (Pasyanos & Nyblade, 2007)

40 60 80 100120 140 160 180 200 A20 240 260 280
Lithospheric thickness (k

Crustal\Thickness (km)

Distance from the Mean observed and modeled Lithospheric thickness Asthenospheric Depth (km) to 580 °C Estimated crustal Maximum magnetic
Red Sea margin (in [ ]) surface heat flow (km) heat flow thickness bottom estimates
(km) (mWm~2) (mWm~—2) (km) (km)

50 60 [61] 70-80 40 ~31 ~26 ~26

100 50 [51] ~100 30 ~41 ~28 ~31-34

200 45 [46] ~120 25 ~50 ~25-32 ~26-27




Geotherms 200 km and 50 km from the Red Sea margin
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50 60 [61] 70-80 40 ~31 ~26 ~26

100 50 [51] ~100 30 ~41 ~28 ~31-34

200 45 [46] ~120 25 ~50 ~25-32 ~26-27




Conceptual
CroSs-
section from
Morgan et

al. (1985)
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Conclusions from the Curie Depth Studies

Carefully determined magnetic bottom depths from Canada
and Eastern Egypt appear to lie in the crust, suggesting that the
upper mantle may be non-magnetic (when not serpentinized)

Magnetic mineralogies with lower than 580°C Curie
temperatures may be important in interpreting some of the
derived magnetic bottom estimates

When a strong magnetization layer overlies a weaker one, a
shallower magnetic bottom is estimated using one layer fractal
models

The relationship between derived magnetic bottom estimates,
the Moho depths, lithospheric temperatures, and geologic
boundaries is complex




