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Magnetic anisotropy of rocks
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1. Definition and application in geology

Definition

» Magnetic anisotropy is a directional variability of a certain magnetic
property, usually Anisotropy of Magnetic Susceptibility (AMS)

» Tool to study rock texture (Petrofabric)
» Compared to the other methods of fabric analysis (U-stage, X-ray
texture goniometry, neutron texture goniometry, EBSD), AMS is fast,

cheap, high-resolution, non-destructive.

» It can be applied to many samples covering whole outcrops, drill cores,
or geological units.

» Application in structural geology and tectonics, volcanology,
sedimentology, and paleomagnetism.



1. Definition and application in geology

» Magnetic susc

eptibility is the ability to acquire

Induced magnetization, i.e. ability to get magnetized
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1. Definition and application in geology

Diamagnetism
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1. Definition and application in geology

» Magnetic susceptibility is the ability to acquire

Induced magnetization, i.e. ability to get magnetized

M=kxH
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1. Definition and application in geology

Anisotropy magnetic susceptibility (AMS)

Y H
Magnetically isotropic material
M; = k H, M=kH
M, =kH,
M, = k Hg
0 X
Magnetization of anisotropic materials
M; = kyy Hy+ Ko Hy + ki3 Hg Y
M =Koy Hy + Ky Hy + kyz Hy "
Ms = K3y Hy+ Kgp Hy + Kgg Hg
M
Matrix notation Vector of field intensity
My| =K Ko Kygl |Hy /
Mol = Koi ko kg | Hp 0
Ma| =] Ks1  Kso  Kgg | Hg

Vector of magnetiz;m Susceptibility tensor



1. Definition and application in geology

Anisotropic magnetizing ellipsoidal grain

» If one magnetizes an ellipsoidal
grain of magnetite and the
magnetizing field is parallel to
ellipsoid axes, the magnetization is
parallel to the field.

A
A

» Otherwise, the magnetization
deflects from the field.

M H » The relationship between field and
> magnetization is described by the
susceptibility tensor.

M=K x H




1. Definition and application in geology

Ellipsoid as geometrical visualization of tensor

My =] ky  Kip o Kgg| [Hy
My =] Ky Ky Kog | Hy -
My =1 Kg Kz  Kgg | Hy




1. Definition and application in geology

Magnetic fabric
Rock fabric defined from magnetic anisotropy

Principal susceptibilities

k, >k, > ki
Mean susceptibility Shape parameter
K = (ki + Ky +K3) /'3 T=02ny-n- 1)1 (1, - 175)

. where 77, =1Ink;, 7,=1Ink,, 7,=1Ink
Degree of anisotropy 4 1 T 21 T 3

+1>T>0 oblate (planar) fabric
P=k,/k, (planar)

-1<T<0 prolate (linear) fabric



1. Definition and application in geology

Shapes of anisotropy ellipsoids

Triaxial prolate

Kmax

Rotational prolate

Kmax

Kmin

Neutral Fmin

Kmin
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1. Definition and application in geology

Quantitative parametrs of anisotropy

K, >k, > Kq -

Kin = (K + kot Kg) /3 <

A

P=k,/k,
L=k, /K,

A

F=Ky/ ks

A

T=2n-m-mn3) ! (n- 1)<
where 7, =Inky, 7,=Ink,, n;=1Ink;

+1>T>0
-1<T<O0
Pj= P2 -

a=(1+T2/ 3)

principal susceptibilities
mean susceptibility

degree of anisotropy
degree of magnetic lineation

degree of magnetic foliation

shape parameter

oblate (planar) ellipsoid

prolate (linear) ellipsoid

corrected degree of anisotropy



1. Definition and application in geology

Flinn diagram (L-F plot)

Kmax / Kint
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1. Definition and application in geology

Jelinek diagram (Pj-T plot)
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1. Definition and application in geology

Lambert projection, Lower hemisphere Degree of anisotropy vs. Mean susceptibility
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2. Magnetic anisotropy of minerals
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2. Magnetic anisotropy of minerals

Shape anisotropy Magnetocrystalline anisotropy

Magnetite All other minerals

C
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2. Magnetic anisotropy of minerals

Magnetocrystalline anisotropy
—
@oﬁ ’
o231

o001

Kmin

Kmin

Hematite
Ky = Ky >> K
P> 100

Pyrrhotite
ky =k, >> kg
P> 300



2. Magnetic anisotropy of minerals

Magnetocrystalline anisotropy

Pyroxene (orthopyroxene) Serpentine (trigonal, monoclinic Mica (monoclinic)
c=Kpr or orthorhombic)

C
kM N

< 3" muscovite
kmr a <9 biotite-phlogopite

Epidote (monoclinic)




2. Magnetic anisotropy of minerals

Magnetocrystalline anisotropy

Kmax IKint

Kmin

oo

Biotite
ky =Ky > Ky
P=1.2-1.6

o

Kmin

Muscovite
Ky =Ky > Kg
P=13-14

Kmin

Chlorite
Ky =Ky > Ks
P=1.2-1.8

Kmin



2. Magnetic anisotropy of minerals

Magnetic properties of selected minerals

Mineral Susceptibility [10€] Degree of anisotropy Shape of anisotropy Anisotropy type

Actinolite 490 1.2t01.2 -0.40 to 0.40 Magnetocrystalline
Hornblende 746 to 1368 1.665 -0.51 Magnetocrystalline
Glaucophane 787 1.205 0.10 Magnetocrystalline
Chlorite 70 to 1550 1.2t0 1.7 ~1.00 Magnetocrystalline
Biotite 998 to 1290 1.2t0 1.6 ~1.00 Magnetocrystalline
Phlogopite 1178 1.3 0.95 Magnetocrystalline
Muscovite 122 to 165 1.4 0.44 Magnetocrystalline
Quartz -13.4t0-15.4 1.01 1.00 Magnetocrystalline
Calcite -13.8 1.11 1.00 Magnetocrystalline

Aragonite -15.0 1.15 0.80 Magnetocrystalline




2. Magnetic anisotropy of minerals

Contribution of selected minerals to whole rock susceptibility
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3. Magnetic fabric vs. texture of rocks

Agenda
1. Definition and application in geology
2. Magnetic anisotropy of minerals
3. Magnetic fabric vs. texture of rocks
4. Magnetic fabric of sedimentary, deformed, and

metamorphosed rocks
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Rock anisotropy degree as a function of preferred
orientation of its minerals
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Magnetic fabrics of higher order

" oblate fabric prolate fabric



Comparison of magnetic fabric and neutron texture
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Comparison of magnetic fabric and neutron texture

goniometry
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Comparison of magnetic fabric and neutron texture
goniometry

SN05-06
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Neogene basin,
Southern lItaly
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(courtesy F. Cifelli)



4. Magnetic fabric of sedimentary, deformed, and metamorphosed rocks

Agenda

4. Magnetic fabric of sedimentary, deformed, and
metamorphosed rocks



4. Magnetic fabric of sedimentary, deformed, and metamorphosed rocks

Magnetic susceptibility usually carried by paramagnetic minerals
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4. Magnetic fabric of sedimentary, deformed, and metamorphosed rocks

*Relatively low magnetic susceptibility *Anisotropy degree < 5%
*Oblate fabric
201 Sedimentary rocks
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4. Magnetic fabric of sedimentary, deformed, and metamorphosed rocks

«calm sedimentation

) RO

*slow current
Current Direction
-

D 2D
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direction

(after Tauxe 2013)



4. Magnetic fabric of sedimentary, deformed, and metamorphosed rocks

Depth (cm)

Examples of various sedimentary fabrics

No current

Quiel conditions

Flow

A

Current
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320 —
Turbidite
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Current

Current
+ >1 em/s

* Current




4. Magnetic fabric of sedimentary, deformed, and metamorphosed rocks

Deformation of sediments

1.15 P

sedimentary fabric  incipient deformation pencil structure weak cleavage strong cleavage deformational

X fabric
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Pencil structure
(southern Pyrenees, Spain)




4. Magnetic fabric of sedimentary, deformed, and metamorphosed rocks

Shape parameter, T

Degree of anisotropy, P
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. Magnetic fabric of sedimentary, deformed, and metamorphosed rocks

Accretionary wedge

Convergent Divergent Convergent Continental
Plate Boundary Plate Boundary Plate Boundary Rift Zone
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4. Magnetic fabric of sedimentary, deformed, and metamorphosed rocks

Tertiary accret
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4. Magnetic fabric of sedimentary, deformed, and metamorphosed rocks

Tertiary accretionary wedge, southern Pyrenees
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4. Magnetic fabric of sedimentary, deformed, and metamorphosed rocks

Tertiary accretionary wedge, southern Pyrenees

Magnetic fabrics and cleavage development across the Pyrenean Foreland Basin
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4. Magnetic fabric of sedimentary, deformed, and metamorphosed rocks

Paleozoic accretionary wedge Rhenohercynian Belt, Czech Republic
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4. Magnetic fabric of sedimentary, deformed, and metamorphosed rocks

Paleozoic accretionary wedge
Rhenohercynian Belt, Czech Republic

Mohelnice i,
O ] "R,
1 e

(@D g 5
o S A J
] &
Prep © " .‘.“‘P @
T~ A ad I3

BRI SR

. F 520
[] Litovel 2 AAA R —
A _“.i»l ™ ili__.J
!
" "
pl '-.: I T
.\ﬁ'r.l LMy
b A
&
(e hh ¢
PRF3 e
i,
g
' ] .
i

MYF3

,
ErEEE-
Uy Y,

Boskovice -

Prostéjov

Velenov Shales

A

&80, 0 MYF2E

2
%
[0l a !
QU E
'm o [ 6/
%
]
L
[0
“wa [
Ui
L]

S, MYF2W

\
Il
o]

A

7aN
A
ggggggggg A

A

? g
L B3 1 I

H

H ¢
9 5 @ Es

OA 2
iten ."'t_'
OO g!‘
= m o
B0 oo A%
Brno

d ¢ “PMYE1  (Chadima et al. 2006)



4. Magnetic fabric of sedimentary, deformed, and metamorphosed rocks

Anisotropy degree (P) Shape parameter (T)
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4. Magnetic fabric of sedimentary, deformed, and metamorphosed rocks

Extentional tectonic setting
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4. Magnetic fabric of sedimentary, deformed, and metamorphosed rocks

Map of loess distribution in Europe / §
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and metamorphosed rocks
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4. Magnetic fabric of sedimentary, deformed, and metamorphosed rocks
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4. Magnetic fabric of sedimentary, deformed, and metamorphosed rocks

Redrafted and simplified (b)
from Linnemann et al. (2004)
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4. Magnetic fabric of sedimentary, deformed, and metamorphosed rocks

[Domain 1: prolate ellipsoids |
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4. Magnetic fabric of sedimentary, deformed, and metamorphosed rocks

(a) () T
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(Hajna et al. 2010)



5. Magnetic fabric of igneous rocks

Agenda

5. Magnetic fabric of igneous rocks



5. Magnetic fabric of igneous rocks

1. Volcanic rocks

2. Dikes

3. Plutonic rocks




5. Magnetic fabric of igneous rocks

Magnetic susceptibility dominantly carried by magnetite
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5. Magnetic fabric of igneous rocks

Igneous rocks

Very high magnetic susceptibility Relatively low anisotropy degree

2 K <500000 x10%

161

0 L_[he _I : | =i . et _95:
20000 30000 40000 50000 80000 1.00 1:3 1
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5. Magnetic fabric of igneous rocks

Phenocrysts

Gas bubbles

Xenoliths



5. Magnetic fabric of igneous rocks

el

Volcanic rock




5. Magnetic fabric of igneous rocks

Lava flows

Pahoehoe

==




5. Magnetic fabric of igneous rocks

Lipari Island, Tyrrhenian Sea,
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5. Magnetic fabric of igneous rocks

Lipari Island, Tyrrhenian Sea

Rocche Rosse

San Nicola

Tt Ak Lipari
K&( Fault D ¢ A1

Crater rim

LX Obsidian Lava Flows cycle X
PX Pyroclastic deposits cycle X o Capistello
LIX ] Obsidian Lava Flows cycle IX 4 1-E

PIX Pyroclastic deposits cycle IX

BT Brown Tuff

LVIII-E Domes cycle VIII east

LVII-W Domes cycle VIIT west

PVIII [ ] Pyroclastic deposits cycle VIII west
i | Domes cycle VII

Volcano-tectonic
depression 0 1 2 3 km




5. Magnetic fabric of igneous rocks

Chaine des Puys, Massif Central, France

Pariou Flow

Petit Puy de Dome
(cinder cone)

Puy de Déme
(dome)
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5. Magnetic fabric of igneous rocks

Section across lava flow
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(Loock et al. 2008)



5. Magnetic fabric of igneous rocks

Pyroclastic flow, Pompeii, Italy
14°,06'E 14°24'E

s
dagh »*» Herculané
Cape Misenum

(Gurioli et al. 2005)
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Magnetic fabric of igneous rocks
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5. Magnetic fabric of igneous rocks

\ \40m /40m \

Pyroclastic flow, Pompeii, Italy

1
'

270- 300 °C

(Gurioli et al. 2005)



5. Magnetic fabric of igneous rocks




5. Magnetic fabric of igneous rocks

Estimate of flow direction
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5. Magnetic fabric of igneous rocks

Dikes
_Velocity profile

‘) AMS ellipsoid




5. Magnetic fabric of igneous rocks

*magnetic lineation is not always parallel to flow direction

spreferably use imbrication of magnetic foliation

Type 1

Type 11

@ K3 :pole of magnetic foliatio
W X! : magnetic lineation

—>

Magma flow direction

/

—
b I
2oy
—
—
o
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5. Magnetic fabric of igneous rocks

lal Section {b) Plan

Wilson, J. T. 1963. A possible origin of the Hawaiian Islands. Canadian Journal of Physics, 41, 863-670.



5. Magnetic fabric of igneous rocks

e —————— Volcanoes are progressively older S

Ni‘jhau Kaua“i O‘ahu Moloka'i Maui Hawaii 0 = loa
(5.6-4.9 Ma) (3.4 Ma) (1.8 Ma) (1.3 Ma) (0.7-0 Ma) Kilailea
s°°m°“"t D ..A[ L&'ihi




5. Magnetic fabric of igneous rocks

| THREE MILLION
Island of Oahu o YEARS AGO

156°15'w

Present-day
shoreline

Koolau
3,000 ft

Waianae
10,000 ft

TWO MILLION
YEARS AGO

Waianae
Range

Region
of landslide



5. Magnetic fabric of igneous rocks

Geology of Oahu

21730'M

W ai'anae
Caldera

' Ko'olau




5. Magnetic fabric of igneous rocks

(Knight & Walker 1988)
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5. Magnetic fabric of igneous rocks

Plutonic rocks




5. Magnetic fabric of igneous rocks
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Plutonic rocks

*bimodal distribution of magnetic susceptibility

(granitoids of former USSR)
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5. Magnetic fabric of igneous rocks
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5. Magnetic fabric of igneous rocks
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5. Magnetic fabric of igneous rocks



5. Magnetic fabric of igneous rocks

»Foliations and lineations in plutons originate by magma flow
=Magnetic foliation = magma flow plane
=Magnetic lineation = magma flow line

»Regional-scale investigation of magnetic fabric helps to decipher magma flow
within whole pluton
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5. Magnetic fabric of igneous rocks
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5. Magnetic fabric of igneous rocks

Magnetic anisotropy in pluton scale
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6. Sampling, measurement and data processing

Agenda
1. Definition and application in geology
2. Magnetic anisotropy of minerals
3. Magnetic fabric vs. texture of rocks
4. Magnetic fabric of sedimentary, deformed, and

o

metamorphosed rocks
Magnetic fabric of igneous rocks
Sampling, measurement and data processing



6. Sampling, measurement and data processing

Oriented samples

V=11.15ccm Y x V =8ccm




6. Sampling, measurement and data processing

Field Drilling Oriented Cores

Petrol powered portable drilling machine

Copper tub

with slit

s -

© ¢S (d)




6. Sampling, measurement and data processing
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6. Sampling, measurement and data processing

Block specimens




6. Sampling, measurement and data processing

Sample to geographical coordinate system transformation

R=Tr, K=TkT,

r, R vectors in sample or geographical coordinate systems
*k, K tensors in sample or geographical coordinate systems

T transformation matrix (T’ transposed matrix of T)




6. Sampling, measurement and data processing




6. Sampling, measurement and data processing

Kappabridge (and PC) evolution

KLY-1 (1967)

KLY-3 & 4




6. Sampling, measurement and data processing

o _




6. Sampling, measurement and data processing

15 position design

= 15 directional measurements
=  Duration: ca. 9 min

.

Initial position P& - P10 POS 6. POS 7. POS 8. POS 9. POS 10.

o b844

Initial position P11 - P15 POS 11. POS12. POS 13. POS 14, POS 15.




6. Sampling, measurement and data processing

Three plane rotation

» 64 readings during each rotation

= Multiple rotations
= Duration: ca. 3-4 min | I I I I I
A

=

= @i

POS. 1 PQOS. 2 POS. 3



6. Sampling, measurement and data processing

3D Rotator

320 readings during full rotation
Repeated two times

640 directional measurements
Duration: ca. 1.5 min




6. Sampling, measurement and data processing

Safyr - Data acquisition software

Safyrd

MFK1 - Control Software
for Windows

/Agico, Inc.

> Jecna 29

C£ 621 00 Brro

Martin Chadima Czech Republic
[chadimalstagico.cz] FPhone: +420511 116 303
Jin Pokorny Fax: +4206541 634 328
Jan Studynka agicof@agico oL
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Version (5.0.1) Release: January 16, 2013




6. Sampling, measurement and data processing

(] Safyr6 - DwbE\MFKIVTestDatabran-files\CSOS.RAN (N = 35) =N =R~
File Execute Settings About
Specimen Measurements
Mame | BSPEC | Anisotropy
Range
Orient. angles Qrient. param. Volume Demay. Aniso
Azimuth  Dip P1 P2 P3 P4 HED
[ 120 | 30 |/e|o|[6 |0l 10 || YES|
Foliation Lineation Bulk susceptibility
Code Dip dir. Dip Code Trend Plunge Range Kre Kim Phase
# [B][ 30 [ 3 | [FIL 2 [ 7@ | Bulk [ 5 || 99 13E-03 || 232 4E-06 [ 013 |
#2 [ | | [ | |
Results
Mean susceptihility F-test Principal directions
Km Std. error [%] F F12 F23 Coordinate Kmax Kint Kmin
[ 1W017E03 | 0.05 | [ 11637 |[ 4327 |[ 34w | @ ystem Dec Inc  Dec Inc  Dec Inc
Specimen | 103 427|| 2425| 335|| 1310] 2889|
Normed principal susceptihilities Confidence ellipses
kmax kint kmin E12 E23 E13 Geographic | 1446 716]|[ 3505] 165|| 258.2] 76|
| 10302 || 10098 || o%eoo | | 25 || 08 || 06 |
[+ 0.0008 | [ + 0.0006 | [ + 6.0008 | Paleo #1 | 241| 768|| 1928 129/|| 2834| 25|
Tecto #1 [ 41| 788|| 1728] 129]|[ 2634] 25|
Anisotropy factors
L F P Pj T u Q E Paleo #2 | [ | [ [ | | | |
| 1020 || 1052 || 1073 || 1075 || 0434 || 0420 || 0339 || 1.031 | Tecto #2 | [ | [ [ | | | |
NEW SPECIMEN | ANISO | BULK | | SAVE |
T Auto NEWY I Auto BULK
STOP | CANCEL |
Data acquisition l Diata viewing
I INSTRUMENT IS READY | [F1 [2004/m [U/DEnabled |RotEnabled  |Calib Outof-date [SECG




6. Sampling, measurement and data processing

[#] Safyrs - DiwbBAMFKL\ TestDatatran-files\CS05.RAN (N = 35) =N =R~
File  Graphics Settings About

I Graphs Table ||GEO j ID j|lil j IHDriznntaI j|N|:|r1h j

~Group statistics (N = 39)
Name ¥ Exportplot E » . Jelinek staisti
CSO51 /1 n ea.n ensor (Jelinek statistics) .
L Geographic Equal-area Normed semi-axes Dec Inc Conf. ellips.
CElEi2 T coordinate prajection Kmax | 1021 | [2667] 31|[ 161] 98]
Cs06/024 system M=35 : : : : :
CEO502/0 m Kint | 097 | | 1283 859|| 3aE[ 142|
CS050243 Kmin | 0883 | | 3568 27| 394| 100
CEUsiE Mean tensor Average Standard dev.
C=05D372 Km | M4 | | B344E03 || MTFOED3 |
C 20510471 270 an
CoO504/ L 1.024 1.030 0.013
CSO5/05/1 F 1.014 1.021 0.015
CSO5/5/ F_ 1.039 1.0572 0.021
CoNsM53 Pj 1.039 1.053 0.021
CSO5ME/ T -0.250 0183 0.361
CSO5M7/1 = (o u -0.259 -0.193 0.355
CS05/08/2 ¥ Export plot EI P= 1.008 T= 0178 [ Exportplot EI
CS05/08/3 1.11 1.0
C505/0941 110 b o
CE05/10/1 108 b
108 | <><><> 0s | &
CS05/10/2 : & o
107 b o ¢ o
CS05/10/3 108 L o & & & o &
o ) o 0.0

CS05A11A 105 L & <><><§; & oo > > % &
CE05/11/2 104 | o o O %
CS05/12/1 103 | ¢ & 05 L & ® & o
CS05/12/2 e % ¢ e ¢ o @
CS05/12/3 100 bttt ekttt P ST AT
C205M 30 gL 50 55 B8O O BS VYOO ¥5 &80 85 40 95 1EIEI 105 1.00 1 D1 102 103 1.04 105 106 107 103 1.09 1 1IZI 1.1
LI Km [E-03 5l] P

. Data acquisition L Data viewing

[ [INSTRUMENT IS READY | [F1 [2004jm |UDEnabled |RotDissbled | Calib Out-ofdate [HCor Outot-date




6. Sampling, measurement and data processing

Anisoft - Data processing software

i, Anisoft 42 - [E:\_vb\AMSDATAMCS01.RAN] M= e
File Edit Graphice Selection About
EI Coordinate system —Mean tensor (Jelinek statistics)
Hame H F . il g gpec H= 10 Dec ! Inc Conf. angles
CS01-01-1 423 F1 Geographic Equal-area P e K1 1013 2052/ 683 14B/125
C=01-01-2 423 F1 coordinate projection o Paeo o wffo =l wo 1005 751154 148/61
S | svstem N=10 Teclo _ K3 0933 3404/ 168  126/64
¥ Palecharizontal
" Paleovertical Mean Average 5t deviation
Disol Km N/ E18E-02  ZZ2E-02
7 Data L L 1008 1.010 0.006
" Mean F 1.023 1.024 0.005
7 2 directions P10 1.034 0.006
b M glﬁgi"g:me pi 1032 1.035 0,006
270 =18} T 0.497 0446 0.289
Foliation(s} U 0492 0.440 0.291
O M=10) | [T Pale
™ Plane
[T Stike
Hame |ESD1
Lineation(s) B |
T Lineation
| Do—-o —Symbol color and size
2 & A | petanr | S [0 =
W3
180
=l |
P T
1.043 - 1 1
g .
| O & o
[ = - L
[} | O
O
o \
1.000 1043 P
1.000 | -1 4
5 I 1.15E-02 Km [S1] a.21E-02
| Site: Roztoky trat |Lat 235454  |Lon: 34 B67 |Rock: has | Stratigraphy: d1 | Lithostratigraphy: myf | Region: | Instrument: KLYy 2i3




6. Sampling, measurement and data processing

Anisoft - Data processing software Filel.ran
F"e_ran Fi|62.l’an
File3.ran
Open :
Open multiple
Geological data Anisoft 4.2.
(*.ged) Viewing & Editing
Selection of data
Spec to Geo
Geo to Spec Mean tensor Appeni} Mean.ran
(Jelinek statistics) Mean.txt
Print Save as
Export Save selected records as
\)
File.ran

File.ss2




6. Sampling, measurement and data processing

Mean tensor (Jelinek 1978, Hext 1963)
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6. Sampling, measurement and data processing

Bootstrap (Constable & Tauxe 1990)
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6. Sampling, measurement and data processing

Data presentation in regional scale

*projection of mean susceptibilities *magnetic lineation of mean tensor sisolines of shape parameter (T)
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Magnetic anisotropy of rocks
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