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Ionic conduction:

seawater at 20�C 5 S/m 0.2 Wm
seawater at 0�C 3 S/m 0.3 Wm
marine sediments 1 S/m 1 Wm
land sediments 0.001–0.1 S/m 10–1000 Wm
igneous rocks 10�5–10�2 S/m 100–100,000 Wm

Semi-conduction and metallic conduction:

Graphite 10,000–1,000,000 S/m 10�4–10�6 Wm
Galena 10–100,000 S/m 10�1–10�5 Wm
Pyrite 1–1,000 S/m 10�3–1 Wm
Magnetite 20,000 S/m 5⇥10�5 Wm
Copper 5.8⇥107 S/m 1.7⇥10�8 Wm
Silver 6.2⇥107 S/m 1.6⇥10�8 Wm
Gold 4.5⇥107 S/m 2.2⇥10�8 Wm

Point defects and electrolytic conduction:

Olivine at 1000
�
C 0.0001 S/m 10,000 Wm

Olivine at 1400
�
C 0.002 S/m 500 Wm

Theoleite melt 3 S/m 0.3 Wm

Silicate perovskite 1 S/m 1 Wm

Ionic conduction:

Semiconduction and metallic conduction:

Defect conduction and electrolytic conduction in melt:



Rusydi, 2018 doi :10.1088/1755-1315/118/1/012019

Conductivity and total dissolved salts (TDS):
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� = a⇥ TDS

where TDS is in g/l and a is between 0.13 and 0.20, generally being lower for higher salinity.   
For seawater a = 0.143.   Temperature 20°C.

Ionic conduction:



Ionic conduction:

� = 3 + T/10 S/m

� = 3 S/m T = 0�C

� = 5 S/m T = 20�CElectrical conductivity of seawater:

High P & T:

Quist and Marshall (1968)

3 S/m

50 S/m

�f = 2.903916(1 + 0.0297175T + 0.00015551T 2 � 0.00000067T 3) S/m.

seawater 
equivalent



Binary mixing laws:
There are various ways to model porosity and water/melt content.  The most popular and venerable is 
Archie’s Law:

where the exponent m is between 1.5 and 2.0 (determined empirically) and
conductivity of the mineral grains
conductivity of the fluid
fluid fraction (or porosity if saturated).  

⇥ = ⇥s + (⇥f � ⇥s)�m

⇥ =
1
3
�⇥f + (1� �)⇥s)

�s =
�f =
� =

There are other models on which mixing laws can be based, for example 
fluid filled tubes:



Clay-bearing sandstone (silty sandstone):  For low pore water salinities, the layer of absorbed charge on the 
surface of clay minerals increases the conductivity.  The density of this layer is measured by the cation exchange 
capacity. 

� =
1

F ⇤ (BQV + �w)

B = [1� ae��w/� ]�e
Na a = 1� (�e

Na)�W=0

�e
Na

Waxman-Smits (1968):

Ruffet et al. (1995)

Wikipedia



All possible isotropic models must lie between the Hashin-Shtrikman (HS) bounds:

HS� = ⇥s + �

�
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HS - lower HS - upper

Archie’s

HS - lower HS - upper

Archie’s

grey = conductor (melt, water)    yellow = resistor (sand grains, sub-solidus mineral grains)



Seawater in sandstone:
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Binary Mixing Laws - Examples

Melt and hot minerals:



� = 105.332e�1.533eV/kT S/m
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R = ⇢L/A

R = �V/I

Measuring conductivity is simple in principle, but impedance spectroscopy is used to separate electrode 
polarization from sample conductivity, and even grain boundary effects in a multi-grain sample.
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Examples from methane hydrate + seawater + sand/silt:



� =
ne2⌧

m

v = �eE⌧/mDrift velocity of electrons in metals is

where   is the mean free time,  m is mass.  So, conductivity is⌧

This can be though of as an acceleration in an electric field (e/m) of charge density (ne) for a 
time  .  Drift velocity can be thought of as current density divided by charge density:⌧

Conductivity in metals

v =
J

c

n ⇡ 1028 � 1029 /m3

v⌧ ⇡ 10�8m at 20�Cv⌧ ⇡ 10�2m at 4 K

v ⇡ 10�4 m/s � ⇡ 107 S/m

� = nqµMoving an electric charge:

q is charge, n is concentration,    is mobility, or drift velocity v per electric field        µ
����
v

E

����

Typical values:
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Ore minerals are generally semiconductors.

Other conductive mineral phases can form a 
connected path though rocks.  Serpentinization can 
create halos of connected magnetite around relic 
olivine grains.  

It has been suggested that cumulate magnetite in 
layered intrusions is responsible for lower crustal 
conductors in rifted margins.

It has also been suggested that sulfides on grain 
boundaries of mantle minerals increases the 
conductivity beneath the Sierra Nevada. 

Graphite precipitated from CO2 fluids in the crust 
has also been implicated to explain high 
conductivity.

Serpentinite.

Semiconduction:
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Mineral electrical conductivity as a function of pressure and temperature really is parameterized. 

Hirsch (1990)

cobalt olivine

Each conduction mechanism is described 
by a thermally-activated Boltzmann 
process:

 is conductivity, S/m

T is absolute temperature, Kelvin

E is activation energy  

k is Boltzmann’s constant

σ

These are called Arrhenius relationships, and 
can be linearized by plotting log(sigma) 
against 1/T.  The slope gives EA



Semiconductors � = neµe + peµh

n / T 3/2e�Eg/2kT 0
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Intrinsic conduction is a result of thermally 
activated electrons and holes.  All samples 
of a given material behave the same.

Extrinsic conduction is a result of 
impurities which donate either electrons or 
holes to conduction.  The amount of 
impurity will vary from sample to sample.



Defect conduction:

ImpurityDislocation

Frenkel defect

Schottky defect

ns = Ne�Ev/kT

nf = (NN 0)1/2e�Ei/2kT

Schottky defects or vacancies

Frenkel defects or interstitials



Fick’s Law:
JN = �DrN

D = Doe
�Ed/kT

J is the flux of a species and D is diffusivity or diffusion constant 

The Nernst-Einstein equation relates mobility    to diffusivityµ

kTµ = qD

� = Nq2Do/kTe
�Ev/kT e�Ed/kT

Using     and substituting for the mobility and the concentration for  Schottky defects we 
get

� = nqµ

But the exponentials dominate, and so to a good approximation 

� = �oe
�E/kT

concentration mobility
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If we have multiple conduction species then conductivity is just the sum.  But exponentials dominate 
at particular temperatures.

Hirsch (1990)

cobalt olivine

� = �oe
�(E+P�V )/kT

Sometimes one has to include a 
pressure effect:



FexMg ⌦ Fe•Mg + e0
Oxidation of iron:

8Fe
⇥
Mg

+ 2O2 ⌦ 2V
00

Mg
+ V

0000

Si
+ 4O⇥

O
+ 8Fe

•
Mg

Oxidation of olivine (Mg0.9Fe0.1SiO4):

V
00

Mg

Fe•Mg

V
0000

Si

e
0

magnesium vacancies

“small polaron”

electron

silicon vacancies
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Fe++ ⌦ Fe+++ + e0
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Forsterite Mg2SiO4
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FexMg ⌦ Fe•Mg + e0

Oxidation of iron:

Mg⇥Mg Mg⇥Mg Mg⇥Mg Mg⇥Mg Mg⇥Mg

Mg⇥Mg Mg⇥Mg Mg⇥Mg Mg⇥Mg Mg⇥Mg Mg⇥Mg

Mg⇥Mg Mg⇥Mg Mg⇥Mg Mg⇥Mg

Mg⇥Mg Mg⇥Mg Mg⇥Mg Mg⇥Mg Mg⇥Mg

Olivine Mg0.9Fe0.1SiO4  with defects

Fe•Mg

Fe⇥MgFe⇥Mg

V00
Mg
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FexMg ⌦ Fe•Mg + e0

Oxidation of iron:

Mg⇥Mg Mg⇥Mg Mg⇥Mg Mg⇥Mg Mg⇥Mg

Mg⇥Mg Mg⇥Mg Mg⇥Mg Mg⇥Mg Mg⇥Mg Mg⇥Mg

Mg⇥Mg Mg⇥Mg Mg⇥Mg Mg⇥Mg

Mg⇥Mg Mg⇥Mg Mg⇥Mg Mg⇥Mg Mg⇥Mg

Polaron hopping

Fe•Mg

Fe⇥MgFe⇥Mg

V00
Mg

e′￼
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FexMg ⌦ Fe•Mg + e0

Oxidation of iron:

Mg⇥Mg Mg⇥Mg Mg⇥Mg Mg⇥Mg Mg⇥Mg

Mg⇥Mg Mg⇥Mg Mg⇥Mg Mg⇥Mg Mg⇥Mg Mg⇥Mg

Mg⇥Mg Mg⇥Mg Mg⇥Mg Mg⇥Mg

Mg⇥Mg Mg⇥Mg Mg⇥Mg Mg⇥Mg Mg⇥Mg

Fe•Mg

Fe⇥Mg

Fe⇥Mg

V00
Mg

This effectively is movement of positive charge



FexMg ⌦ Fe•Mg + e0

Oxidation of iron:

Mg⇥Mg Mg⇥Mg Mg⇥Mg Mg⇥Mg Mg⇥Mg

Mg⇥Mg Mg⇥Mg Mg⇥Mg Mg⇥Mg Mg⇥Mg Mg⇥Mg

Mg⇥Mg Mg⇥Mg Mg⇥Mg Mg⇥Mg

Mg⇥Mg Mg⇥Mg Mg⇥Mg Mg⇥Mg Mg⇥Mg

Polaron hopping

Fe•Mg

Fe⇥Mg
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V00
Mg



FexMg ⌦ Fe•Mg + e0

Oxidation of iron:

Mg⇥Mg Mg⇥Mg Mg⇥Mg Mg⇥Mg Mg⇥Mg

Mg⇥Mg Mg⇥Mg Mg⇥Mg Mg⇥Mg Mg⇥Mg Mg⇥Mg

Mg⇥Mg Mg⇥Mg Mg⇥Mg Mg⇥Mg

Mg⇥Mg Mg⇥Mg Mg⇥Mg Mg⇥Mg Mg⇥Mg

This effectively is movement of positive charge

Fe•Mg Fe⇥Mg

Fe⇥Mg

V00
Mg



FexMg ⌦ Fe•Mg + e0

Oxidation of iron:

Mg⇥Mg Mg⇥Mg Mg⇥Mg Mg⇥Mg Mg⇥Mg

Mg⇥Mg Mg⇥Mg Mg⇥Mg Mg⇥Mg Mg⇥Mg Mg⇥Mg

Mg⇥Mg Mg⇥Mg Mg⇥Mg Mg⇥Mg

Mg⇥Mg Mg⇥Mg Mg⇥Mg Mg⇥Mg Mg⇥Mg

Similarly vacancies (Schottky defects) can move

Fe•Mg Fe⇥Mg

Fe⇥Mg

V00
Mg
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FexMg ⌦ Fe•Mg + e0

Oxidation of iron:

Mg⇥Mg Mg⇥Mg Mg⇥Mg Mg⇥Mg Mg⇥Mg

Mg⇥Mg Mg⇥Mg Mg⇥Mg Mg⇥Mg Mg⇥Mg Mg⇥Mg

Mg⇥Mg Mg⇥Mg

Mg⇥Mg

Mg⇥Mg

Mg⇥Mg Mg⇥Mg Mg⇥Mg Mg⇥Mg Mg⇥Mg

Effectively a movement of negative charge

Fe•Mg Fe⇥Mg

Fe⇥Mg

V00
Mg
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2CO +O2 ⌦ 2CO2
CO

2
:CO

CO
2
:CO

Olivine
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sample

iridium electrodes

Pt -Pt10%Rh thermocouple

upper alumina electrode rod

lower elecrode rod

alumina thermocouple tube

alumina thermocouple tube

water cooling jacket

water cooling jacket

thermocouple

wires

'o' rings

compression spring

primary alumina

tube

thermocouple wires

thermocouple wires

platinum

resistance 

furnace

rubber stopper

upper nylon guide assembly

lower nylon

guide

Oxygen activity during 
conductivity measurements 
can be controlled using gas 
mixes:

iron-wüstite

quartz-fayalite-magnetite 

This not only provides a 
variable other than 
temperature, but keeps olivine 
inside its stability field.

Hematite
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Images: Wikipedia

                                                                                                                   
                          Fe                                 FeO                              FeO•Fe O                               Fe O        
                  metallic iron                       wüstite                            magnetite                               hematite 

Feo Fe++ Fe++Fe+++ Fe+++

2 3 2 3
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8Fe
⇥
Mg

+ 2O2 ⌦ 2V
00

Mg
+ V

0000

Si
+ 4O⇥

O
+ 8Fe

•
Mg

The oxidation of olivine (Mg0.9Fe0.1SiO4) 

predicts that defect concentrations have a 1/6 power in oxygen fugacity [X] = axf
1/6

O2

[X] = bx + axf
1/6

O2

However, observed conductivity data require an 
additional term related to impurity defects and 
similar to doped conductivity

Constable and Duba (1990)

(this could result from charge imbalances 
associated with impurity defects such as Al, Cr, 
Ti).
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Thermo-electric power can also be used to estimate defect concentrations.

Hotter

Colder

electrode

electrode

sample

Q = � lim
�T!0

�V

�T

A temperature gradient  across a mineral 
sample produces a potential difference  as 
the charge carriers “condense” on the cold 
side.  Thermopower, or Seebeck coefficient 
is defined as 

ΔT
ΔV

The sign of the thermopower is the same as 
the sign of the charge carriers, and depends 
on relative concentration, c:

Q =
k

q

⇥
ln�

(1� c)

c
+

S

k

⇤
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A change in sign in the Seekbeck coefficient at 1400° C was documented in Schock, Duba, and Shankland’s 
seminal 1989 paper. 

They interpreted this a change in conduction from electron holes at low temperature to magnesium vacancies at 
high temperature. 

+ve

-ve
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Standard olivine models:

� = 101.67e�1.38eV/kT + 108.7e�3.90eV/kT S/m

SO1:

� = 102.40e�1.6eV/kT + 109.17e�4.25eV/kT S/m

SO2:

Shankland and Duba (1990)

Constable, Shankland and Duba (1992)



SEO3 (Standard Electrical Olivine #3):
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SEO3: Conductivity σ is given by

σ = [Fe•Mg]µFee + 2[V


Mg]µ
Mg

e

for mobilities

µFe = 12 .2× 10
−6e−1.05 eV kT

µMg = 2 .72× 10
−6e−1.09 eV kT

and concentrations

[Fe•Mg] = bFe(T ) + 3.33× 10
24e−0.02 eV kT f 1/6

O2

[V


Mg] = bMg (T ) + 6.21× 10
30e−1.83 eV kT f 1/6

O2

derived from fitting conductivity and thermopower data in silica-buffered

polycrystal at lower T.

/

/
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Anisotropy: Aligned crystals and interbedding can produce anisotropy on microscopic to 
macroscopic scales.  Because of gravity, in undeformed sedimentary rock the orientation is sub-
horizontal, resulting in higher resistivities in the vertical direction than the horizontal direction.

EM cannot tell micro from macro anisotropy until the layers get very thick.

http://www.sleepingdogstudios.com/NR O’Brien, J. Sed. Res. 1987

http://www.sleepingdogstudios.com
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In general all three axes can be different (and not even orthogonal), but many geological systems are 
transversely isotropic:

Conductors = grey.  Everett and Constable (1999)
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global surface conductance map, logarithmic scale [log10 S]
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Whole-mantle convection and the
transition-zone water !lter
David Bercovici & Shun-ichiro Karato

Department of Geology and Geophysics, Yale University, PO Box 208109, New Haven, Connecticut 06520-8109, USA

............................................................................................................................... ............................................................................................

hypothesis

A wet mantle.

Bercovici and Karato (2003)



Karato, Nature 1990 Constable, Nature 1993
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Key et al. (2013)



Hirschmann et al. (2008)

A few hundred parts per million water lowers mantle solidus by 100°C



ICB

CMB
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Anzellini et al. (2013)

The core:



Shock wave experiments

Stacey and Anderson (2001, PEPI) estimated the resistivity of the outer core to be 2.1x10-6 Ωm 
and inner core 1.6x10-6 Ωm, based on shock wave experiments of iron with Si and Ni impurities 
and the idea that for an “ideal” metal the conductivity is constant on the pressure-temperature 
melting curve (shock wave experiments showed that outer core density was lower than Fe). 



ICB
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Anzellini et al. (2013)

However, more recent measurements 
using ab initio calculations and direct 
diamond anvil measurements put the 
outer core resistivity at 6-7x10-7 Ωm, 
or three times the shock wave values.

Anzellini et al. (2013)
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