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S U M M A R Y 

In the field, kimberlites are characterized by high electrical conductivities (about 0.1 S m 

−1 ) 
compared to most igneous rocks. The reason for these high conductivities has not been fully 

elucidated to date. We investigate here the spectral induced polarization of seven core samples 
of kimberlites in the frequency range 1.43 mHz–20 kHz. The measurements are made at pore 
w ater conducti vities ranging from 0.07 to 2.4 S m 

−1 (NaCl, 25 

◦C). We also measured the cation 

exchange capacity (CEC), the specific surface area (SSA) and the magnetic susceptibility of 
the core samples. We characterized the samples by optical microscopy as well as the X-ray 

dif fraction and thermo gravimetric anal yses. Based on the electrical measurements, we obtained 

values of the surface conductivity produced by the double electrical layer coating the solid 

particles, and the normalized chargeability values characterizing the polarization magnitude 
of these materials. Mineralogical analyses show significant amount of magnetite (from 2 to 9 

wt. per cent, approximately 1 to 4 per cent in vol. content) and smectite (from 1 to 44 wt. per 
cent) in the core samples. The main contributor of the CEC is smectite because of its very high 

CEC. The quadrature conductivity, the normalized chargeability, and the surface conductivity 

are controlled by the CEC normalized by the tortuosity of the pore space (product of the 
formation factor by the porosity). Our data demonstrate that the conduction and polarization 

of kimberlites are both controlled by the presence of smectite rather than associated with 

magnetite. Comparing the new data set and data recently obtained with volcanic rocks from 

both shield and strato-volcanoes in the previous papers of this series, we show that the model of 
polarization of the dynamic Stern layer correctly describes the complex electrical conductivity 

of kimberlites as well. Our results also explain the cause of electrical conductivity anomalies 
detected at kimberlite pipes and offer new perspectives in using induced polarization method 

for the exploration of kimberlites around the world. 

Key words: Electrical properties; Electromagnetic theory; Induced polarization; Kimberlite; 
Volcanoes. 

1

K  

w  

e  

o  

(  

s  

(  

r  

c
 

o  

p  

e  

o  

1  

M  

s  

i  

a  

e  

g  

o  

f  

b  

w  

o  

k  

b  

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/advance-article/doi/10.1093/gji/ggad396/7319350 by guest on 14 N

ovem
ber 2023
 I N T RO D U C T I O N  

imberlite presents an important source of diamonds around the
 orld (e.g. Ha wthorne 1975 ; Field & Scott Smith 1999 ; Coop-

rsmith et al. 2006 ). Being igneous ultramafic rocks, kimberlites
riginate from the Earth mantle from depths of at least 150–450 km
Kjarsgaard 2007 ). The kimberlite magma transports to the Earth
urface xenoliths of the mantle material may include diamonds
e.g. Smit & Shirey 2019 for a clear and concise re vie w). For these
easons, kimberlites have attracted a lot of attention over the past
entury. 

Unaltered kimberlite is of porphyritic texture with inclusions of
livine, pyrope (a dark, blood-red gemstone), chromian diopside (a
 yrox ene mineral), magnesian ilmenite (a titanium-iron oxide min-
ral) and phlogopite (a magnesium mica belonging to the family
C © The Author(s) 2023. Published by Oxford University Press on behalf of The R
article distributed under the terms of the Creative Commons Attribution License (
permits unrestricted reuse, distribution, and reproduction in any medium, provided
f phyllosilicates) surrounded by a finer-grained matrix (Mitchell
986 , 1995 ). The matrix consists of microphenocrysts of olivine,
g–Cr–Ti-rich spinel, monticellite, mica (phlogopite–kinoshitalite

olid solutions), perovskite, apatite and occasionally calcite, all set
n a late-stage groundmass of carbonates (calcite and/or dolomite)
nd serpentine produced by the alteration of olivine (Afanasyev
t al. 2014 ; Mitchell et al. 2019 ). Depending on the alteration de-
 ree, the g roundmass contain smectites produced by the alteration
f serpentine (e.g. Ji et al . 2018 ). In addition, magnetite is produced
rom the alteration of olivine (e.g. Kononova et al. 2007 ). Kim-
erlite breccia also include fragments of the surrounding rocks,
hereas autolithic kimberlites include kimberlite material of previ-
us phases of eruption (e.g. Kononova et al. 2007 , for examples of
imberlites from the Archangelsk Region in Russia). If not all kim-
erlites contain smectites (see Morkel & Vermaak 2006 ), Morkel
oyal Astronomical Society. This is an Open Access 
 https://creati vecommons.org/licenses/b y/4.0/ ), which 
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et al. ( 2007 ) state ‘ Kimberlite commonly contains smectite minerals 
(such as montmorillonite and saponite), which cause fragmentation 
or degradation of the rock when it is exposed to water or aqueous 
solutions ’. 

An experience obtained during about 50 yr of field geophysical 
surv e ys around the world shows very different values of the kimber- 
lite electrical conductivity ranging from about 10 −4 S m 

−1 (Katsube 
& Kjarsgaard 1994 for Canada, North-West territories) to more than 
0.1 S m 

−1 (Onugba et al. 1989 for Nor ther n Nigeria). Obviously, in 
Arctic Regions, the presence of permafrost may play a strong role 
on the ef fecti ve conducti vity. Ne vertheless, most of kimberlites are 
characterized by high electrical conductivity comparing to other ig- 
neous or metamorphic rocks (e.g. Macnae 1979 ; P o wer et al. 2004 ; 
Reed & Witherly 2007 ). Crater facies kimberlite often contains sig- 
nificant clays other than the kimberlite source, and is conductive 
even if smectite is not present in the underlying hypabyssal phase 
of the kimberlite (Macnae 1979 ) . The goal of our study is to inves- 
tigate the cause of such high electrical conductivity of kimberlites 
follo wing preliminary w orks by Macnae ( 1979 ), Titov et al. ( 2021 ) 
and Emelyanov et al . ( 2020 ). 

In this paper, we present new data concerning the complex electri- 
cal conducti vity, mineralo gical composition and physical–chemical 
properties of seven samples taken in kimberlite pipes located in 
nor theaster n Angola (Africa). Beside complex conductivity mea- 
surements, we also determine the cation exchange capacity (CEC), 
the specific surface area (SSA), the mineralogical composition and 
the magnetic susceptibility (MS) of our core samples. The scientific 
question we tackle in this work is to know what mineral phase con- 
trols the complex conductivity of kimberlites. We also compare new 

results with those obtained in previous papers of this series (Revil 
et al. 2017a , 2021 ; Zhang et al. 2023 ). We are especially interested 
to compare the electrical behaviour of kimberlites and basalts at 
v arious le vels of alteration. 

The paper is organized as follow. We first briefly describe the 
geological setting of the kimberlite deposit of Cuilo in Angola, 
where we sampled the cores used below. Then, in Section 3 , we 
present the core samples and the methodologies used to acquire the 
petrophysical properties of interest. Then, we discuss the results 
in terms of relationship between the parameters and the underlying 
physical mechanisms at play to understand the complex conductivity 
of kimberlites. 

2  M AT E R I A L  A N D  M E T H O D S  

2.1. Materials 

The Cuilo kimberlite field (Fig. 1 ) of Cretaceous age is located in 
the nor theaster n Angola within the Kasai craton. In this area, the 
Lucapa fault zone has a major role in the distribution of kimberlite 
fields including the famous Catoca field known by very rich in dia- 
monds (Pettit 2009 ; Cruz 2012 ). The Kasai craton is an area of high 
diamond production in Central Africa (Zagainy et al. 2017 ). The 
kimberlite pipes of the Cuilo field were discovered by an airborne 
magnetic surv e y (1:10 000 scale, Ele y et al. 2008 ). Indeed, they 
exhibit pronounced magnetic anomalies because the MS of the host 
rocks is suf ficientl y smaller than the MS of the kimberlites. 

In the Kasai craton, host rocks include Archean granite and 
gneiss basement. We also find Triassic-Jurassic sediments of the 
Karoo supergroup including siltstones, shales and sandstones. The 
kimberlite bodies are covered by the Cretaceous Calonda unconsol- 
idated sands, the Palaeo gene-Neo gene Kalahari sands and Quater- 
nary deposits also composed mostly by sands. The total thickness 
of the sedimentary cover is about 50 ms. Small levels of kimber- 
lite erosion in the area have led to a preservation of crater fa- 
cies. The crater deposits are mostly composed of kimberlite breccia 
and tuff sandstone with kimberlite materials while the diatremes 
present porphyritic and autolithic kimberlites (Eley et al. 2008 ; Pettit 
2009 ). 

We studied seven cores sampled at dif ferent le vels of the kim- 
berlite pipes (Fig. 2 ). The cores samples include two porphyritic 
kimberlites (labelled AC-01–01/182 and АС-01–01/201), three au- 
tolithic kimberlites (labelled A C-05–05/209, A C-254–01/104 and 
AC-23–01/70), a fine-grained kimberlite breccia (labelled AC-16–
14/45) and a tuff sandstone with gravels mixed with kimberlite 
materials (labelled Alt-60–08/364). At the initial (reference) state, 
all the core samples are consolidated kimberlites. The cores are 
cylinders with a diameter of 4.7 cm and a length between 3.0 and 
4.9 cm. They were received partiall y w ater-saturated and the salin- 
ity of the initial pore water was unknown. Because of the swelling 
pressure associated with the presence of smectite, these cores are 
very fragile and difficult to measure. The risk is the disaggregation 
of the core samples when solutions are used that are too far from 

their equilibrium state. 

2.2 Core sample characterization 

We characterized the kimberlite core samples using optical mi- 
croscopy, X-ray diffraction analysis (XRD), ther mog ravimetric 
analysis (TGA), and the measurements of their CEC, SSA, MS and 
complex electrical conductivity spectra at 5–8 pore water salinities 
(NaCl, 25 ◦C). 

The XRD analysis provides information about the mineralogical 
composition of the core samples. We performed XRD using 
the DRON-8 diffractometer with vertical theta–theta goniometer 
and sample horizontal position (see https://www.bourevestnik.ru/ 
products/analiticheskaya- tekhnika/rentgenodifraktsionnyy- analiz/ 
mno gofunktsionaln yy- rentgenovskiy- difraktometr- dron- 8- 8n/ ). 

The TGA is based on measurements the mass of a sample over 
time as the temperature increases. These measurements provide in- 
formation about phase transitions and chemical decompositions of 
minerals allowing determination a mineral composition (e.g. Coats 
& Redfern 1963 ). We used the DTG60H synchronous thermal anal- 
yser (see https://www.shimadzu.com/an/products/thermal-analysis/ 
simultaneous- thermal- analysis/dtg- 60- series/index.html ). 

We also measured the CEC to characterize the amount of ex- 
changeable cations on the minerals surface. The CEC is often used 
as a proxy of the electrical double-layer properties, especially for 
alumino-silicates such as smectite. Smectite is known to have the 
largest CEC of all minerals ( ∼80–100 meq/100 g). We used the stan- 
dard method by Food and Agriculture Organization of the United 
Nations (Standard 2022 ). The method is based on absorption of 
the magnesium acetate, which has a high affinity for the mineral 
surface. 

We determined the SSA using the Brunauer–Emmett–Teller 
method based on the nitrogen adsorption (Brunauer et al. 1938 ). 
We carried out the measurements using an ASAP 2020 MP spe- 
cific surface analyser ( https://www.micromeritics.com/asap-2020- 
plus/ ). We measured CEC and SSA with small subsamples of the 
main core samples used for the complex conductivity measure- 

https://www.bourevestnik.ru/products/analiticheskaya-tekhnika/rentgenodifraktsionnyy-analiz/mnogofunktsionalnyy-rentgenovskiy-difraktometr-dron-8-8n/
https://www.shimadzu.com/an/products/thermal-analysis/simultaneous-thermal-analysis/dtg-60-series/index.html
https://www.micromeritics.com/asap-2020-plus/
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Figure 1. Cuilo kimberlite field (Angola). Archean cratons: 1—Kasai and 2—Angolan. Mobile belts: 3—Palaeoproterozoic (Eburnean) and 4—Neoproterozoic 
(Pan-African). 5—Riftogenic Meso-Neoproterozoic sedimentary basins. 6—faults apparently not related to the kimberlite magmatism (a—major and b—
subordinate). 7—faults of Nord-West and Nord-East strike related to kimberlite eruptions. 8—kimberlite fields. 9—kimberlite pipes. Ages: 10—upper 
Cretaceous, 11—Eocene-Pliocene (Kalahari group) and 12—Neogene (Kalahari group, Ocre sand formation). 
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We measured the MS with the SM-30 kappa-meter (ZH instru-
ents, http://www.zhinstruments.com/sm 30.html ). For each sam-

le, we performed at least 10 measurements on each side, followed
y an arithmetic averaging of the data set for each core sample.
e also determined the sample porosity and mass density with the

tandard triple weighting method. 

.3 Sample saturation methodology 

ecause we measured the complex electrical conductivity at differ-
nt values of the pore water conductivities, we have paid special
ttention to saturation of the samples with brines. These so-called
ultisalinity experiments allow accurate determination of the for-
ation factor F and the surface conductivity σ S of samples (e.g.
axman & Smits 1968 ). We decided to start with the highest salin-

ty. Indeed, some core samples are very rich in smectite (see Ta-
le 1 ), and saturation with low salinity pore waters could produce
n increased swelling pressure leading to the collapse of the sam-
les structure and integrity. In addition, because the initial pore
rine salinity is unknown, it was reasonable to start with the highest
alinity brine to be sure that we can neglect the residual salt being
n the pore space after the heating of the sample as discussed below.

We started with the sample heated in an oven at 70 ◦C up until their
eights reached a plateau. Then, we saturated the samples under
acuum with degassed water (NaCl, 2.4 S m 

−1 , at 24 ◦C). Based on
he triple weighting procedure (dry, saturated and buoyancy weight
n distilled water), we obtained values of both the bulk density and
onnected porosity (Table 2 ). Then, we controlled the procedure
f the sample equilibration with water by monitoring the sample
omplex electrical conductivity. The equilibration takes about 1–
 months for each change of salinity. After a first series of the
omplex conductivity measurements (see Section 3.2.4 below), we
ut each core sample in an individual container with the less salty
ater and we waited about 1–2 months for the next equilibrium to
e reached between the sample and the new pore water. We kept the
re-determined value of the water conductivity in the container, and
e monitored the sample complex electrical conductivity several

imes up to stabilization of the complex conducti vity v alues. We
ollowed this sequence of the sample ‘desalting’ procedure several
imes. Finally, we obtained the complex conductivity data at the
 ater conducti vity v alues of 2.40, 1.86, 1.57, 1.22, 0.79, 0.45, 0.26,

art/ggad396_f1.eps
http://www.zhinstruments.com/sm_30.html
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Figure 2. Location of the cores along with the conceptual model of the kimberlite pipe (modified from Kjarsgaard 2007 ) called the ‘classic South African 
model’ of a kimberlite pipe (see Mitchell 1986 , 1995 ; Kjarsgaard 2003 ; Sparks et al. 2006 ). The scales are very approximate. 

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/advance-article/doi/10.1093/gji/ggad396/7319350 by guest on 14 N

ovem
ber 2023
0.11 and 0.07 S m 

−1 (25 ◦C). We completed the measurements in 
one year and a half. 

2.4 Induced polarization 

The electrical conductivity of porous media (rocks, soils, sediments, 
suspensions, biological tissues, etc.) is the complex-valued quantity. 
Its real part is a measure of the conduction, whereas the imaginary 
part characterizes the polarization (e.g. Olhoeft 1981 ; Kralchevsky 
et al. 2008 ). In the low-frequency range (up to about several tens 
of kilohertz), the overall polarization is dominated by the Eectrical 
Doub le Lay er (EDL) polarization or/and a specific polarization of 
semiconducting or electronically conducting minerals like, for ex- 
ample, graphite, magnetite and pyrite (Wong 1979 ; Olhoeft 1981 ; 
Revil et al. 2015a ). In geophysics, this low-frequency polarization 
is called ‘induced polarization’ (e.g. Olhoeft 1981 ; Revil 2013a ). 

The low-frequency polarization denotes a set of mechanisms with 
the reversible accumulation and depletion of the electrical charge 
carriers in porous media. The phenomena are characterized by char- 
acteristic (relaxation) times depending on the characteristic length 
of the elements undergoing polarization (grain or pore sizes). Mea- 
surement of the complex resistivity or its inv erse, the comple x con- 
ductivity, in the frequency range from several millihertz to several 
kilohertz is known as the spectral induced polarization (SIP) method 
allowing characterization of a distribution of such characteristic (or 
relaxation) times (e.g. Nordsiek & Weller 2008 ). 

The complex-valued electrical conductivity, σ ∗ (or its inverse, 
the complex electrical resistivity, ρ∗), 

σ ∗ ( ω 

) = σ ′ ( ω 

) + iσ
′′ 

( ω 

) = | σ ∗ ( ω 

) | e iϕ ( ω ) , (1) 

ρ∗ ( ω 

) = 

1 

σ ∗ ( ω 

) 
, (2) 

are obtained based on field or laboratory experiments. Here, ω = 

2 π f is the angular frequency of the field (in rad s −1 ), f is the 
frequency (in Hz), σ ′ ( ω) and σ ′′ ( ω) are the real and imaginary 
components of the resisti vity, respecti vel y (in �·m), i is the (pure) 
imaginary unit defined as i 2 = −1 and ϕ( ω) is the phase shift (in 
rad) between the voltage and current signals. 

In laboratory, the complex impedance, Z 

∗( f ) , is typically mea- 
sured. The complex resistivity is proportional to the impedance, 

ρ∗ = k Z 

∗, (3) 

where k (in m) is the geometrical factor obtained by measurements 
with water samples of known electrical conductivity or by numerical 
calculations on the basis of known sample and measurement setup 
geometry (e.g. Jougnot et al. 2010 ). Because the sample lengths 
w ere different, w e used holders of different length and we obtained 
the geometrical factor values for each holder based on the con- 
ductance measurements with the water samples of known electrical 
conductivity. 

Although we measured the amplitude and phase of the 
impedance, in interpretation we mostly use the complex electri- 
cal conductivity. We obtained the conductivity based on eq. ( 2 ) and 
the elementary complex algebra: 

σ ′ = | σ ∗| cos ϕ, (4) 

σ ′′ = | σ ∗| sin ϕ. (5) 

By convention, we consider here and below the ne gativ e conduc- 
tivity phase, and, therefore, the ne gativ e quadrature conductivity. 

For ion-conducting rocks, soils and sediments we assume two 
kinds of conduction acting in parallel: the volume conduction acting 
along the free pore water, and the surface conduction along EDL. 
For more complex model, refer to, for example, Kan & Sen ( 1987 ), 
Revil et al. ( 2015a ) and Misra et al. ( 2016a , b) , who discussed 
the conductivity model without the assumption about the parallel 
connection. The surface conduction acts along the interface between 
the solid and liquid phases in EDL because of some excess of ions 

art/ggad396_f2.eps
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Table 2. Physical–chemical properties of the kimberlite samples. φ, F and m are the dimensionless porosity, formation factor and 
cementation e xponent, respectiv ely; σ ’ s (in mS m 

−1 ) is the real part of the surface conductivity (at 1.46 Hz); σ ′ ′ (in mS m 

−1 ) is the 
imaginar y par t of the complex conductivity (at 1.46 Hz and σw ∼0.8 S m 

−1 ) and M n (in m m 

−1 ) is the normalized chargeability (at 
σw ∼0.8 S m 

−1 ). The units of CEC, SSA and MS are meq/100 g, m 

2 g −1 , and 10 −5 in the international unit system, respecti vel y. 

Sample Description φ F m σ ’ s σ ′ ′ M n CEC SSA MS 

AC-05–05/209 Autolithic kimberlite 0.23 32.3 1.85 54 0.522 5.19 15.41 40.3 107 
AC-254–01/104 0.25 18.5 2.01 140 1.13 10.6 18.53 17.7 1202 
AC-23–01/70 0.18 15.4 2.04 260 3.98 36.5 66.22 41.7 2328 
A С-01–01/182 Porphyritic kimberlite 0.22 52.9 2.63 7.7 0.204 1.88 7.41 11.7 11 365 
AC-01–01/201 0.13 66.7 2.04 11 0.105 1.60 6.73 12.9 12 074 
AC-16–14/45 Fine-grained kimberlite 

breccia breccia 
0.23 10.0 1.57 65 2.45 19.3 23.05 20.76 180 

Alt-60–08/364 Tuff sandstone with 
kimberlite material 

0.19 12.7 1.52 145 3.19 21.9 32.6 25.5 31 
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near the solid surface comparing to the free water far from the pore 
walls (e.g. Revil & Glower 1998 ). 

Electrical doub le lay er contains two sub lay ers: the Stern lay er 
and the diffuse layer. The Stern layer of weakly sorbed counterions 
directly coats the solid surface, the ions have a tangential mobility 
only. In the diffuse layer (between the Stern layer and the free pore 
water) the counter- and co-ions can move in both the tangential and 
normal direction relative to the interface (e.g. Leroy et al. 2008 , 
and references therein). In addition, the ion dif fusi vity in the free 
w ater, the dif fuse la yer, and the Stern la yer of quartz is assumed to 
have the same value of about 1.3 × 10 −9 m 

2 s −1 (for Na + at 25 ◦C). 
In contrast, for the Stern layer at alumino-silicates (clay) surface, 
the dif fusi vity v alue w as assessed to be as low as 3.8 × 10 −12 m 

2 s −1 

(e.g. Revil et al. 2015b ). 
Accounting both kinds of conduction, the expression of the real 

(in-phase) conductivity in fully water-saturated conditions is 

σ ′ ( ω 

) = 

σw 

F 

+ σ ′ 
s ( ω 

) . (6) 

Here, σw denotes the pore w ater conducti vity (in S m 

−1 ), φ and F 

denote the dimensionless porosity and formation factor and σ ′ 
s ( ω) 

is the real part of the surface conductivity in S m 

−1 (e.g. Revil 
2013a ). According to the first Archie’s ( 1942 ) law, 

F = φ−m , (7) 

where m (dimensionless) is called the first Archie exponent, which 
characterizes the pore space topolo gy/texture. Consequentl y, the 
pore space tortuosity is θ = φF . 

In absence of electronically conducting or semiconducting min- 
erals, we consider the EDL polarization only, therefore the quadra- 
ture (imaginary) conductivity depends only on the properties of the 
surface of the grains: 

σ ′′ ( ω 

) = σ ′ ′ 
s ( ω 

) . (8) 

An indi vidual v alue of the quadrature conductivity at a certain 
frequency represents a local polarization effect related to a specific 
frequency. In contrast, the global polarization effect is characterized 
by the total normalized chargeability, 

M n = σ∞ 

− σ0 , (9) 

where σ∞ 

and σ0 (in S m 

−1 ) are the high (or instantaneous) and low 

(DC, direct current) frequency limits of the electrical conductiv- 
ity, respecti vel y. The normalized chargeability can be obtained by 
dif ferent w ays. A popular approach is to approximate experimen- 
tal data using phenomenological models like the Cole–Cole model 
(Cole and Cole 1941 ) or the Pelton model (Pelton et al . 1978 ). By 
the best fit to data, four parameters: the chargeability, the main time 
constant, the DC resistivity and the Cole–Cole exponent can be 
obtained. 

An alternative approach is a so-called Debye decomposition (e.g. 
Nordsiek & Weller 2008 ). With this approach, the complex resis- 
ti vity or conducti vity is represented as a superposition of Debye 
relaxation models (Debye 1929 ). In the discrete form, the govern- 
ing equation of the Debye decomposition method for the complex 
resistivity is 

ρ∗ ( ω 

) = ρ0 ·
( 

1 + 

N τ∑ 

k= 1 
m k ·

(
1 − 1 

1 − iωτk 

)) 

, (10) 

where ρ0 is the DC resistivity (in Ohm), m k ( τk ) are the dimen- 
sionless magnitudes of polarization (the partial chargeabilities) at 
certain characteristic times, τk (in s) and N τ is the number of the 
characteristic times. Then, the normalized chargeability (in S m 

−1 ) 
is 

M n = 

N τ∑ 

k= 1 
m k σ∞ 

, (11) 

where the instantaneous conductivity is given by 

σ∞ 

= 

1 

ρ0 

(
1 − ∑ N τ

k= 1 m k 

) . (12) 

In this paper, we used the Debye decomposition to calculate 
the normalized chargeability. That said, we could also use the Cole–
Cole model approach de veloped b y Re vil ( 2013a , b ) as an alternative 
approach to model both the induced polarization response and the 
Maxwell–Wagner polarization response of the material. 

We consider a granular model of kimberlite where clay tactoids 
of the groundmass and inclusions within the matrix are surrounded 
by the pore water. The Stern and diffuse layers formed the so-called 
electrical doub le lay er coating the surface of the grains. We consider 
polarization of the Stern layer, assuming polarization of the diffuse 
layer is second-order effect. The aforementioned statements repre- 
sent the basis of the polarization model of the dynamic Stern layer 
(e.g. Leroy et al. 2008 ; Revil 2013a , b , and references therein). This 
model leads to the following proportionality relationships between 
the electrical parameters (see also Weller et al. 2013 ; Revil et al. 
2015b ): 

M n = a 
CEC 

F φ
, (13) 

M n = Rσs , (14) 
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Figure 3. (a) Sample holder and (b) illustration of the data reproducibility. (a) The jacketed sample is squeezed between the two small tanks. A and B are the 
copper current plate electrodes for the injection/retrie v al of the electrical current, and M, O, N are the Ag/AgCl potential electrodes. (b) and (d) are the real part 
of the resistivity, and (c) and (e) are the phase of the resistivity. The measurement uncertainty is significantly less than the symbols size. Symbols identify the 
samples: A C-01–01/182 and A C-01–01/201 are the porphyritic kimberlites; A C-05–05/209, A C-254–01/104 and A C-23–01/70 are the autolithic kimberlite; 
AC-16–14/45 is the fine-grained breccia and Alt-60–08/364 is the tuff sandstone with kimberlite material. 
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Figure 4. (a) Real and (b) imaginary conductivity spectra of the porphyritic kimberlite sample AC-01–01/182 measured at 11 water conductivity values. The 
inset in (b) shows the close view to the low-frequency range data. 

Figure 5. Thin sections of three selected samples (cross-polarized light). The fine-grained breccia, left-hand panel), porphyritic kimberlite (middle panel) and 
autolithic kimberlite breccia (right-hand panel). 1—groundmass made of smectite and calcite with ore minerals, 2—perovskite, 3—quartz, 4—serpentinized 
autolith and 5—pseudo-morph of serpentine after the olivine grains. In the middle panel, numerous black particles are ore minerals. 
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where a (in S × 100 g ·meq −1 ), and the dimensionless number R
are proportionality coefficients that depends on the apparent mo- 
bilities entering normalized chargeability and surface conductivity 
relationships (see Revil et al . 2013a , b and references therein). Ad- 
ditionally, for the case of the constant phase angle (CPA model), we 
hav e additional e xpressions giv en b y (Weller et al. 2013 ; Re vil et 
al . 2017a , b , c ) 

M n = −ασ ′′ . (15) 

σ ′′ = − R 

α
σs = −l σ ′ 

s , (16) 

where dimensionless α is the proportionality coefficient. Even eqs 
( 15 ) and ( 16 ) have been derived for the CPA model, they are approx- 
imatel y v alid for rather flat spectra. Typicall y, dif ferent authors used 
σ ′′ values measured in the frequency range from approximately 1 

to 400 Hz. 
We measured the amplitude and phase of the impedance using 
the SIP FUCHS III instrument (radic-research.de) in the frequency 
range from 1.43 mHz to 20 kHz. Fig. 3 (a) shows our measurement 
cell. We carried out all the measurements in triplicate. Figs 3 (b)–( e) 
show the absolute value and the phase for all the samples obtained 
at the highest water electrical conductivity value. We demonstrate a 
very good agreement between the three independent measurements. 
Such spectra can be modelled with a double Cole–Cole model in 
complex conductivity (Revil et al. 2023a , b ) with a low-frequency 
Cole–Cole contribution associated with the induced polarization 
component and a high-frequency Cole–Cole model associated with 
the Maxwell–Wagner polarization or possibly with electromagnetic 
coupling effects in the measurement device. 

Fig. 4 shows an example of the complex electrical conductivity 
spectra for the sample AC-01–01/182 measured at different water 
conducti vity v alues. Obviousl y, with increased w ater conducti vity, 
the in-phase (real) conductivity of the sample also increases. It 
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Figure 6. Smectite weight content versus CEC. Symbols identify the sam- 
ples: AC-01–01/182 and AC-01–01/201 are the porphyritic kimberlites; 
A C-05–05/209, A C-254–01/104 and A C-23–01/70 are the autolithic kim- 
berlite; AC-16–14/45 is the fine-grained breccia and Alt-60–08/364 is the 
tuff sandstone with kimberlite material. 

Figure 7. SSA versus CEC. The two outliners were not considered in 
the data approximation by the linear trend. Symbols identify the samples: 
A C-01–01/182 and A C-01–01/201 are the porphyritic kimberlites; AC-05–
05/209, A C-254–01/104 and A C-23–01/70 are the autolithic kimberlite; 
AC-16–14/45 is the fine-grained breccia and Alt-60–08/364 is the tuff sand- 
stone with kimberlite material. 
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lso increases with frequency, which reflects the polarization ef-
ect. The quadrature conductivity spectra obtained at different fre-
uencies show similar shapes. Regarding the local σ ′′ values, in
ow-frequency range (e.g. at about 1 Hz) they first increase with the
 ater conducti vity, then reach a maximum at about 0.5 S m 

−1 , and,
nally start to decrease with further increase of the water conduc-

ivity. 
 R E S U LT S  

.1. Mineralogical composition 

imberlites are known as very heterogeneous rocks consisting of
roundmass, matrix and inclusions (as mentioned above in the in-
roduction). Kimberlite breccia also contains fragments of rocks
urrounding kimberlite bodies (e.g. Mitchell et al. 2019 ; Smit &
hirey 2019 ). Fig. 5 shows thin sections of three selected core
amples: the fine-grained breccia, the porphyric kimberlite and the
utolithic kimberlite. The fine-grained breccia is mostly composed
y the clay and clay-calcite groundmass filled with numerous ore
ineral inclusions. Perovskite and quartz particles are detected in
inor quantity (Fig. 5 , left-hand panel). The porphyritic kimber-

ite presents serpentine groundmass contained inclusions of ore
inerals (magnetite, haematite and perovskite). Grains of calcite,

nd numerous pseudo-morphs of serpentine after olivine grains are
lso detected (Fig. 5 , middle panel). The autolithic kimberlite also
hows numerous pseudo-morphs of serpentine after olivine grains
uspended in the groundmass. The groundmass is built of serpen-
ine with minor content of small dark inclusions of iron minerals
Fig. 5 , right-hand panel). 

Table 1 provides the mineralogical composition obtained with
RD and TGA methods. These data are in qualitative agreement
ith the optical microscopy images. Therefore, according to both

he optical microscopy and the XRD data, the groundmass presents
erpentine, calcite and smectite in various amounts. Small inclu-
ions of iron minerals (haematite or magnetite) are also detected.
reater inclusions represent serpentine pseudo-morphs after the
livine grains. They are frequently surrounded by a thin ( ∼0.02 mm
n average) magnetite (or haematite and perovskite) shells. How-
 ver, our mineralo gical data did not allow distinguishing between
he magnetite and other iron minerals; therefore, we consider clari-
ying this aspect later on the basis of comparison of mineralogical
ata and MS values. The mineralogical composition suggests two
ossible causes for the high complex electrical conductivity: the
agnetite or the smectite. 
Revil et al. ( 2015a ) developed an expression for the charge-

bility of a mixture of a clay-rich matrix in which is embedded
etallic particles. The chargeability is determined as a function of

he chargeability of the clay-rich matrix and the chargeability asso-
iated with the volume fraction of metallic particles. A sensitivity
nalysis demonstrates that above a critical value (which depends on
he CEC of the clay-rich matrix), the amount of metallic particles
oes not show any influence on the ef fecti ve chargeability of the
ixture. For a smectite-rich matrix, the chargeability of the matrix

s close to 0.10 and this critical value is close to 4 per cent in vol-
me fraction. In the present case, the volume content of magnetite
s smaller than 5 per cent (vol. fraction) and therefore its influence
s expected to be negligible, which will be demonstrated below. 

.2. Cation exchange capacity, specific surface area and 

agnetic susceptibility 

able 2 shows values of the physical–chemical parameters of the
tudied core samples. Fig. 6 shows relationship between the smectite
ontent and CEC. Strong linear relationships between these param-
ters confirms that smectite presents the main cation exchangeable
ineral in the mineral assemblage. 
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Figure 8. Real part of the complex conductivity at 1.46 Hz versus w ater conducti vity. Symbols identify the samples: AC-01–01/182 and AC-01–01/201 are 
the porphyritic kimberlites; A C-05–05/209, A C-254–01/104 and A C-23–01/70 are the autolithic kimberlite; AC-16–14/45 is the fine-grained breccia; and 
Alt-60–08/364 is the tuff sandstone with kimberlite material. 
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Fig. 7 shows relationship between SSA and CEC. A very good 
correlation between the parameters is observed except for two sam- 
ples. Ho wever , recalling a high degree of heterogeneity of kimber- 
lite, and the fact that SSA and CEC analyses have been made with 
separate small subsamples, the presence of such outliers may be 
explained. Somehow, it is a good surprise that the rest of the core 
samples exhibits such high degree of correlation between SSA and 
CEC. Comparing Figs 6 and 7 , we recognize that SSA is mostly 
determined by the smectite content, and that SSA, CEC and the 
smectite content are all interrelated by linear trends. 

The MS values of the core samples are provides in Table 2 . 
The samples show very dif ferent v alues of the MS ranging from 

3.1 × 10 −4 to 12 × 10 −2 SI. MS correlates with the content of mag- 
netite (or haematite) obtained with XRD (not shown for brevity). 
Therefore, we consider that iron minerals in our samples are dom- 
inated b y magnetite. Howe ver, the MS does not correlate with any 
other parameters shown in Table 2 (not shown for brevity) indicat- 
ing again the minor role of magnetite in the induced polarization 
properties of the core samples. 
3.4. Spectral induced polarization 

Fig. 8 shows the real part of the conductivity (at 1.46 Hz) versus 
pore w ater conducti vity. Fig. 8 shows that actuall y dif ferent sam- 
ples were measured in dif ferent w ater conducti vity range. Thus for 
two porphyric kimberlites (AC-01–01/182 and AC-01–01/204), we 
obtained the data in the whole planned w ater conducti vity range, 
whereas for the rest of the core samples, we had to achieve the 
measurements at conductivity values higher than that we initially 
planned (between 0.23 and 0.78 S m 

−1 ). We had to finish measure- 
ments because the samples started to disintegrate likely because 
of an increased swelling pressure. Nevertheless, the data show rea- 
sonable values of the determination coefficients. According to eq. 
( 7 ), we approximated the data by linear trends to determine the 
formation factor and the surface conductivity values (reported in 
Table 2 ). 

Fig. 9 (a) shows the relationship between the surface conductivity 
and the CEC. The data present a good correlation. Fig. 8 (b) shows 
similar relationship with the reduced CEC (normalized to the elec- 
trical tortuosity, F φ, according to the model by Revil 2013a ). The 
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Figure 9. (a) Surface conductivity versus CEC, and (b) CEC normalized to 
the electrical tortuosity. Symbols identify the samples: AC-01–01/182 and 
AC-01–01/201 are the porphyritic kimberlites; A C-05–05/209, A C-254–
01/104 and AC-23–01/70 are the autolithic kimberlite; AC-16–14/45 is the 
fine-grained breccia and Alt-60–08/364 is the tuff sandstone with kimberlite 
material. 
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ata also show a significant correlation; however, the determination
oefficient is lower compared to that obtained in Fig. 9 (a). 

Fig. 10 shows relationship between the normalized chargeability
nd the imaginary conductivity at 1.46 Hz for all water salinity
alues. The data present strong correlation according to the pro-
ortionality equation (eq. 13 ). Fig. 11 shows relationships between
he normalized chargeability, the quadrature conductivity and the
urface conductivity. Both data sets show significant correlations.
his means that the global and local measures of the polarization
re interrelated with the surface conductivity as discussed in the
revious papers of this series. 

Fig. 12 shows spectra of the imaginary part of the com-
lex conductivity. The porphyritic kimberlite spectra both present
onotonous increase of the conductivity with frequency (Fig. 12 a).
ne sample of the autolithic kimberlite shows a pronounced peak

t the frequency of about 0.1 Hz. Another sample shows a flat
nd small maximum at about 0.01 Hz. The third sample shows a
onotonous increase of the conductivity with frequency (Fig. 12 b).
he tuff sandstone with kimberlite material and the fine-grained
reccia both show maxima at the frequency of about 1 and 23 Hz,
especti vel y (Fig. 12 c). 

 D I S C U S S I O N  

he values of the imaginary conductivity of the samples (which
haracterizes the magnitude of the polarization effect) are in the
ange from 1.05 × 10 −4 to 3.98 × 10 −3 S m 

−1 . The causes of the
le v ated magnitude of polarization may be (i) presence of semicon-
ucting magnetite, or (ii) high polarization of the clay-rich ground-
ass. Therefore, first, we must determine the nature of the IP mech-

nism: metallic particles versus ion-conducting groundmass. 
Even the XRD analysis does not allow us to distinguish between

he magnetite and haematite, large values of the MS amounting to
.21 × 10 −2 SI clearly show the presence of magnetite. The largest
alues of the MS are detected for the porphyritic kimberlite sam-
les (AC-01–01/182 and AC-01–01/201), which, however, show the
owest values of the imaginary conductivity. For the whole data set,
he MS does not correlate with the electrical parameters. In addition,
onsidering magnetite as the cause of polarization we would expect
 strong relationship between a position of the peak frequency of
maginary conductivity (for the samples containing such peaks) and
he pore water conductivity (e.g. Gurin et al. 2015 ). Ho wever , for
he samples containing peaks in the imaginary conductivity spectra,
he peak location is virtually constant (not shown for brevity). The

agnetite presents fine particles, which probably present maxima
f the quadrature conductivity spectra in the high-frequency range
utside the operation window of our SIP measurements. Revil and
o-workers (Revil et al. 2017a ) also found that about 5 per cent of
agnetite does not increase polarization of volcanic rocks (see also
evil et al. 2015a ). 

art/ggad396_f9.eps
art/ggad396_f10.eps


244 K. Titov et al . 

Figure 11. (a) Normalized chargeability and (b) quadrature conductivity at 
1.46 Hz versus real part of the surface conducti vity. The w ater conducti vity 
is approximately 0.8 S m 

−1 . Lower determination coefficient in panel (b) 
comparing to panel (a) is due to the variations of the quadrature conductivity 
ov er frequenc y. Symbols identify the samples: AC-01–01/182 and AC-01–
01/201 are the porphyritic kimberlites; A C-05–05/209, A C-254–01/104 and 
AC-23–01/70 are the autolithic kimberlite; AC-16–14/45 is the fine-grained 
breccia and Alt-60–08/364 is the tuff sandstone with kimberlite material. 
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According to the aforementioned argumentation, the IP effect of 
the studied kimberlite samples is associated with the polarization 
of the Stern layer (e.g. Leroy et al. 2008 ) or the membrane po- 
larization (e.g. Titov et al. 2002 ). Close linear or proportionality 
relationships between the surface conductivity, quadrature conduc- 
tivity , normalized chargeability , SSA, CEC and the smectite con- 
tent (Figs 6 , 7 , 9 –11 ) also confirm our hypothesis of the Stern layer 
model. 

The smectite content is proportional to CEC (Fig. 6 ). The slope 
of this relationship is consistent with pre viousl y published data for 
soils (Revil et al. 2017b ) and for volcanic rocks (Levy et al. 2018 ; 
Revil et al 2018 , 2019 ). The values of SSA and CEC follow the 
linear trend. Both relationships indicate the degree of alteration of 
the kimberlite: the larger the alteration degree, the larger the smec- 
tite content, the CEC and SSA values. The real part of the surface 
conductivity is proportional to the ratio of CEC and electrical tor- 
tuosity (Fig. 9 b). These data are in accordance with the model in 
Revil ( 2013a , his eq. 80; see also Revil 2013b ). 

In addition, our data show that three electrical parameters, the sur- 
face conductivity, the normalized chargeability and the quadrature 
conductivity are all interrelated and proportional (Figs 10 and 11 ). 
The determination coefficient is slightly smaller for the relationship 
‘ σ ′′ − σs ’ comparing to the rest of relationships; however this can be 
explained because the phase varies ov er frequenc y (while a constant 
phase was assumed in the theory, Revil 2013a ). 

The proportionality between the electrical parameters is in ac- 
cordance with theoretical predictions (Revil 2013a , b ; Revil et al. 
2015b ), and with empirical data (B örner et al . 1996 ; Weller et al. 
2013 ). The coefficients obtained for our collection are in satisfactory 
agreement with pre viousl y published data especially for volcanic 
rocks. Only exception is the data set of L évy et al. ( 2019 ), who 
found suf ficientl y smaller v alues of the l-parameter for smectite- 
rich volcanic rocks ( > 10 vol. per cent). We did not observe such 
behaviour. L évy et al. ( 2019 ) interpreted the decrease of the l- 
coef ficient b y the decrease of the polarization with respect to the 
surface conduction because of interfoliar conduction in smectite. 
A model of such conduction is rather the capillary model than the 
granular one. For the capillary model, the membrane polarization 
mechanism probably dominates, whereas for the granular model 
the Stern layer polarization is the main gov erning mechanism, ev en 
the membrane polarization is also present (Emelianov et al . 2023 , 
under re vie w). Accordingl y, regarding the relationships ‘ σ ′′ − σs ’, 
‘ M n − σ ′′ ’ and ‘ M n − σs ’, we believe that the Stern layer polariza- 
tion does govern SIP response of kimberlite. 

Fig. 13 shows relationship between the normalized chargeability 
and the surface conductivity for kimberlite samples along with the 
relationship for soils and basalts with different degree of alteration. 
Fig. 13 clearly show that electrical properties of the kimberlites 
fall in the same trend as other rocks and soils. Their electrical 
behaviour is determined by the surface conductivity effect, which 
is responsible for both conduction and polarization. 

From the practical point of view, the quadrature conductivity or 
the normalized chargeability can be used to obtain the smectite con- 
tent (Fig. 14 ). In Fig. 14 , we present the smectite content versus nor- 
malized chargeability (Fig. 14 a) and versus quadrature conductivity 
measured at 94 Hz (Fig. 14 b). The normalized chargeability shows 
a good linear correlation with the smectite content. Ho wever , the 
quadrature conductivity at 94 Hz shows nonlinear behaviour, but, 
surprisingly, no data scattering. We believe that the high-frequency 
(hundreds of hertz) quadrature conductivity could be more appro- 
priate to assess the clay content, but for our collection, a risk of the 
data ‘contamination’ by high-frequency response of small magnetite 
particles still exists. That is why we have based our analysis mostly 
on the quadrature conductivity measured at 1.46 Hz. An yw a y, w e 
interpret this nonlinear behaviour as follo ws. At lo w smectite con- 
tent (up to 11 per cent), the polarization is determined by serpentine, 
quar tz par ticles and, probabl y to some extend b y magnetite. Starting 
from about 18 per cent, the quadrature conductivity nonlinearly in- 
creases with increase of the smectite content. With further increase 
of the smectite content, this relationship can reach an asymptote, 
or present a maximum, but our data does not allow clarifying this 
behaviour. 

The assessment of the smectite content can help not only to detect 
kimberlites, but also to distinguish between the kimberlite facies 
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Figure 12. Spectra of the quadrature conductivity at the water conductivity of 2.4 S m 

−1 . The inset in (a) shows magnification of the spectra at low-frequency 
range. Symbols identify the samples: AC-01–01/182 and AC-01–01/201 are the porphyritic kimberlites; A C-05–05/209, A C-254–01/104 and A C-23–01/70 
are the autolithic kimberlite; AC-16–14/45 is the fine-grained breccia and Alt-60–08/364 is the tuff sandstone with kimberlite material. 
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e.g. rich in smectite versus rich in serpentine, olivine or calcite).
his distinguishing is important, in particular, because different
imberlite facies may have different diamond grade. This opens the
oor for using SIP method in kimberlite exploration with surface
r borehole measurements. Cross-correlation plots combined with
lustering techniques could help in defining high diamond grade
imberlites, but this is not of the task of the present paper to go in
his direction. 

We now discuss what elements of the pore space are responsible
or the polarization of the kimberlites? Among the three autolithic
imberlite samples, two samples show peaks at about 0.09 and
.01 Hz, and one sample shows monotonous spectrum similar in
hape to those of the porphyritic kimberlite, but with larger magni-
ude. The tuff-sandstone and the fine-grained breccia samples also
how clear peaks at 0.73 and 23 Hz, respecti vel y. Assuming po-
arization of the Stern layer around a spherical grain (e.g. Schwarz
962 ; Revil et al. 2015b ), the grain radius is related to the relaxation
 f  
ime ( τ = 1 / 2 π f peak ) as 

 = 

√ 

2 D s τ, (17) 

here D s is the cation dif fusi vity in the Stern layer. Let us now
ssess the grain radius for the largest and smallest relaxation time
alues detected in the spectra. We obtain the largest relaxation time,
= 14 . 0 s , for the autolytic kimberlite (AC-05–05/209). Regarding

he mineral composition, its groundmass is dominated by serpentine
76 wt. per cent, see Table 1 ). Having no data about the cation
if fusi vity in the Stern layer of serpentine, let us assume that it has
he same value as for the quartz surface, namely, D s = 1.3 × 10 −9 

 

2 s −1 (Na + at 25 ◦C). Applying eq. ( 17 ), we obtain r = 0.2 mm,
n remarkably agreement with the radii of the pseudo-morphs of
erpentine after the olivine grains detected by optical microscopy
Fig. 5 , right-hand panel). 

The smallest relaxation time, τ = 6 . 90 · 10 −3 s , was detected
or the fine-grained breccia (AC-16–14/45). Here the major

art/ggad396_f12.eps


246 K. Titov et al . 

Figure 13. Quadrature conductivity versus surface conductivity for sedi- 
mentary rocks, basalts, soils and kimberlites (modified from Revil et al. 
2021 ). Symbols: red-filled circle—surface samples at Kilauea (Hawaii); 
blue-filled circle—well K-W at Kilauea (Hawaii); plus—well PTA-2 at 
Kilauea (Hawaii); black-filled circle—at Krafla (Hawaii) and yellow-filled 
circle—well SOH-2 at Hawaii. 

Figure 14. Normalized chargeability. (a) Normalized chargeability versus 
quadrature conductivity at 94 Hz (plain line: best linear fit). (b) Normalized 
chargeability versus smectite weight content (the line is just a guide for the 
eyes). Symbols identify the samples: AC-01–01/182 and AC-01–01/201 are 
the porphyritic kimberlites; A C-05–05/209, A C-254–01/104 and AC-23–
01/70 are the autolithic kimberlite; AC-16–14/45 is the fine-grained breccia 
and Alt-60–08/364 is the tuff sandstone with kimberlite material. 
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components are smectite (32 wt. per cent), quartz (34 wt. per cent) 
and calcite (15 wt. per cent). To explain the polarization of this 
sample we have to choose between these three candidates. Because 
calcite at pH about 7 shows approximately one order of magni- 
tude smaller polarization than that of phyllosilicates (Panwar et al. 
2021 ), we can safely neglect its impact to the sample polarization. 
Two other candidates are smectite and quartz. Assuming first that 
quartz is responsible for the peak in the spectra, and using ones 
again the value of the surface dif fusi vity, D s = 1.3 × 10 −9 m 

2 s −1 , 
we obtain r = 4.2 × 10 −3 mm. This value is inconsistent with opti- 
cal microscopy image showing the quartz grains with radii of about 
0.7 mm or slightly less (Fig. 5 , left-hand panel). Therefore, we must 
attribute polarization to the smectite groundmass seen in the im- 
age. Applying D s = 3 . 8 × 10 −12 m 

2 s −1 for smectite surfaces, we 
obtain r = 3.2 × 10 −4 mm. This submicrometre v alue is practicall y 
out of resolution limit of the optical microscopy. It could be resolved 
based on the computing nanotomography or scanning electron mi- 
croscopy. Ho wever , we consider this task to be the subject of a 
separate study. 

5  C O N C LU S I O N S  

We have studied the complex conductivity spectra and the MS of 
7 core samples of kimberlites. To our knowledge, this is the first 
study regarding the induced polarization properties of kimberlites. 
From our results, the following conclusions have been reached. 

(1) Even the kimberlite contains significant amount of magnetite, 
its induced polarization is caused by the smectite-rich groundmass. 
(2) At least for low pore water salinity, the electrical conductivity 
of kimberlite is dominated by its surface conductivity. The electrical 
properties of the kimberlites are similar to that of altered volcanic 
rocks, clayey sandstones and soils. With increased degree of alter- 
ation, both the basalts and kimberlites show an increase of smectite 
content, CEC, SSA, surface and quadrature conductivity as well as 
the normalized chargeability. 

(3) The aforementioned parameters are all interrelated. The pro- 
portionality coefficients in the relationships ‘ M n − C E C/F φ’, 
‘ M n − σ ′′ ’, ‘ σ ′′ − σ ′ 

s ’ and ‘ M n − σ ′ 
s ’ for the kimberlites, the pre- 

viously studied volcanic rocks and clayey sandstones are in remark- 
ab le agreement, w hich confirms that the kimberlite polarization is 
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ue to the Stern layer polarization according to the dynamic Stern
ayer model. 

(4) Our petrophysical investigations explain the cause of electri-
al anomalies frequently observed in the realm of the geoelectrical
xploration of kimberlites across the world. Fur ther more, we argue
or the use of the induced polarization method in kimberlites ex-
loration, which has a potential to distinguish between the different
acies of kimberlites. 

Our future investigations will include the effect of ice for appli-
ations to Arctic areas. In this case, the induced polarization proper-
ies of icy materials is influenced by the presence of ice (Revil et al.
019 ) and ice itself (a dirty proton-based semi-conductor) would
olarize at high frequencies (around 10 kHz, see Duvillard et al.
018 ). This would be important to interpret airborne time-domain
lectromagnetic data in such environments (Kang et al. 2017 ). 
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