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Spectral Induced Polarization of Biochar
in Variably Saturated Soil

Z.Gao, F.-H. Haegel,* O. Esser, E. Zimmermann, H. Vereecken,
and J.A. Huisman

Biochar is considered a promising soil amendment, but an effective method to
detect and characterize the spatial distribution and temporal dynamics of bio-
char in soil is still missing. The aim of this study is to investigate the ability of the
spectral induced polarization (SIP) method for the noninvasive detection of bio-
char in unsaturated sandy media. In particular, a pure sand and two sand-biochar
mixtures with 1 and 2% biochar made from pine (Pinus spp.) wood by pyrolysis
at 800°C were investigated. The measured SIP spectra as a function of saturation
were interpreted by fitting a Cole-Cole model to the low-frequency part of the
SIP measurements. The porous nature of the biochar particles strongly affected
the SIP response of the partially saturated sand-biochar mixtures. Due to the
high residual water content of the biochar in a dry background, the relationship
between bulk electrical conductivity and water saturation was nonlinear in a
log-log representation. This nonlinear behavior could adequately be explained
with a dielectric mixing model that considered the drainage of the biochar par-
ticles. Both the measured phase and chargeability of the sand-biochar mixtures
showed a complex dependence on water saturation. This was attributed to the
decrease in polarization strength of the biochar particles with desaturation and
the simultaneous increase in phase of the sand background. Overall, the results
of this study suggest that field SIP measurements may be a promising tool for
the characterization and monitoring of biochar amendments to agricultural soils.

Abbreviations: DC, direct current; EDL, electrical double layer; MSO, multistep outflow; PMMA,
poly(methyl methacrylate); PW800, biochar made by pyrolysis at 800°C from pine wood; SIP, spectral
induced polarization.

Biochar is obtained from biomaterials by carbonization at elevated temperature using
different types of processes, among which the most important are pyrolysis (with exclu-
sion of oxygen), gasification (with oxygen deficiency), and hydrothermal carbonization (in
contact with water under pressure). It exhibits a variety of tunable properties concerning
structure, composition, surface chemistry, and stability, depending on the chosen pro-
cess parameters (Cha et al., 2016; Weber and Quicker, 2018). Besides a range of other
applications, biochar is considered to be a promising soil amendment. It has attracted
considerable research interest in the last decade due to its potential for improving the water
retention and nutrient availability of soils (Amoakwah et al., 2017; Arthur and Ahmed,
2017; Bikbulatova et al., 2018; Giab et al., 2016). As a consequence of these ameliorating
properties, biochar amendments can have a positive effect on crop yield, especially on
marginal soils (Agegnehu et al., 2017). However, the long-term stability of biochar in soil
and possible positive and negative environmental effects of biochar application are still
being discussed (Kavitha et al., 2018; Kuppusamy et al., 2016; Mukherjee and Lal, 2014).
An increasing amount of field trials with biochar as soil amendment have been initiated
(Agegnehu et al., 2017), but an effective method to detect and characterize the spatial dis-
tribution and temporal dynamics of biochar in soil is still missing. Due to the inert nature
of black carbon materials, it is far from straightforward to use classical chemical methods
to separate and analyze biochar after it has been applied to the soil. For the same reason,

the monitoring of long-term field experiments remains challenging with such methods.




Spectral induced polarization (SIP) has recently been pro-
posed as a promising method to investigate biochar in soil (Gao
etal., 2017) due to its noninvasive nature and its sensitivity to tex-
tural, geochemical, and hydrological properties of soil (Kemna et
al., 2012). Spectral induced polarization measures the frequency-
dependent complex electrical conductivity of soil in the millihertz
to kilohertz frequency range. The real part of the electrical con-
ductivity is ateributed to the electromigration of charge carriers
in the porous media, whereas the imaginary part of the electrical
conductivity is determined by the transient storage of charge in
the porous media (i.c., polarization processes) (Binley et al.,, 2005;
Grunar et al., 2013; Ulrich and Slater, 2004). In the absence of
conductive or semiconductive particles, the complex electrical con-
ductivity is determined by ionic movement in the pore space and
polarization processes in the electrical double layer (EDL) at the
interface between the soil matrix and the pore fluid (Leroy et al.,
2008). When conductive or semiconductive particles are present,
additional polarization associated with electronic charge carriers
within the particles occurs (Revil et al., 2015b; Wong, 1979). Due
to the high mobility of these clectronic charge carriers, an external
clectrical field leads to the fast buildup of a scrong dipole moment
in the conductive or semiconductive particles and the successive for-
mation of an associated EDL in the surrounding electrolyte (Biicker
etal., 2018). Since the mechanism of polarization is the same for
conductive and semiconductive particles, both types of particles
will be denoted as conductive below. The resulting polarization
associated with conductive particles can be much stronger than
usual EDL polarization (Hupfer et al., 2016; Weller et al., 2010).

Gao et al. (2017) presented first SIP measurements on satu-
rated sand-biochar mixtures with four types of biochar. The
results showed that two of these biochars exhibited strong polar-
ization, which was atcributed to the electrical conductivity of the
biochar particles caused by the higher graphitization. Although the
work of Gao et al. (2017) was a first promising step, it was focused
on the SIP signature of biochar in saturated soil. For future field
studies, it is also important to understand how unsaturated soil
conditions affect the SIP signature of biochar in soil.

It is well established that saturation has a strong impact on the
complex electrical conductivity of soils (Binley et al., 2005; Breede
etal., 2012; Ghorbani et al., 2008; Grunat et al., 2013; Maineult
et al., 2018; Ulrich and Slater, 2004). Mechanistic explanations
of how saturation affects the SIP signal have invoked changes in
the effective excess charge associated with the EDL around a soil
particle (Jougnot et al., 2010) or the change of an effective lengch-
scale of the ion-selective pore throats in the porous media (Titov
etal,,2002,2004). Recently, Maineule et al. (2018) simulated the
frequency-dependent complex electrical conductivity for drainage
and imbibition of pore networks and found that key features of the
available experimental daca for unsaturaced soils were well repro-
duced. To the best of our knowledge, there have been no studies
yet that have investigated how saturation affects the polarization
of conductive particles distributed within porous media. Within

this context, the objective of this study is to investigate how the SIP

spectra of sand-biochar mixtures change with sacuration. For chis
purpose, three sand samples with 0, 1, and 2% additions of biochar
(by weight) were drained by pressure, and SIP measurements were
made at different saturation levels. A Cole—Cole model (Cole and
Cole, 1941) was fitced to cthe SIP measurements, and the resulting
dependence of the direct current (DC) electrical conductivity, the
total chargeability, and the peak relaxation time on saturation are
discussed within the context of previous findings and available

mechanistic models for SIP.

Materials and Methods

Measurement Setup

The measurement setup developed by Breede et al. (2011)
for joint SIP and hydraulic measurements was used in this study.
This setup combined a multistep outflow (MSQO) unit to drain
the sample, and the electrical impedance spectrometer developed
by Zimmermann et al. (2008) for SIP measurements (Fig. 1). The
sample holder consisted of three connected cylindrical units made
of poly(methyl methacrylate) (PMMA) with an inner diameter
of 80 mm. The sample material was contained in the middle cell
with 100-mm height and held in position by two ceramic plates
at the top and bottom of the sample material. Above and below

this middle unit, there were water-filled units to increase the SIP
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Fig. 1. Schematic drawing of the experimental setup for joint hydraulic
and spectral induced polarization (SIP) measurements (after Breede
etal,2011).
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measurement accuracy by increasing the distance between the cur-
rent and potential electrodes (Zimmermann et al., 2008). To drain

the sample material, air pressure was applied to the top ceramic
plate by means of a tube. The drained water flowed into a burette,
where the water height was measured by a pressure sensor and con-
verted to the amount of drained water. If the dry weight of the

solid phase at the start or the end of the experiment is known, the

amount of drained water can be used to calculate the volumetric
water content of the sample at any time.

A four-point electrode array was used to make SIP measure-
ments in the millihertz to kilohertz frequency range. Porous bronze
plate electrodes at the top and bottom of the sample holder were
used to inject current (see Fig. 1). Potentials were measured using
two custom-made nonpolarizable electrodes consisting of a small
tube of PMMA with a diameter of 5 mm and a length of 210 mm
with a 1-mm silver wire inside. One end of these electrodes consisted
of a cone-shaped porous ceramic with a high air-entry pressure,
which ensures reasonable electrical contact with the sample mate-
rial even for unsaturated conditions. For more details and design
considerations, the reader is referred to Breede et al. (2011).

Sample Preparation and Drainage Experiment

The complex conductivity of pure sand and two sand-biochar
mixtures with 1 and 2% mass fractions of biochar was investigated
as a function of saturation. The biochar was derived from pine
wood chips through a pyrolytic process at 800°C. A sieved fraction
of this biochar with a particle size between 1 and 2 mm was used
to prepare the sand-biochar mixtures. The biochar particles have
askeletal density of ~1.80 g cm™ determined using a pycnometer
(AccuPyc 1330, Micromeritics) and a Brunauer—-Emmett-Teller
(BET) specific surface area of 181 m? g~! determined by nitro-
gen adsorption (AUTOSORB-1, Quantachrome Instruments).
Commercial sand (F36, Quarzwerke Frechen) with a particle
diameter ranging from 0.125 to 0.250 mm and a mean particle
diameter of 0.16 mm was used in this study. The grain density of
the sand was 2.65 g cm™3. The SIP measurements on saturated
sand-biochar mixtures using this type of biochar have been pre-
sented in previous work (PW800 [biochar made by pyrolysis at
800°C from pine wood] in Gao et al., 2017). The saturated sand-
biochar mixtures with 2% PW800 showed a relatively strong phase
of more than 50 mrad owing to the relatively large pore surface
and the presumed noticeable electrical conductivity of the particles
expected from the low hydrogen/carbon ratio of this biochar. The
total normalized chargeability of 0.007 S m™! for an electrolyte
conductivity of 0.1 S m™! was comparable with the magnitude
expected for conductive materials (Weller et al., 2010).

The preparation of the saturated sand-biochar mixtures
proceeded as follows. First, biochar was immersed in a NaCl elec-
trolyte with an electrical conductivity of 0.0450 S m™! for 24 h
before sample preparation to fully saturate the inner pores of the
biochar particles and to avoid the biochar floating during sample
preparation. The sand was moistened to a pasty consistence by

adding the same NaCl electrolyte and stirring with a spoon. It was

then fully mixed with the wet biochar until the biochar particles
were well distributed in the sand. Next, the sample material was
filled into the measurement cell with a similar wet packing proce-
dure as used by Breede et al. (2011). The material was filled into
the sample holder step by step while a layer of NaCl electrolyte
was maintained above the sample material. Gentle stirring with
a spoon removed air bubbles and avoided zonation leading to a
visually homogeneous distribution of the biochar particles. After
packing, the resulting porosity (¢) was calculated from the volume
of the sample holder (th), the masses of sand (ws), and biochar
(), the skeletal density of biochar (py ), and the grain density
of sand (p) with

_ ws/ps +wbio/pbio _ (I*U)V

tot 1_(]) t0t+UV

tot

1]

_ Wy + Whio
Ps (l_d)s) Pbio (1_¢bio)
The porosity of the pure sand sample (¢ = ¢ ) was 0.40, the

porosity of the mixture with 1% biochar was 0.42, and the poros-
ity of the mixture with 2% biochar was 0.44. If it is assumed that
this increase in porosity is solely due to the addition of biochar,
the equation can be split into individual additive volumes of sand
and biochar with the volume fraction of biochar (v) and the indi-
vidual porosities of biochar (¢, ) and sand (¢ ). The porosity of
the biochar particles was estimated to be ~0.83 and the volume
fractions of the 1 and 2% sand—biochar mixtures were estimated
to be 6 and 10%, respectively.

After installation of the sample holder in the joint MSO-
SIP setup, SIP measurements were made on the saturated
sample. The complex impedance of the sample was measured
at 97 frequencies approximately equally spaced between 1 mHz
and 45 kHz in log-space. During each of the SIP measurements,
alternating sinusoidal currents were injected starting from the
maximum frequency, decreasing to the minimum frequency, and
then returning back to the maximum frequency. These repeated
measurements were used to check for drift in the SIP measure-
ments (e.g, due to temperature variations, water outflow, or ion
release from the solids during the 2.5-h-long SIP measurements).
In all cases, it was found that this drift was negligible, and only
the downward branch of the SIP measurements is presented in
the remainder of this study. The three samples were drained in a
series of pressure steps. The size of the pressure steps were chosen
such that the decrease of saturation between two successive SIP
measurements was small. When the outflow was negligible after
the application of a pressure step, SIP measurements were made
on consecutive days to verify that the sample was in approxi-
mate equilibrium. If the difference between the two consecutive
SIP measurements was <2%, the next pressure step was applied.
Using this procedure, the entire drainage experiment lasted for
~2 mo for each sample. The applied pressure was converted into
suction at the bottom of the soil column (matric potential in
centimeters). An overview of the applied suctions for the three

samples is provided in Table 1. All measurements were performed
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ata temperature of 20.0 £ 1.5°C with a temperature variation of
<0.5°C during each SIP measurement.

The water content of the samples as a function of pressure
head (b) obtained from the stepwise drainage of the three samples
was fitted with the van Genuchten model for the water retention

curve (van Genuchten, 1980):

ee(fzi_e?r: (1 +los|” )% 2]

where er and 65 are the residual and saturated soil water content,
respectively, v is the inverse of the air-entry value, 7 is a shape
factor related to the pore size distribution, and 72 = 1 — 1/%. In the
case of the sand—biochar mixtures, the water content is described
using a simple dual-porosity model with two domains (Siminek
etal., 2003):

0(h)=10y,0 (0)+(U=v P s () E)

where 0 _4(#) and 0, (/) are the water retention curves of the
sand and the biochar.

Table 1. Applied suction steps (|4]) and the corresponding saturation
values (§) for the pure sand and the two sand-biochar mixtures.
Sand Sand-biochar mixture (1%) Sand-biochar mixture (2%)
[l Sy [l Sy 17l %

cm % cm % cm %

15 100 20 100 20 100
53 100 41 100 41 100
57 29 49 98 49 98

59 97 51 97 51 98

61 88 53 96 53 925

64 71 56 87 56 87

67 64 58 85 58 78

69 51 60 81 60 77

71 41 62 77 62 73

74 35 64 69 64 62

77 32 66 64 66 54

80 28 68 56 68 47

83 26 71 48 71 40

87 24 74 42 74 36

92 22 80 38 80 32

925 21 82 36 82 31

29 20 87 34 87 29
105 20 92 33 92 27
112 19 97 32 97 26

153 19 102 32 102 26
204 18 112 30 112 25
306 18 122 29 122 25
408 18 173 29 173 24
510 17 224 28 224 23
700 15 306 28 306 23

Data Interpretation
The measured frequency-dependent complex impedance was
converted to the complex electrical conductivity 0*(w) using the
geometrical factor £ of the four-point electrode arrangement:
| k I 1

o =—= = —
AR A

4]

where Z* is the measured complex impedance, / is the distance
between the two potential electrodes, and A is the cross-sectional
area of the column. The complex electrical conductivity can be

represented in different manners:
o' (W)= d(w)—kz‘o”(w)z‘o* (wie’w(w) [s]

where w = 27fis the angular frequency and fis the frequency of
the applied electrical current, 6 and 6 are the real and imaginary
part of the complex electrical conductivity, |6 *| is the magnitude
of the complex conductivity, and ¢ = arctan(c”/0”) is the phase
angle. Different methods are available to summarize the measured
frequency-dependent complex electrical conductivity. In recent
work, the Debye-decomposition approach by Nordsick and Weller
(2008) was widely used for post-processing of SIP measurements.
However, the SIP measurements on unsaturated sand—biochar
mixtures showed a significant polarization ac 1 mHz. In chis case,
the Debye decomposition cannot capture the entire spectrum
(Weigand and Kemna, 2016) and will underestimate the area
below the SIP spectrum. Therefore, it is preferred to visually fit
a simple Cole—Cole model (Cole and Cole, 1941) to the low-fre-
quency peak of the SIP measurements to characterize the measured

complex electrical conductivity:

o' (w)=04 1+L(
14 (iw, )

M [1_ M
1-M| 14 or, )

where o oo 18 the conductivity for infinitely high frequency, T4 is

=011+

the DC conductivity, T, is the relaxation time that directly cor-
responds to a relaxation frequencyfrd, M= (O’OQ - 00)/0OO is the

chargeability, which is a measure of the magnitude of polarization,
and ¢is the Cole—Cole exponent that determines the broadness of
the relaxation time distribution. The normalized chargeability is

commonly defined as M = M/p, where p,, is the electrical resis-
tivity (i.c., the inverse of the DC electrical conductivity). Some

studies have argued chat M| is more suitable to characterize the

polarization of porous media (c.g., Lesmes and Frye, 2001; Weller
et al, 2010). Measurement of SIP on saturated samples showed

that the M of sand—biochar mixtures falls becween that of sand-
clay and sand—metal mixtures (Gao et al., 2017). However, M L was

found to increase nearly linearly with the electrical conductivity of
the pore fluid, which is highly variable in agriculcural soils where

biochar is anticipated to be applied. Therefore, we used M instead

of M in this study, as also suggested by Revil et al. (2015b).

| Advancing Critical Zone Science



Results
Water Retention Characteristics
of Sand-Biochar Mixtures

Figure 2a shows the dependence of the water content (8)
of the sand and the two sand—biochar mixtures on the matric
potential during pressure drainage. With increasing suction,
the 0 of sand showed a steep decrease that started at a matric
potential of =55 cm. This initial drainage is associated with the
air-entry pressure of the largest pore. In the matric potential
range between —55 and —80 cm, almost the entire pore space
was drained. This indicates a narrow pore size distribution as
expected for the well-sorted sand used here. Beyond a matric
potential of =80 c¢m, the 0 of sand hardly decreased anymore.
The water retention curve for sand was adequately described by
the van Genuchten model (Fig. 2a), and the resulting parameters
are provided in Table 2. These hydraulic parameters for sand are
similar to those reported by Bechtold et al. (2011) for a different
sample of the same type of sand.

The water retention characteristics of the two sand—biochar
mixtures showed a relatively similar behavior to the pure sand.
However, the water content of the saturated sand—biochar mix-
tures was larger than that of the saturated sand and increased with
an increasing amount of biochar. In addition, the water content
of the sand—biochar mixtures showed a somewhart earlier decrease
around a matric potential of =50 cm, and increasing residual water
content due to the addition of biochar. However, it is important
to note that the residual water content of the 2% sand—biochar
mixture was lower than that of the 1% sand—biochar mixture. This
is not consistent with previous work. For example, Amoakwah et
al. 2017), Glab et al. (2016), and Trifunovic et al. (2018) found a
positive correlation between the amount of added biochar and the
residual water content for most of the investigated samples. The
1% sample was found to be affected by erroncous data at higher

absolute values of matric potential which will be discussed below.

71 A

= sand a)
;50 e sand + 1% PW800
" A4 sand + 2 % PW800
04 i i 40 i *%.'l
% 14,
R ST
30{ ‘g ! P 'lv.
® 1 Sk %,
3 4 nite g
204 i §: 10 "t
L. 40 50 60 70 80 90 100
i * . o
104 ¢ x x
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Table 2. Fitted model parameters for the water retention curve of sand
and biochar.

Parameters of the van Genuchten modelt

Material Bs 0, o ” m
% cmi

Pure sand 40 7 0.015 15.4 0.94

Pure biochar 81 44 0.018 15:.0 092

+ 93, saturated soil water content; Gr, residual soil water content; ¢, inverse
of the air-entry value; 7, shape factor related to the pore size distribution;
m=1-1/n.

In a next step, the dual-porosity model was fitted to the mea-
sured data of the 2% sand—biochar mixture using the estimated
volume fraction of biochar (10%). The hydraulic parameters
determined for pure sand (Table 2) were held constant, and only
the hydraulic parameters of the biochar were fitted. The resulting
hydraulic parameters of biochar are provided in Table 2, and Fig. 2a
presents the fit of the dual-porosity model to the experimental data.
In addition, Fig. 2b shows the estimated water retention curves
for pure sand and pure biochar. The ficted hydraulic parameters
suggest that the biochar particles are highly porous and have a satu-
rated water content of ~81%. This value is close to the estimated
porosity of the biochar particles (83%), which is expected since
the saturated water content and porosity estimates were obtained
from the same weight data. In addition, the fitted residual water
content of the biochar was high with 44%, indicating a signifi-
cant microporosity that remains saturated even for high matric
potentials. In addition, the air-entry pressure was found to be lower
(higher ) and the pore size distribution somewhat broader (lower
n) for biochar than for sand. This explains the broader range of
pressures with significant drainage of the sand-biochar mixtures.
These findings can be summarized with the conceprual model pre-
sented in Fig. 3, which is well supported by the available literature
on biochar (Bikbulatova et al., 2018). Figure 3 shows a biochar

90 - b)
80 4

pure sand
pure biochar

704
60

50

al %

40+
30
20

10 4

0 50 100 150 200
|hl / em

Fig. 2. Water retention characteristics describing the relationship between water content (6) and matric potential (5) for pure sand and the two sand—
biochar mixtures with 1% and 2% biochar; (a) measured values and fits according to Eq. [2] and [3] using the curves from Fig. 2b for pure sand and
pure biochar; (b) fit for pure sand by Eq. [2] and modeled curve for pure biochar according to Eq. [2] and [3] from the fit for the 2% sample. PW800

is biochar made by pyrolysis at 800°C from pine wood.




Fig. 3. Conceptual illustration of different types of porosity present in
sand-biochar mixtures. Orange indicates sand particles that result in
a relatively narrow pore size distribution, whereas the black area indi-
cates biochar with a heterogeneous pore size distribution with both

large and small pores.

particle witch large and small pores surrounded by spherical sand
particles wich relatively uniform large pores between them.

The radius Pinin of the smallest pores, which can be drained
at a matric potential of # = =300 cm (i.c., the maximum suction
applied to the sand-biochar mixtures), can be calculated from the

Young-Laplace equation:

_ 27cos0

.
oo 7]

7 min

A radius of 4.9 pm was obtained with the surface tension of
water, 5y = 0.0727 kg s 2, the density of water P = 1000 kg m3,
the gravity constant ¢ = 9.81 m s2,and a wetting angle ¥ = 0°
(complete wetting). For wetting angles larger than 0, which is
rather probable for biochars, smaller radii will be obtained. This
pore size matches well the characteristic pore size of biochars mea-
sured by mercury intrusion (Lu and Zong, 2018).

The previous results are based on the analysis of the results for
the 2% sand-biochar mixture. The predicted water retention curve
for the 1% sand-biochar mixture using the hydraulic parameters in
Table 2 and the estimated volume fraction of biochar (6%) are also
provided in Fig. 2a. For low matric potentials, the predicted water
content matched the measured water content relatively well, but
the quality of the fic deteriorated for higher matric potentials. It is
important to note that the measured residual water content at high
matric potential is underestimated even when it is assumed that the
biochar particles remain fully sacurated throughout the drainage
experiment. Therefore, it was concluded that the measured water
retention curve for the 1% sand—biochar mixture is not physically
plausible, and that these data should be used with care when they
are used to analyze the relationship between complex electrical
conductivity and saturation. The physically implausible results are
actributed to an unidentified error in the outflow measurements

for the 1% sand-biochar during drainage (c.g., undetected leakage,

calibration drift in the pressure transducer used to measure water
outflow). To not fully discard the complex electrical conductivity
measurements for the 1% sand—biochar mixture, the saturation
of the 1% sand—biochar mixture was estimarted from the modeled
instead of the measured water retention curve in the results below.
Obviously, this is a crude approximation, and therefore the results
for the electrical measurements on the 1% sand—biochar mixture

can only be interpreted in a qualitative manner.

Spectral Induced Polarization Measurements

The measured frequency-dependent complex electrical con-
ductivity of the sand and sand—biochar mixcures for varying water
saturation is presented in Fig. 4 for frequencies between 1 mHz
and 1 kHz. Data for higher frequencies were deleted because of the
increasing importance of capacitive crrors with increasing desatu-
ration (Huisman et al., 2016). In a first step, the DC electrical
conductivity (0,) determined by fitting a Cole—Cole model to
the SIP data, will be interpreted as a function of saturation. As
expected, 0, decreased with decreasing water saturation (Fig. 5).

For homogencous samples like the sand sample used in chis
study, the (o of a porous media can be described by the following
relationship derived by Linde et al. (2006):

1 F-1
O-OZ;O-WSV;?f1 +[ F ]Ogurf [8]

F=¢ ™ 9]

where F'is the formation factor, ¢ is the porosity, 7 L s the cemen-
tation exponent, 0, is the electrical conductivity of the pore
clectrolyte, n is the saturation exponent, and @ /surf is the real
part of the surface conductivity. This model ignores deviations
that occur when approaching the percolation threshold (Jougnot
et al, 2010), which is expected to be situated at very low satura-
tion for sand. It was able to fit the data for sand reasonably well
with the water electrical conductivity used for sample preparation
(0,=0.045S m 1) (Fig. 5). The fitted model parameters for sand
were F=3.75,m, =142,n,=2.27,ando’ =392x 10 BSm™L.
Thelow value for o’ cis a result of the fitting procedure and just
indicates negligible surface conductivity for the pure sand. The
formation factor F matches well with a previously reported value
for a similar sand (Breede et al., 2011), and the saturation exponent
n, falls within the range determined by Ulrich and Slater (2004)
for a series of different sands.

The relationship between o) and S of the sand—biochar mix-
tures was different from that of sand in two aspects. First, ¢ 0dt full
saturation increased with increasing amount of biochar although
the electrical conductivity of the water used for sample prepara-
tion was identical. Second, the relationship between log(o O) and
log(SW) was found to be nonlinear for the sand—biochar mixtures,
especially in the low saturation range (Fig. 5). Sen (1997) showed
that models such as Eq. [8] do not apply for heterogencous samples
with micro- and macroporosity. In particular, the water contained

in the micropores may become disconnected when the large pores
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Fig. 4. Spectral induced polarization (SIP) measurements on pure sand (top row), 1% sand-biochar mixture (middle row), and 2% sand-biochar mix-
ture (bottom row) for a range of saturation. The SIP measurements are presented as the real part of the clectrical conductivity (o7, left column), the
imaginary part of the electrical conductivity (¢, middle column), and the phase of the electrical conductivity (¢p, right column). The x axis shows the

frequency (f).

are drained and therefore contribute less to the bulk electrical
conductivity. For such cases, Sen (1997) argued chat the mixing
model of Maxwell (1873) can be used if the volume fraction of
the inclusions is below the percolation threshold (~18%), which
is the case for our sand—biochar mixtures. Therefore, the follow-
ing model based on Maxwell (1873) was used to describe the 6y of
unsaturated sand-biochar mixtures (Sen, 1997):

20,40y, —2v (oS —obio)
’ 2’05 +Obio +U(O-s _Obio)

0, =0, S5m0, Ope =088 drbe [11]

W ws whbio

where 0_and o are the saturation-dependent electrical conduc-
tivity of the sandy host media and biochar, respectively, v is the
volume fraction of the biochar particles, o, is the water electrical
conductivity, S, is the water saturation, 7, is the saturation expo-
nent, »z, is the cementation exponent, d)l. is the porosity, and the
subscript 7 can either be “s” for the sandy host medium or “bio” for
the biochar particles.

For the sand—biochar mixtures, Ogasa function ofSW pre-
dicted by Eq. [10] and [11] was compared with the available
measurements. S and S . were calculated from the obtained

water retention curves (Fig. 2b, Table 2) for each of the applied

pressure steps (Table 1). The values of 7  and #_ for the sand
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Fig. 5. Direct current electrical conductivity (o) as a function of saturation (S_) for (a) sand and the 1% sand-biochar mixture and (b) sand and the
2% sand-biochar mixture. The solid red line indicates the model predictions using the model of Linde et al. (2006) for sand, and the blue and black
lines indicate the model predictions using the model of Sen (1997) for sand-biochar mixtures.

fraction were assumed to be equal to the ficted values of 72, and
n, from the model of Linde et al. (2006) that were obrained for
the pure sand sample. This seems a reasonable approximation
because of the relatively low volume fraction of biochar. It was
also assumed that o was equal to the electrical conductivity of
the water used for sample preparation. Finally, the values of i
and s, were not known. The saturation exponent was set to
the widely used value of 2 following the original work by Archic
(1942). The cementation exponent was also set to the value of 2.
This is the lower limit for 7 found by Fang et al. (2018) for coal
using gas diffusion measurements. The model showed a reason-
able fit to the measured o, for the 2% sand-biochar mixcures (Fig.
5b). In particular, the nonlinearity in the log-log representation of
the data is well captured. However, the model seems to underes-
timate 0, for the entire range of saturacion. This is at least partly
related to a probable underestimation of o due to a release of
adsorbed ions from the biochar during sample preparation. The
fit to the measured data could be slightly improved by fitting o to
the measured data (result not shown), which resulted in a value of
0,=0.0558 m L inscead of the value of 0.045 S m ™1 for che 4 mM
NaCl solution used during sample preparation. This is an increase
of 22%. In previous work, T Was found to be 0.0140 S m~! for a
sample with the same composition and similar porosity when it
was flushed with 4 mM NaCl solution. The value of 6 at full
saturation determined in this study was 14% larger. The model
fit to the measurements of the 1% sand—biochar mixture is shown
in Fig. 5a. Clearly, the model fit is of much lower quality, which is
attributed to the considerable uncertainty in the saturation of this
sand-biochar mixture as explained in the previous section.

In a next step, 0 ”(w) as well as che fitted toral chargeabilicy
and Cole—Cole exponent were analyzed. The ¢”(w) and ¢(w)
of sand showed a weak maximum in the low-frequency range

around 0.01 to 0.1 Hz for partially saturated conditions and a

strong increase in the high-frequency range with desaturation
(Fig. 4b and 4c). The 0”(w) in the millihertz to hertz frequency
range first increased and then decreased with decreasing water
saturation. The maximum value for 6”(w) in this frequency
range was obtained for a water sacuration of ~45%. These results
for sand agree well with the resules of Breede et al. (2012), who
used similar sand and the same experimental method. Breede et
al. (2012) proposed a conceprual model to explain how desatu-
ration affects the SIP spectra of sand based on the short-narrow
pore model (Titov et al., 2002). Their explanation suggests that
the grain contact areas act as the short-narrow pore at full satura-
tion. With increasing desaturation, the large inter-grain pores that
are the dominant pathway of electrical current for the saturated
sample release water while the grain contact regions remain wet.
Therefore, the remaining water films around the particle become
the narrow pores that connect the thicker water films at the grain
contact areas for electrical current flow. This results in a decrease
of the ochmic conductivity and an increase of polarization. Wich
progressing drainage, the difference in thickness between the water
films in the grain contact area and around the particles decreases,
therefore, both the magnitude and phase of 0*(w) decrease. The
increase of 0 7(w) and ¢ (w) for frequencies above 100 Hz is related
to the increasing contact impedance of the potential electrodes
with decreasing saturation (Huisman et al., 2016), and to Maxwell-
Wagner polarization of the porous media (Breede et al., 2012).
The shape of the measured 6/(w) and 0" (w) is similar for the

mixtures with 1% biochar (Fig. 4d and 4¢) and 2% biochar (Fig.
4g and 4h). The 0/(w) increased with increasing frequency and
approached a platcau. The increase in conductivity with frequency
was stronger for the sand—biochar mixture with 2% biochar than
for the mixture with 1% biochar. Accordingly, a peak was found
in 6”(w) and ¢(w), which is consistent with the Kramers—Kronig

relationship that describes the coupling between 0/(w), 0" (w), and




o(w) (Toll, 1956). The total chargeability (M) and the Cole—Cole

exponent (¢) as a function of saturation are presented in Fig. 6 and 7
for the two sand—biochar mixcures. The M values obtained for the

1% and 2% sand-biochar mixtures ranged from 0.11 to 0.16 and

0.16 to 0.28, respectively. In addition, M decreased continuously
with decreasing saturation as expected from the decreasing size

of the peak in d{w) (Fig. 4f and 4i). It decreased fast between 95

and 75% and thereafter decreased slower until a water saturation of
40%. In the low-saturation range, the decrease in M with decreasing

saturation became faster again. The ficted ¢ values for the two sand -
biochar mixtures varied slightly between 0.34 and 0.43 and were

slightly less than those found by Maineule et al. (2018) for pore net-
work modeling. In contrast with the results of Maineule et al. (2018),
¢ decreased with desaturation (Fig. 7) for our samples, which reflects

the increasing influence of the background of the matrix. Again, the

behavior of the 1% sand-biochar mixture should be interpreted with

care duc to the uncertainty in the saturation.

The polarization of the sand-biochar mixture can, in prin-
ciple, also be interpreted by applying the mixing model presented
in Eq. [10] for the whole frequency range (e.g,, see the reformulated
Eq. [13] in Revil et al., 2015b). In the simple case of a nondraining

conductive particle in a nonpolarizing sand background, it can be
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Fig. 6. Total chargeability (Af) as a function of saturation (S)
obtained by fitting a Cole—Cole model to spectral induced polariza-
tion (SIP) data for the 1 and 2% sand-biochar mixtures.

shown that the chargeability will decrease with decreasing satura-
tion (i.c., decreasing elecerical conductivity). The same trend can
also be seen from the measurements with variable water electrical
conductivity but the same amount of biochar presented in Gao
etal. (2017). However, a more quantitative analysis using mixing
models is currently hampered by the need to estimate 0*(w) as a
function of saturation for both the sand and the biochar fraction.
In qualitative terms, it is observed that the drainage of the large
pores led to an initially strong decrease in the chargeability in the
high sacuration range, which may be explained by the loss of conti-
nuity in the water film within and around the particles of biochar.
With increasing desacuration, the polarization of the sandy host
media is increasing while the polarization of the biochar further
decreases. This opposite behavior becomes significant when o 7(w)
of the sand-biochar mixtures decreases to a comparable order of
magnitude as the sand. This may explain the reduced decrease
of chargeability for intermediate saturation between 75 and
40%. With progressing drainage, the polarization of sand starts
to decrease, resulting in a stronger decrease in the polarization of
the sand—biochar mixtures.

In a final step, the dependence of the relaxation time (TO) on

saturation was analyzed. Figure 4 indicates that the peak frequency
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Fig. 7. Cole-Cole exponent (c) as a function of saturation (S,)

obtained by fitting a Cole—Cole model to spectral induced polariza-
tion (SIP) data for the 1 and 2% sand-biochar mixtures.
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shifted to lower frequencies with decreasing sacuration for both

sand—biochar mixtures. The 7 derived from fitting the Cole-
Cole model is presented in Fig. 8 as a function of S_. Tt was found

that the T increased with decreasing saturation, which is the

opposite direction as observed for unsaturated sand without con-
ductive particles (Breede et al., 2012) and modeling results on pore

networks without conductive particles (Maineult et al., 2018). The

values for T varied from 0.3 s for saturated sand—biochar mixtures

to ~20 s for sand—biochar mixtures with a saturation of 0.26. The

sand—biochar mixtures with 2% biochar showed a linear relation-
ship between log(T,) and log(S, ) with a slope of =3.17, whereas

the sand—biochar mixtures with 1% biochar showed a somewhat

nonlinear relationship but the same general trend. In a range of
studies, the relaxation time (7,) was described as a function of
particle radius » and a diffusion coefficient D (Gurin et al., 2015;
Leroy et al., 2008; Schwarz, 1962):

2
r

=30 112}

To

Based on modeling work of EDL polarization by Schwarz
(1962), Leroy et al. (2008) suggested that D is the diffusion coefti-
cient of the counter-ions in the Stern layer. For conductive particles,
Gurin et al. (2013) suggested that D is an apparent diffusion
coefficient of the charge carriers responsible for the polarization
dependent on both the particle mineralogy and surface chemistry.
Revil et al. (2015b) suggested that D is related to the diffusion
cocfficient of charge carriers inside the particle. In the case of the
sand-biochar mixtures, the increasing T with decreasing satu-
ration can potentially be explained by a decrease of the apparent
diffusion coefficient of ions due to desaturation of the biochar
particles. Kastening and Heins (2005) reported that the ionic dif
fusion coefficient in micropores of active carbon is about one order
of magnitude smaller than in the macropores due to restricted
movement within the strongly overlapping EDL of opposing pore
walls and the surface chemical properties of active carbon. This
decreasing diffusion coefficient may explain the fundamental dif-
ference to the results on the modeling of pore networks assuming
constant diffusion coefficients for all pores with a mean radius of
10 pm (Maineult et al,, 2018). It should also be noted that the peak
frequency of ¢(w) of the sand—biochar mixtures approached that
of the pure sand for low saturation (Fig. 4), which might suggest

that the polarization of biochar is very weak at low saturation.

Discussion

Based on the SIP measurements on saturated sand—biochar
mixtures in Gao et al. (2017) and the measurements on partially
saturated samples in this scudy, it can be concluded that biochar
shows a relatively scrong polarization that is comparable to conduc-
tive materials. For full saturation where the inner pores of biochar
are saturated and connected, it was found chat ¢(w) and M mainly
depend on the amount of biochar, and that T depends on the

particle size of biochar and on the electrical conductivity of the
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Fig. 8. Relaxation time (7,) as a function of saturation (S ) obtained
by fitting a Cole—Cole model to spectral induced polarization (SIP)
data for the 1 and 2% sand-biochar mixtures and linear fit for the 2%
sand-biochar mixture.

water in the porous media. The relationships found for saturated
conditions were consistent with measurements (Placencia-Gémez
and Slater, 2016; Revil et al,, 2015a) and modeling (Gurin et al.,
2015; Revil et al., 2015b; Wong, 1979) of porous media with
conductive particles. In the case of unsaturated sand-biochar
mixtures, the highly porous nature of biochar played an impor-
tant role in understanding the experimental resules. The water
retention curves of the sand-biochar mixtures were interpreted
using a dual-porosity model, and it was found that the biochar par-
ticles consist of a macroporosity that drained in a similar pressure
range as the sand and a relatively large microporosity that remained
saturated in the pressure range considered in this study. Ac high
suction, biochar particles with a considerable amount of residual
water were dispersed in a dry sand background. This resulted in
anonlinear dependence of 6/(w) on saturation in a log—log repre-
sentation that could be described with a dielectric mixing model
of Maxwell (1873). The drainage of the biochar particles probably
also explains the steep decrease of ¢(w) and M and che continuous
increase of T, with decreasing saturacion.

The results in this study phenomenologically illustrate the
dependence of the complex electrical conductivity of sand and

sand—biochar mixtures on saturation. However, there is still a lack
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of understanding of mechanistic principles that determine the SIP
response of biochar particles in porous media. The mechanistic
understanding of polarization processes in partially saturated
media is even less well developed. Studies of the SIP response of
unsaturated porous media with conductive particles are even rarer,
and to the best of our knowledge, this is the first study that con-
siders porous conducting particles. A promising approach might
be the modeling of pore networks (Maineult et al., 2018), which,
however, requires suitable models for the polarization of single
pores in conductive particles. Therefore, there is a clear need to
increase the database of SIP measurements on partially saturated
porous media with and without addition of conductive particles.
Gao etal. (2017) suggested that the polarization of biochar in satu-
rated media is related to the electric polarization of the biochar
particle itself and the polarization of the EDL around the particle.
However, available mechanistic models for the polarization of
conductive particles (Gurin et al., 2015; Revil et al., 2015b; Wong,
1979) are not adequate to quantitatively analyze the polarization
in the complex case of drainable biochar particles in a polarizing
background medium. An improved mechanistic model needs to
be developed to make progress here.

The results presented in Gao et al. (2017) and in this study
generally confirm that there is a considerable contrast between
the SIP response of sand and sand-biochar mixtures. Comparing
the scale of Fig. 4¢ (sand) with that of Fig. 4f and 4i (sand-biochar
mixtures), it can be seen that the maximum phase value for the 1%
sand—biochar mixture is more than two times higher than for sand.
Revil et al. (2015b) concluded that the signals of conductive parti-
cles and a weakly polarizing background are additive. Therefore, it
is expected that field SIP imaging of the complex conductivity dis-
tribution allows a qualitative distinction of soil with and without
biochar. This may already be useful to evaluate depth and homoge-
neity of biochar application in field studies. For a more quantitative
use of SIP measurements for assessing the spatial variability of bio-
char amendments, an important question is whether variations in
biochar amount can be distinguished in the presence of variability
in water saturation. In general, the water saturation of agricultural
soils is in a range between 20 and 70%. With applied amounts of
1 and 2% biochar, the sand-biochar mixtures investigated in this
study showed a stronger polarization even for a saturation of 25%
(Fig. 4f and 4i) compared with pure sand. In addition, the observed
phase values for the unsaturated sand-biochar mixtures (i.e., above
15 and 20 mrad, respectively, even for relatively dry mixtures in the
millihertz to hertz frequency range) were considerably higher than
the phase values observed for unsaturated soils in other studies,
which typically reported phase values below 10 mrad in this low-
frequency range (e.g., Ghorbani et al., 2008; Kelter et al., 2018).
This provides confidence that biochar with similar properties as
PW800 can also be detected in unsaturated soils at application
rates of 20 to 50 t ha™! (0.5-3 mass %, depending on the depth
of mixing with soil) used in many field trials (Ding et al., 2016;
Mukherjee and Lal, 2014). If the hydraulic and electrical proper-
ties of biochar can be characterized using laboratory investigations

VZJ | Advancing Critical Zone Science

before the field application of biochar, it may also be possible to
quantify the amount of biochar. For example, the sand-biochar
mixtures investigated in this study showed a strong dependence
of the relaxation time on the saturation but not on the amount of

biochar, which potentially allows separation of these effects.

Conclusions

The SIP response of sand—biochar mixtures is larger than
that of sand in the entire saturation range found in agricultural
soil. The polarization of the mixtures approaches that of sand
with decreasing water content, but the difference can still be well
quantified at low saturation, allowing the distinction of soil with
and without biochar. For biochars of the type used in this study,
the effect seems to be large enough to be also quantified in real
soil, but this needs to be investigated in more detail. The charac-
teristics of the spectral response of biochar in soil at varying water
content can potentially be used to discriminate spatial variation of
biochar and water content in field experiments. In a next step, we
aim to verify the suitability of SIP for monitoring the influence of
biochar on the water content of soil at a larger scale. Overall, field
SIP measurements are considered to be a promising tool for the
characterization and monitoring of biochar amendments to agri-
cultural soils. They may provide a means for the determination of
changes in the influence of biochar on soil properties due to aging,
which is an important question currently investigated.

The results of the present study also provide useful informa-
tion for the development and validation of models describing the
complex electrical conductivity of porous media with conductive
and semiconductive particles (Biicker et al., 2018; Revil et al.,
2015b). The observed increase of relaxation times with progres-
sive desaturation could perhaps be investigated using the pore
network modeling approach of Maineult et al. (2018) with varying
diffusion coefficients. In an even broader context, the results pre-
sented here could also support electrochemical investigations and
models for carbon electrodes used in supercapacitors (Kastening
and Heins, 2005).
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