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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; Głąb 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.

Core Ideas

• Water retention and spectral 

induced polarization were measured 

for biochar in sand.

• Water retention curves could be fit-

ted by using a dual porosity model.

• Residual water content was found 

to increase with the addition of 

biochar.

• The polarization of sand–biochar 

mixtures was much larger than that 

for sand.

• Spectral induced polarization may 

be suitable for monitoring biochar in 

the field.
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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 

a skeletal density of ?1.80 g cm−3 determined using a pycnometer 

(AccuPyc 1330, Micromeritics) and a Brunauer–Emmett–Teller 

(BET) specific surface area of 181 m2 g−1 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−1 for an electrolyte 

conductivity of 0.1 S m−1 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−1 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 (Vtot), the masses of sand (ws), and biochar 

(wbio), the skeletal density of biochar ( bio), and the grain density 

of sand ( s) with

s s bio bio
tot tot tot

s bio

s s bio bio

1
1

1 1

w w
V V V

w w
  [1]

The porosity of the pure sand sample (  = s) 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 (  and the indi-

vidual porosities of biochar ( bio) and sand ( s). 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 

















VZJ | Advancing Critical Zone Science p. 11 of 13

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 et al. (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. 4c (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−1 (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 

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 (Bücker 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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