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Abstract. Traditional assessments of soil aggregate stability rely on destructive, ex situ protocols that fail to capture the
continuous evolution of soil architecture. This study evaluates the divergent stabilization trajectories induced by chia seed
mucilage (CSM) and anionic polyacrylamide (A-PAM) in loess soil over a 20-day incubation. By integrating Spectral Induced
Polarization (SIP) with microbial respiration and tracer breakthrough experiments, we track the transition from initial
aggregation to long-term structural outcomes. Results demonstrate that CSM-induced stabilization is strictly transient; rapid
microbial degradation of the biopolymer results in progressive reversal of the induced structural modifications and a reversion
to baseline hydraulic behaviour. In contrast, A-PAM provides persistent physicochemical reinforcement, establishing a dual-
porosity regime characterized by immobile water domains and preferential flow pathways. SIP signatures effectively resolved
these dynamics: high-frequency shifts in quadrature conductivity (¢'") provided geoelectrical evidence of micro-aggregate
formation, while the development of a ‘conductive reservoir' in in-phase conductivity (¢") identified hydraulically isolated ion
accumulation. These findings establish SIP as a high-resolution, non-invasive proxy for monitoring the interplay between
biochemical persistence and the mechanical stabilization of soil structure.

Geoelectrical Insights into Loess Soil Structural Changes
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1. Introduction

Soil erosion and thereby degradation of soil physical quality are key constraints on global agricultural productivity and
ecosystem functionality (Pimentel and Kounang, 1998; Wuepper et al., 2019; Pandey et al., 2021; Borrelli et al., 2021; Zhang
et al., 2025). Erosion involves the detachment and transport of soil particles by water and wind, processes that are largely
controlled by the soil's resistance to mechanical stress. Consequently, soil susceptibility to erosion is intrinsically linked to soil
structure, which is governed by the formation and persistence of aggregates. These aggregates emerge from the rearrangement,
flocculation, and cementation of primary particles by organic matter, carbonates, oxides, and biological exudates. Therefore,
aggregate stability serves as a key indicator of soil structural integrity (Lal, 2001; Bronick and Lal, 2005; Alletto et al., 2010;
Ball, 2013; Rabot et al., 2018; Rinot et al., 2019; Tully and McAskill, 2020; Shahane and Shivay, 2021).

To mitigate erosion and stabilize soil structure, numerous soil stabilizers have been tested for agriculture and engineering
purposes. Among them, synthetic organic polymers are particularly effective, as they enhance aggregate stability, reduce clay
dispersion, and strengthen cohesion between soil particles (Lee et al., 2013; Mamedov et al., 2020; Almajed et al., 2022). The
most widely used synthetic organic polymer in soil stabilization is anionic polyacrylamide (A-PAM), due to its non-toxic
nature and physicochemical properties (Seybold, 1994). Mamedov et al. (2010) demonstrated that A-PAM stabilizes existing
aggregates and improves inter-particle bonding, particularly in soils with low stability or low organic carbon content.
Albalasmeh et al. (2021) reported that low-molecular-weight A-PAM could enhance soil aggregate stability threefold
compared to untreated soils, while Soltani et al. (2022) found that the application of an optimal dosage (0.2 g L) effectively
minimizes soil swelling and shrinkage, whereas higher doses were less beneficial. Together, these findings highlight the

consistent effectiveness of A-PAM as a soil stabilizer.

In addition to synthetic polymers, natural stabilizers (biopolymers) have also been explored. Examples include
polysaccharides, composts, and biochar, which can enhance aggregation and soil porosity (Huang et al., 2021). Mamedov et
al. (2010) showed how various polysaccharides, such as xanthan gum, guar gum, and carboxymethy! cellulose, enhance soil
stability by increasing viscosity, aggregation, adsorption, and cross-linking bond formation, resulting in improved erosion
stability. Likewise, Bozyigit et al. (2023) demonstrated that eco-friendly polymers, such as guar gum, improve soil stability

by enhancing strength properties and reducing freeze-thaw disaggregation.

A well-known natural stabilizer in the rhizosphere is mucilage, a gelatinous root exudate composed of high-molecular-weight
substances, mainly polysaccharides. However, despite its established role in promoting particle adhesion and influencing soil-
microbe interactions, comparative studies investigating its efficacy against synthetic benchmarks, such as A-PAM, remain
scarce. Previous research has shown that the addition of mucilage induced an immediate and significant increase in aggregate
stability relative to untreated soils (Traoré et al., 2000; Marsico et al., 2018; Brax et al., 2020; Zhong et al., 2021).

Soil aggregate stability is predominantly assessed ex situ on disturbed samples, a practice that may obscure the complex in-

field dynamics of aggregation and disaggregation. Traditional protocols rely heavily on wet sieving techniques, which quantify
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the mass of stable aggregates surviving water immersion and mechanical oscillation (Yoder, 1936; Kemper and Rosenau,
1986). To improve sensitivity and capture specific breakdown mechanisms, such as slaking or mechanical breakdown, more
advanced approaches have been introduced. These include protocols distinguishing between wetting conditions (Le
Bissonnais, 1996) and the Aggregate Durability Index (ADI), which utilizes laser diffraction to precisely characterize the
kinetics of fragment size distribution (Dor et al., 2019). However, regardless of their sophistication, these methods remain
inherently destructive and retrospective, failing to capture the continuous structural evolution of soil in real-time (Garland et
al., 2024).

In situ monitoring of structural changes and their coupling to soil chemistry offers critical insights that complement traditional
ex situ methods. Geoelectrical techniques, such as Spectral Induced Polarization (SIP), hold potential for such non-invasive
assessment due to their intrinsic sensitivity to soil pore geometry, fluid distribution, and surface properties. Previous research
has successfully employed electrical measurements to characterize fundamental particle properties, soil-organic matter
interactions, and geochemical processes at the grain-fluid interface (Vinegar and Waxman, 1984; Vaudelet et al., 2011;
Schwartz et al., 2012; Schwartz and Furman, 2012; Kessouri et al., 2019; Mellage et al., 2022; Altzitser et al., 2025). Since
these physicochemical mechanisms intrinsically drive the stabilization of soil structure (Yudina and Kuzyakov, 2023), we

hypothesize that SIP can serve as a sensitive proxy for detecting micro-structural changes induced by polymer stabilizers.

SIP involves applying a low-frequency, time-dependent electrical field and recording the resulting potential. This technique
captures both the conductive (energy dissipation) and capacitive (energy storage) characteristics of the medium, characterized
by the in-phase (¢") and quadrature (¢'") conductivity components, respectively. ¢’ receives contributions from pore-water
conductivity (a,,), scaled by the formation factor (F), a geometric parameter describing the tortuosity of current pathways,
and from surface conductance (a;) along mineral interfaces. ¢, is directly associated with the interfacial chemistry of the
grain surface and polarization processes at the electrical double layer (EDL), and is frequency dependent (Binley and Kemna,
2005; Binley and Slater, 2020; Reynolds, 2011).

Consequently, this study evaluates and compares the efficacy of chia seed mucilage (CSM) and A-PAM (a synthetic
benchmark) in stabilizing loess soil. While the stabilizing properties of mucilage are established in the context of natural
rhizospheric exudates, this work investigates the application of CSM as a deliberate soil stabilizer, comparing its functional
capacity with established synthetic polymers. A dual approach was implemented, integrating standard ex situ analyses of
microbial activity and aggregate stability with continuous in situ SIP monitoring of soil columns over a 20-day period.
Concentration levels were set at 0.035% (w/w) to represent typical environmental concentrations in the natural rhizosphere,
and 0.175% (w/w) to assess whether increased amendment mass can improve structural durability over time. The study
hypothesizes that while both polymers induce initial aggregation, their stabilization trajectories will diverge based on the
biochemical persistence of the synthetic polymer versus the rapid microbial degradation of the natural mucilage. These
structural and biochemical transformations are posited to yield distinct spectral electrical signatures, thereby testing the

applicability of SIP as a high-resolution, real-time proxy for soil stabilization dynamics.
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2. Materials and Methods

To investigate how natural and synthetic polymer stabilizers influence soil structure over time, column experiments were
conducted with control, mucilage, anionic polyacrylamide (A-PAM), and nonionic polyacrylamide (N-PAM) treatments at
different concentrations, monitored over a 20-day period. N-PAM was included as an electrochemically neutral reference. This
treatment allowed for the differentiation between the geoelectrical impacts of neutral polymer adsorption and the charge-
dependent interactions associated with A-PAM and CSM. SIP measurements captured changes in in-phase and quadrature
conductivity, while effluent chemical analyses provided insight into solution composition and mineral dissolution. Aggregate
stability tests and conservative tracer breakthrough experiments were conducted to evaluate structural evolution under various

treatments.
2.1 Materials

Loess soil (sandy clay loam) was collected from 0-20 cm depth from an uncultivated site in Mishmar Hanegev, Israel. Chia
seeds were purchased from a local supermarket. Calcium chloride, potassium iodide, nonionic polyacrylamide (N-PAM) of
30% hydrolysis, sodium hexametaphosphate 65-70% P,0s, and phenolphthalein were purchased from Sigma-Aldrich. An
anionic polyacrylamide (A-PAM) of high molecular weight (=18 x 10® Da) and 30% hydrolysis with a trade name of Superfloc
A-110 was purchased from Kemira, GA, USA.

2.2 Methods
2.2.1  Extraction of Chia Seed Mucilage

Mucilage was extracted from chia seeds (Salvia hispanica L.) and used as an analog for rhizosphere mucilage, as its chemical
composition is comparable to maize root exudates (Carminati and Vetterlein, 2013; Kroener et al., 2014). The extraction
procedure followed the protocol described by Capitani et al. (2013). Briefly, the chia seeds were immersed in deionized water
at a 1:10 ratio and maintained at 27°C for 4 h. The resulting mucilage suspension was freeze-dried and passed through an

800 pm sieve to obtain the final powder.
2.2.2  Soil Preparation

Untreated loess soil served as the control, and six amended treatments were prepared: low and high concentrations of mucilage
(ML and MH, respectively), non-ionic polyacrylamide (N-PAML and N-PAMH, respectively), and anionic PAM (A-PAML
and A-PAMH, respectively). N-PAM was utilized exclusively in the SIP column experiments as a non-ionic reference to
differentiate between the geoelectrical impacts of neutral polymer adsorption and the charge-dependent interactions associated
with A-PAM, and CSM. Air-dried soil was sieved to <2 mm and then amended with either 0.035% or 0.175% (w/w) of the
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mucilage or PAM for the low and high treatments, respectively. The polymers were first dissolved in 5 mM CaCl. solution
and then mixed with the soil to achieve uniform wetting of 10% (w/w), ensuring consistent polymer distribution. The treated
soils were thoroughly homogenized and air-dried at room temperature for 24 h before use. The control soil underwent the same

procedure but was wetted with a polymer-free 5 mM CacCl. solution.
2.2.3  Measurement of Microbial CO2 Emission

Microbial respiration was evaluated in five treatments: control, ML, MH, A-PAML, and A-PAMH. Soils were prepared as
described above. For each treatment, air-dried soil was mixed with 30% (w/w) of 5 mM CaCl: solution to achieve uniform
moisture. A total of 65.7 = 1.65 g of wet soil was placed into 50 mL wide-neck glass jars, which were sealed inside an airtight,
rubber-sealed container along with an open vial containing 2 mL of 1 M NaOH to trap CO.. The incubation was conducted at
25 °C in the dark. NaOH traps were destructively sampled on days 1, 3, 4, 10, 14, 17, and 20 of the experiment. The trapped
CO:2 was quantified by titration with 0.2 M HCI using phenolphthalein as a visual pH indicator. Blank containers containing
only NaOH were used for the background correction. CO: emission rates were calculated based on the acid volume required

for neutralization, and the results were expressed in mg CO: kg™ day!, normalized to soil dry weight and incubation time

(Bartha and Pramer, 1965).
2.2.4  Wet-Sieving Aggregate Stability

To quantify the resistance of soil aggregates to slaking and physicochemical dispersion, aggregate stability was assessed for
five treatments: control, ML, MH, A-PAML, and A-PAMH, using a wet sieving apparatus (Eijkelkamp, M-0813E). Soils were
prepared as described in Section 2.2.2, saturated with 30% (w/w) 5 mM CaCl., and sealed. For each measurement (days 1, 7,
20), samples were unsealed 24 h prior and air-dried at 25 °C. Aggregates <2 mm were collected by sieving, and 4 g subsamples
were weighed into 60-mesh sieves for analysis. To minimize slaking during immersion, the aggregates were lightly pre-
moistened using a fine mist and rested for 5-10 min. Sieves were then oscillated in distilled water for 3 min (1.3 cm stroke at
34 cycles min™'), followed by dispersion in 2 g L' sodium hexametaphosphate solution until complete breakdown of the
aggregates. Following agitation, the material was separated into three fractions based on operational stability degree and oven-
dried at 110 °C: (i) particles that passed the sieve during the initial water treatment (least stable fraction), (ii) particles that
passed after chemical dispersion (intermediately stable fraction), and (iii) particles retained on the sieve after full dispersion
(sand and highly stable aggregates). The sand fraction was estimated from control samples, in which no highly stable
aggregates were expected, and was subtracted from all treatments to isolate the truly stable particulate mass. The relative mass

of each fraction was used to estimate the distribution of the aggregate stability within each treatment and time point.
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2.25 lodide Tracer for Structural Assessment

To assess soil structure variations among treatments, iodide (introduced as Kl) breakthrough experiments were conducted
immediately after column packing (day 0) and after 20 days of incubation. Iodide (I") was selected as an inert tracer with
negligible soil adsorption, allowing its breakthrough behavior to reflect the differences in pore connectivity and hydraulic
properties between treatments. Experiments were performed in triplicate for three treatments: control, ML, and A-PAML,
using the same SIP columns described in Section 2.2.6. A-PAMH treatment was not included because a stable flow could not
be maintained owing to excessive backpressure and leakages. After the initial 3 PV flushing with 5 mM CaCl,, the inlet solution
was switched to 55 mM KI in 5 mM CacClz, and flow was continued until approximately 3.5 PVs were eluted. Effluent samples
of 20 mL were collected every 40 min and immediately analyzed for iodide concentration using an iodide-selective electrode
(HI-4111, Hanna Instruments, Cambridge, UK), along with pH and EC. Breakthrough curves (C/Co vs. PV) were constructed

to assess tracer transport and infer structural differences among treatments.

The transport of iodide through the saturated columns was modeled using the one-dimensional Advection-Dispersion Equation
(ADE):
1) ac a%C ac
ot~ “ox  Uox
where C [mM L™3] is the concentration, t [min] is time, x [cm] is the distance, and © [cm min~!] is the average pore-water
velocity. The hydrodynamic dispersion coefficient, D [cm? min~1], incorporates the effects of mechanical dispersion and

molecular diffusion. To justify the assumption that transport was governed by mechanical dispersion, the Péclet number (Pe

vL/D,) was evaluated. Using the experimental pore-water velocity (v = 0.162 cm min™1), a characteristic length (L

IR

0.0015cm) based on the average particle radius of the loess (Pye, 1984), and an effective diffusion coefficient (D, = 6.12 -
1075 cm? min~1) for a confined silt-clay mixture (Ayral-Cinar and Demond, 2017) , Pe was determined to be =~ 4, which
indicates that under the experimental conditions the transport is dominated by mechanical dispersion. The dispersion

coefficient was therefore defined as:
() D =av

where a [cm] represents the longitudinal dispersivity, a characteristic property of the porous medium geometry. To accurately

represent the experimental step-input injection, the model was constrained by the following initial and boundary conditions:

(3a) C(x,0)=0 x>0
ac

(3b) (vC - D—) = v(, t>0
0x/ =g
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(3¢) g—i(OO,t)=0 t>0

The third-type (Cauchy) inlet boundary condition (Eq. 3b) was selected to ensure mass flux continuity at the injection point.
The analytical solution for these conditions is given by Van Genuchten and Alves (1982). Transport parameters were estimated
by inverse fitting of the analytical solution to the experimental breakthrough curves using a custom-made Python script. In this
analysis, the water content (8) was constrained to the experimentally calculated porosity (¢ = 0.41 — 0.45), reflecting the

saturated state of the columns.
2.2.6  Spectral Induced Polarization Measurements

SIP measurements were used to evaluate variations in bulk and surface

conductivity following the application of control, mucilage, N-PAM,
and A-PAM treatments. Signals were acquired using a PSIP
impedance spectrometer (Ontash & Ermac Inc, NJ, USA) in polyvinyl

10 cm

chloride (3 cm diameter, 30 cm long) columns. Each column was
equipped with a four-electrode array consisting of 6 mm diameter
brass electrodes (Fig. 1). The current injection electrodes (8 cm long)

crossed the entire sample cross-section, while the potential electrodes <|>

5cm

(5 cm long) were recessed into the electrode hole to minimize
electrode polarization effects (as in Schwartz and Furman, 2012).
Electrical contact between the potential electrodes and the sample was

ensured through the electrolyte solution. The geometric factor (G) was

10 cm

determined by measuring the impedance of a series of electrolytes

with different electrical conductivities. Before the experiments, the

setup was tested with 5 mM CaCl., and the measured phase remained

below 1 mrad up to 1 kHz, confirming minimal polarization of the

sample holder. Figure. 1. Scheme of experimental SIP column: inlet
solution is injected in through the bottom and the outlet
is collected in fractions. The current (I) is injected
between the top and the bottom electrodes, and the SIP
signal is measured between the potential electrodes (U)

2.2.7  SIP Columns Experiments

SIP signatures were collected over a 20 days periods for six

treatments: control, ML, MH, N-PAML, N-PAMH, and A-PAML. A-PAMH treatment was not included because stable flow
could not be achieved owing to excessive backpressure and leakage. Air-dried soils, prepared as described in section 2.2.2,
were packed into vertical SIP columns in ~50 mL increments, with gentle compression after each addition. Based on a particle

density of 2.65 g cm™ (Warrick, 2002), the columns exhibited porosities ranging from 0.41 to 0.45, with an overall standard
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deviation of £0.01 across treatments. After packing, the columns were saturated from the bottom with 5 mM CaCl: to displace
air and leach soluble salts. Saturated flow was maintained using a peristaltic pump (Masterflex L/S series, Cole-Parmer, IL,
USA) at 0.5 mL min! for three pore volumes (PV). The effluent electrical conductivity (EC) stabilized at 1370—1760 uS cm™
after this flushing period. The final 20 mL of the flushing solution was collected at both day 0 and 20, and analyzed for soluble
cations concentrations by ICP-AES (Arcos, Spectro Ltd., Germany).

3. Results
3.1 CO2 Emission Rates

To evaluate the effect of polymer type and concentration on microbial activity, CO. emission rates were measured in loess soil
subjected to five treatments: control (untreated), low and high mucilage (ML, MH), and low and high anionic PAM (A-PAML,
A-PAMH) (Fig. 2). CO: emission may also be attributed to abiotic reactions; therefore, we address the differences between
treatments rather than absolute values. For all treatments, CO2 emissions increased between days 1 and 14, followed by a
decrease. Specifically, CO2 emission rates for the MH treatment were significantly higher (P < 0.05) than all other treatments
on days 3 and 7, representing a 3-fold increase relative to the other treatments. A-PAM treatments (high and low
concentrations) produced the lowest CO; emissions throughout incubation and did not differ statistically from one another. By

day 20, CO- emissions across all treatments declined to similar rates, yet higher than the initial values.

Control

1 3 7 14 17 20
Day of Incubation

Figure. 2. Effect of polymer stabilizers on CO: emission (mg CO: kg™ day™) = SD (n=4) during a 20-day incubation
period. Treatments include control (untreated soil), low and high mucilage (ML, MH), and low and high anionic PAM
(A-PAML, A-PAMH). Different capital letters indicate significant differences among treatments within each day (P <
0.05).

3.2 Soil Aggregate Stability

Soil stability changes in response to mucilage and A-PAM treatments were assessed by the wet sieving method. The

distribution of aggregates across stability degrees (low, medium, high) diverged strongly between treatments over 20 days

8
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(Fig. 3). Soil aggregate stability for the control treatment, remained low throughout the entire experiment. At day one, soil
aggregate stability for the mucilage treatments increased, with ~50% aggregates classified as medium stability, in comparison
to the control. At day seven, soil aggregate stability for the mucilage treatments differed, with a decrease in stability for the
ML and an increase for MH. By day twenty, soil aggregate stability for both mucilage treatments had decreased compared to
day 1 and 7. By day seven and throughout the remainder of the experiment, soil aggregate stability for the A-PAM treatments
was notably higher than the control and mucilage treatments.

100 - Stability degree

[ Low
¥4 Medium
High

80
60

40

20

Aggregates in stability class [%]

N IRCIR R
v
Ll S &

Day 1 Day 7 Day 20

Figure. 3. Normalized distribution of soil aggregates across stability degree (low, medium, high) in soil treated with control,
mucilage (ML, MH), and anionic PAM (A-PAML, A-PAMH). Values represent the mean fraction of aggregates measured
at three sampling times (Day 1, 7, and 20) during the 20-day incubation.

3.3 Soil Structural Changes: Reflected by KI Breakthrough

lodide breakthrough experiments were performed to trace the structural changes induced by ML and A-PAML treatments,
with iodide serving as an inert tracer reflecting their effects on solute transport through the soil. The resulting experimental
breakthrough curves and their corresponding fits to the ADE (Eq. 1) are presented in Fig. 4 for day 0 and day 20. At day 0
(Fig. 4a), the control and ML treatments exhibited classical sigmoidal breakthrough curves that fitted well to the standard ADE
model. The ML treatment displayed higher dispersivity (e« = 1.47 cm) compared to the control (a = 0.55 ¢m) and a slight
delay in reaching complete saturation (C/C, = 1). In contrast, despite intermediate dispersivity (a« = 1.21 cm), A-PAML
treatment displayed pronounced tailing with a less accurate fit to the ADE model, which notably deviated from the
experimental data, failing to fully capture the observed tail.

By day 20 (Fig. 4b), the control breakthrough behaviour remained comparable to day 0 (¢ = 1.16 cm). Notably, the ML
treatment shifted to closely resemble the control profile (« = 1.33 ¢cm). In sharp contrast, the A-PAML treatment exhibited a
significant transformation relative to day 0, displaying extensive tailing and a marked increase in fitted dispersivity (a =
3.78 cm). While the goodness of fit decreased for all treatments compared to day O, the standard ADE model specifically

failed to capture the prolonged tail observed in the A-PAML treatment. For the control and ML treatments, the analytical

9
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solution remained centered on the experimental data points throughout the breakthrough. Conversely, the A-PAML fit
exhibited a systematic deviation, overpredicting concentrations during the initial rise (PV 0.7-1.2) and underpredicting the
measured values during the extended tailing phase (PV > 1.5).
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Figure. 4. Breakthrough curves of Kl tracer in soil columns under control, ML, and A-PAM treatments at (a) day 0 and
(b) day 20. Symbols denote measured values and lines represent standard ADE model fits. At day 20, the A-PAM treatment
shows a noticeably poorer agreement with the model, indicating a deviation from ideal tracer transport behaviour.

3.4 Temporal SIP Signatures

SIP monitoring was conducted for the control, ML, MH, A-PAML, N-PAML, and N-PAMH column treatments during 20 days
of incubation (Fig. 5). SIP signatures revealed treatment-dependent differences in the in-phase conductivity (¢"), which reflects
pore-water electrolyte conductivity and surface conduction, and in the quadrature conductivity (¢"), which is associated with
interfacial polarization. For ¢’ (Fig. 5a), all treatments showed an initial rise during the first 8 days, which was most
pronounced in MH and A-PAML (60% and 72% increase, respectively), while the control and ML exhibited a more moderate
increase. Thereafter, the rise in ¢’ became gradual across treatments. By day 20, ¢’ had risen across treatments, with MH and
A-PAML showing the most pronounced increases (80% and 86% above initial values, respectively), whereas the control and
ML reached more moderate levels of 50% and 60%, respectively. In contrast, both N-PAM treatments showed a slower initial
increase in ¢’ during the first 7 days, which became more pronounced thereafter, resulting in a total rise of approximately 47%
by day 20, comparable to the control.

o" (Fig. 5b) values declined during the first week in all treatments except N-PAM, after which they stabilized. MH, and A-
PAML showed the steepest decline of about 25% in the first week, while control and ML followed similar trend but with more
gradual slopes (21% and 17%, respectively). From day 7 to day 20, control and A-PAML showed slowed decrease of ~10%,
while both mucilage treatments remained constant. Overall, A-PAML exhibited the steepest decrease in o'’ of 35% from its
initial value. By contrast, both N-PAM treatments showed only minor decreases of 7%, with values remaining nearly constant

throughout the entire experiment.
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Figure 5. Temporal evolution of SIP parameters in polymer-treated soils. (a) In-phase conductivity (¢') measured at 0.1
Hz, (b) Quadrature conductivity (¢") at the peak frequency, as a function of incubation time. Symbols represent mean
values of replicate columns for each treatment (Control, ML, MH, N-PAML, N-PAMH, A-PAML)

3.5 SIP Spectra Day 0 vs. Day 20

The ¢’ and ¢” spectral signatures for the control, ML, MH, A-PAML, N-PAML, and N-PAMH treated soils at days 0 and 20
are shown in Fig. 6. For ¢’ (Fig. 6a) all treatments except N-PAM exhibited similar ¢’ values, ranging between 491 and 514
uS ecm™. In contrast, both N-PAM treatments showed lower values of 422-434 uS cm™, approximately 16% lower than the
other treatments. The EC of the inlet solution (5mM CaCly) was 1000 pScm™, while effluent EC stabilized at 1370 -
1760 uS cm™ after 3 PVs. After 20 days of incubation, ¢’ (Fig. 6¢) increased substantially across all treatments. MH and A-
PAML showed the highest values of approximately 920 uS cm™', representing increases of 80-86% from initial values of ¢’.

control and ML treatments displayed more gradual increases of 50-60%, reaching intermediate ¢’ of 750-780 pS cm™. Both
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N-PAM treatments remained lower at ¢’ of 620-640 puS cm™!, though these values still represented a 47% increase from day
0.

The highest ¢’ at peak frequency was observed for A-PAML, MH and ML treatments, with similar peak values of 7.263 —
7.844 uS cm™ (Fig. 6b). The control and both N-PAM treatments displayed lower o'’ responses, 16-22% below the highest
values. The peak frequency was similar among all treatments (~4-5.5 Hz) except A-PAML, which shifted toward higher
frequencies (8.89 Hz). By day 20, o' values decreased across all treatments, with peak values converging to 5-6 pS cm™
regardless of treatment (Fig. 6d). The spectra became considerably flatter for all treatments, making identification of a distinct
peak frequency more challenging. Despite this convergence, A-PAML maintained a noticeably different spectral shape
compared to the other treatments.

In addition to the SIP measurement soil solution samples (20 mL) were collected from all treatments at day 0 and day 20 for
determination of soluble cation concentrations. The treatments differed in their temporal trends and magnitudes, yet in all cases
Ca?* remained the dominant cation (Fig. 7). While all treatments exhibited similar Ca** levels at day 0, pronounced differences
developed by day 20. The control and mucilage treated soils (ML and MH) showed a 3-3.5 fold rise in both Ca?* and total
cation concentrations, compared with only a two-fold increase under A-PAM and almost no change under N-PAM (Fig. 7a,
b).
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4. Discussion
4.1 Effect of Polymer Stabilizers on Aggregate Stability: The Role of Microbial Activity

The treatment of soils with mucilage and A-PAM generated two distinct stabilization pathways. Mucilage treatment was dose
responsive, resulting in an immediate increase in aggregate stability with MH generating higher stability than ML (Fig. 3). The
soil stabilizing effect of mucilage has been reported previously (Morel et al., 1991; Traoré et al., 2000; Marsico et al., 2018).
Soils treated with A-PAM were also dose-responsive and yielded more durable stabilization than the mucilage treatment. Even
with a modest decline by day 20, stability remained significantly higher than under mucilage treatment (Fig. 3).

In parallel, mucilage addition (most pronounced for high concentration MH) stimulated high CO- emissions, in comparison to
the addition of A-PAM (Fig. 2). This enhanced microbial response indicates that mucilage is a readily available carbon source,
rich in labile polysaccharides (Nazari, 2021; Nazari et al., 2022; Even and Francesca Cotrufo, 2024). Hence, the high
biodegradability of mucilage explains the decrease in soil stability by day 20. However, A-PAM is known to degrade slowly,
often persisting in soils for years and providing little to no labile carbon to support microbial metabolism (Entry et al., 2008;
Li et al., 2024). Beyond the lack of degradable carbon, the polymer’s capacity to bind particles into larger, more stable
aggregates can alter pore architecture, reduce oxygen diffusion, and limit the microscale exchange of water and nutrients
(Caesar-TonThat et al., 2008; Mamedov et al., 2010, 2020). These changes can restrict microbial access to both carbon
substrates and electron acceptors, further constraining respiration. It is important to note that CO. emission may also be
attributed to calcite dissolution; therefore, differences among treatments are interpreted relative to the control, which may
include both sources (Gallagher and Breecker, 2020; Sun et al., 2023).

Overall, these results show that mucilage induces a short-term increase in aggregation, which is subsequently reversed, due to
its rapid biodegradation, whereas A-PAM elicits moderate microbial activity and therefore, provides a more persistent
structural stabilization. In essence, mucilage triggers a transient, biologically driven response, while A-PAM delivers a longer-

lasting, physicochemical reinforcement of soil structure.
4.2 Soil Structural Changes Affect Flow Pathways

The hydraulic behaviour of the treated soils followed two divergent evolutionary paths, mirroring the contrasting stability
mechanisms of the polymers. Initially, the ML treatment induced higher flow heterogeneity, as evidenced by a higher
dispersivity (@« = 1.47 cm) compared to the control group (¢ = 0.55 cm) (Fig. 4a). These alterations in the flow path are
likely attributable to modifications in the pore architecture, consistent with the observed increase in aggregate stability (section
4.1).

However, the convergence of the ML breakthrough curve to control-like behavior by day 20 demonstrates that these structural
modifications were transient. This hydraulic reversion to baseline conditions aligns with the respiration data (Fig. 2),

suggesting that as the mucilage is consumed, the associated structural modifications progressively reverse toward baseline
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conditions (Dong et al., 2022; Xuan et al., 2022; Matisic et al., 2024). These findings contrast with previous studies reporting
persistent structural improvements even following mucilage decomposition, often attributed to stable organo-mineral bonding
or microbial byproducts (Morel et al., 1991; Traoré et al., 2000; Marsico et al., 2018). This discrepancy is likely attributable
to differences in polymer concentration. While studies reporting long-term persistence typically applied mucilage at high rates
(1-2% wiw), our study employed a considerably lower dosage (0.035-0.175% w/w). We hypothesize a concentration-
dependent threshold effect: below a critical concentration, biodegradation outpaces the formation of secondary stabilizing
mechanisms. This is supported by our aggregate stability data (Fig. 3), where the higher concentration treatment (MH, 0.175%
w/w) maintained some aggregate stability throughout the incubation, whereas ML lost it.

Conversely, the A-PAML treatment exhibited persistent and intensifying transport heterogeneity. By day 20, the breakthrough
curve displayed a pronounced tailing effect coinciding with the maintenance of high aggregate stability (Fig. 4b). This
combination challenges the applicability of the standard ADE. Classical dispersion theory predicts that increased dispersivity
should produce more spread-out but still symmetrical breakthrough curves. However, the A-PAML data present a systematic
deviation from this prediction, with the model consistently overpredicting the initial rise (PV 0.5-0.8) and underpredicting the
mid-section and tail (PV >1.2), failing to capture the characteristic S-shaped profile. This specific pattern of model failure is a
hallmark of physical non-equilibrium, consistent with dual-domain transport, where A-PAM-induced structural reorganization
promotes the formation of preferential flow pathways alongside hydraulically less accessible zones. This effectively partitions
the pore network into maobile and immobile regions with limited mass exchange, rendering a single dispersion coefficient
insufficient to describe solute transport (Van Genuchten and Wierenga, 1976; Corapcioglu and Wang, 1999; Bijeljic et al.,
2011; Haggerty and Gorelick, 1995; de Vries et al., 2017).

4.3 SIP Signatures Reflect Changes in Soil Induced by Polymer Stabilizers
4.3.1 In-phase Conductivity (¢"): Electrolytic and Structural Controls

The temporal evolution of ¢’ reflect changes in pore-water chemistry, pore network geometry, and surface properties, as it is

defined by the contributions of electrolyte bulk conductivity (oy,) and surface conductivity (o.):

4
@ 0"=Fa,,’v+as’

where F is the formation factor, a geometric parameter describing the tortuosity of current pathways through the pore network:
(®) F=¢™

with ¢ as porosity and m as the cementation exponent. A consistent increasing trend in o’ was observed across all treatments
from day 0 to day 20 (Fig. 5a). However, the magnitude of this increase and its relationship with effluent chemistry varied

substantially among treatments, indicating that distinct mechanisms governed the evolution of ¢’ in each case.
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In the control and ML treatments, ¢’ increased by 50% to 60% by day 20, corresponding to a 200-266% rise in effluent Ca®*
concentration (Fig. 7a, b). This concurrent rise suggests that Ca?*, released through continuous dissolution of carbonate
minerals (mainly calcite) abundant in loess soils, was the dominant driver of pore water conductivity (o). which in turn

governed the rise in ¢’ observed in these treatments.

The MH treatment, however, appeared to decouple this relationship. Despite reaching a nearly identical terminal cation
concentration (~36 meq L) in the effluent (Fig. 7b), the MH treatment exhibited an 80% increase in ¢’,substantially greater
than the 50%-60% observed in control and ML treatments (Fig. 5a). Since a; is jointly reflected in both ¢’and ¢”’, and since
no differential increase in ¢” was observed in the MH treatment relative to control or ML (Fig. 5b), surface conductance is
unlikely to account for this discrepancy. We therefore suggest that the elevated ¢’ in MH, may reflect a structural change in
pore geometry, specifically a reduction in F. The enhanced aggregate stability observed in the MH treatment (Fig. 3) provides
the structural basis for this interpretation: stable aggregates resist slaking and pore collapse upon wetting, preserving the
interaggregate contact network that constitutes the primary conducting pathway in aggregated soils (Bronick and Lal, 2005;
Menon et al., 2020; Zhang et al., 2023). Better aggregated soils tend to sustain greater pore network connectivity upon
saturation, not necessarily through improved individual flow paths but through a larger number of connected pathways
remaining open, effectively reducing the tortuosity of current-conducting pathways and thereby lowering F (Archie, 1942;
Bernabé et al., 2011; Geers-Lucas et al., 2025).

The A-PAML treatment exhibited a distinctly different pattern: ¢’ increased comparably to MH by day 20 (Fig. 5a), yet
paradoxically yielded the lowest effluent Ca®* concentrations (Fig. 7a). Unlike the control and ML treatments where ¢’
increase tracked pore water ionic strength, and unlike MH where structural improvements in connectivity were proposed,
neither mechanism straightforwardly accounts for the A-PAML pattern. We hypothesize that this disparity arises from the
intense stabilization induced by the anionic polymer, which promotes the formation of stable micro-aggregates and enhances
structural heterogeneity characteristic of a dual-porosity system. This structure is likely characterized by significant volumes
of immobile water within the intra-aggregate pores. While dissolved ions accumulate within these zones and remain part of
the continuous conductive phase sensed by SIP, they are hydraulically isolated from the active flow paths and thus do not
appear in the leachate (Cote et al., 2000; Rhoades et al., 1976). Consequently, the A-PAML treatment effectively creates a

conductive reservoir that is physically trapped within the soil structure, elevating o'independently of the leachate chemistry.

The N-PAM treatments were included as a reference to isolate the effect of neutral polymer adsorption on the electrical
interface, independent of significant structural aggregation. Consistent with this role, both N-PAML and N-PAMH exhibited
consistently lower absolute ¢’ values from day 0 throughout the experiment, despite similar initial cation concentrations across
all treatments (Fig. 5a). Since o,, was approximately equal across treatments at day 0, the initial suppression of ¢’ implicates
either an increase in F or a reduction in o; as the primary cause (Eq. 4). As nonionic PAM adsorbs onto soil surfaces primarily

through weaker Van der Waals forces or hydrogen bonds, rather than the electrostatic interactions characteristic of charged
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polymers, its capacity to induce structural reorganization of the pore network is comparatively limited (Theng, 1982; McGuire
et al., 2006; Abu-Zreig, 2006), making a substantial increase in F an unlikely explanation and pointing instead to a reduction
in g as the dominant mechanism. This interpretation is supported by observations of neutralized zeta potential upon nonionic
polymer adsorption onto mineral surfaces (Choo et al., 2020), consistent with a surface coating that reduces the expression of
surface charge available for counter-ion accumulation. Additional support comes from the effluent chemistry: while cation
concentrations in control, ML and MH treatments rose substantially by day 20, N-PAM effluent concentrations remained
largely unchanged (Fig. 7b). This is consistent with evidence that nonionic PAM can inhibit calcite dissolution through
hydrogen bonding and surface complexation (Ji et al., 2021). Together, these observations suggest that nonionic PAM
adsorption simultaneously suppressed o. through surface charge screening and limited the development of gy, by inhibiting
mineral dissolution, both arising from the same interfacial coating established upon polymer application. The near-identical
responses of N-PAML and N-PAMH further suggest that surface saturation was achieved even at the lower polymer
concentration, consistent with the tendency of PAM adsorption on mineral surfaces to reach a plateau as available surface sites
become occupied (Graveling et al., 1997).

4.3.2  Quadrature Conductivity (¢'"): Interfacial Polarization and Surface Effects

While ¢’ conductivity reflects bulk solution and pore network properties, o'’ provides a direct probe of the soil-water interface
and the polarization of the EDL (Vinegar and Waxman, 1984; Binley and Slater, 2020). At day 0, ¢" was highest in the A-
PAML and mucilage treatments, reaching comparable values of 7.3-7.8 uS cm™, while the control and both N-PAM treatments
displayed lower values of approximately 6.5-6.7 uS cm™ (Fig. 5b). This initial differentiation reflects the charged nature of
the applied polymers: both carry negative surface charge (Deng et al., 2006; Dobrynin and Rubinstein, 2005; Garcia e Silva et
al., 2022; Solanki et al., 2024), and their adsorption onto mineral surfaces increases the density of active interfacial sites
available for polarization, thereby enhancing ¢” relative to the control (Revil, 2012; Revil and Skold, 2011). In contrast, the
adsorption of neutral N-PAM does not enrich the EDL, and its " values at day 0 were similar to the control, consistent with

the absence of charge-dependent interfacial interactions upon polymer application.

Following the initial state, o” declined progressively over the 20-day incubation in all treatments except N-PAM (Fig. 5b). We
attribute this general decline primarily to calcite dissolution, which continuously removes reactive mineral surfaces available
for EDL polarization. As calcite dissolves, the abundance of active interfacial sites diminishes, reducing the polarization
response sensed by " over time. This mechanism is consistent with previous observations in calcareous soils (Altzitser et al.,

2025) and is expected to operate across all treatments where mineral dissolution is not inhibited.

In the mucilage treatments, biodegradation of the organic coating provided an additional pathway for ¢” decline, operating
alongside calcite dissolution. The progressive loss of mucilage is supported by the elevated CO: respiration rates (Fig. 2), the

concurrent decline in aggregate stability over time (Fig. 3), and the convergence of breakthrough curves toward control
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behaviour by day 20 (Fig. 4b). As the mucilage coating was progressively consumed, its contribution to polarizable interfacial
sites diminished accordingly. Notably, both ML and MH converged toward similar final " values by day 20 regardless of
their initial concentration differences, suggesting that mucilage no longer contributed meaningfully to soil polarization once
biodegradation was complete.

The A-PAML treatment presents a more complex picture. Despite showing the steepest total decline in ¢” of approximately
35% from its initial value (Fig. 5b), A-PAML exhibited no evidence of elevated microbial respiration (Fig. 2), ruling out
biodegradation as an explanation. We suggest that the structural reorganization induced by A-PAM provides an alternative
mechanism. As established in section 4.3.1, A-PAM promotes the formation of stable micro-aggregates and the development
of a dual-porosity system characterized by mobile and immobile water domains. Within the immobile intra-aggregate pores,
ions progressively accumulate but become physically restricted from oscillating in response to the alternating electric field.
This restriction reduces the effective polarizable interface sensed by ¢”, producing a decline comparable in magnitude to that
driven by biodegradation in the mucilage treatments, yet through an entirely different pathway. This interpretation is consistent

with the pronounced tailing and dual-domain transport behavior demonstrated by the breakthrough experiments (Fig. 4b).

In contrast, ¢” in both N-PAM treatments remained nearly constant throughout the entire 20-day incubation (Fig. 5b),
exhibiting only minor decreases of approximately 7%. This temporal stability sets N-PAM apart from all other treatments and
reinforces the surface screening interpretation developed in section 4.3.1. The neutral polymer coating effectively decoupled
the mineral interface from the evolving bulk solution chemistry, inhibiting calcite dissolution and thereby preserving the
reactive mineral surfaces that drove ¢” decline in all other treatments. This temporal stability of ¢” thus serves as geoelectrical
confirmation of the surface screening role of N-PAM, and further validates its use in this study as a reference treatment for

isolating charge-independent polymer adsorption effects.

The spectral distribution of ¢” provides additional structural insights that complement the temporal trends discussed above
(Fig. 6b, 6d). At day 0, while most treatments displayed peak frequencies in the range of 4 Hz to 5.5 Hz, the A-PAML peak
was notably shifted to a higher value of approximately 8.9 Hz. In SIP theory, the relaxation frequency is inversely proportional
to the square of the characteristic polarization length scale (f,.q, o D/L?, where L represents the characteristic pore or grain
size), such that higher peak frequencies correspond to shorter characteristic length scales (Slater et al., 2007; Blicker and Hordt,
2013; Binley and Slater, 2020; Schwartz et al., 2020). We suggest that this shift reflects the reorganization of fine soil particles
into microaggregates induced by A-PAM, creating a pore network dominated by smaller intra-aggregate pores compared to
the larger interaggregate pores of unamended soil. This interpretation is consistent with the aggregate stability results showing
that A-PAML produced the most stable aggregates of all treatments (Fig. 3) and with the dual-porosity behaviour indicated by
the breakthrough experiments (Fig. 4).

By day 20, the A-PAML ¢’ spectrum exhibited pronounced flattening and broadening (Fig. 6d). While all treatments showed

some degree of spectral flattening relative to day 0, the change was most dramatic in A-PAML. This broadening indicates that
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the initially relatively uniform pore size distribution became increasingly heterogeneous over time, producing a wide
distribution of relaxation length scales, consistent with the progressive development of the dual porosity system proposed
above. The near-stability of the N-PAM spectrum further supports the surface screening interpretation: by limiting the
geochemical interactions that drove structural evolution in other treatments, the neutral polymer coating effectively preserved

the original pore size distribution throughout the incubation period.
5. Conclusions

This study characterized the diverse stabilization pathways induced by natural (mucilage) and synthetic (A-PAM) polymers.
By coupling traditional soil characterization with continuous SIP monitoring, the study tracked the temporal evolution of
aggregate stability, hydraulic connectivity, and microbial activity over a 20-day incubation period.

The application of SIP facilitated the detection of micro-scale structural dynamics that remained largely obscured by standard
ex situ and effluent analyses. Specifically, SIP signatures identified the formation of a ‘conductive reservoir' within the A-
PAM-treated soil, where dissolved ions remained part of the conductive phase despite being hydraulically isolated from active
flow paths. Furthermore, high-frequency shifts in the quadrature conductivity (¢'") served as an indicator of shorter
characteristic polarization length scales. These measurements provided geoelectrical evidence for the development of a
persistent, hierarchical pore system and a dual-porosity regime that traditional protocols could only retrospectively confirm.
Methodologically, the study utilized N-PAM as a reference to isolate surface screening effects and distinguish them from
active interfacial polarization, while demonstrating SIP's sensitivity to the contrasting charge densities and conformations of
the polymers.

The findings reveal a clear performance gap based on polymer persistence and concentration thresholds. A concentration of
0.035% (w/w) was applied to represent typical environmental concentrations found in the natural rhizosphere. At this baseline,
mucilage proved insufficient to maintain sustained stabilization; rapid microbial consumption of the polymer led to progressive
loss of aggregate stability and reversion toward baseline hydraulic behaviour. The enhanced 0.175% (w/w) dosage
demonstrated a dose-responsive increase in initial stability and maintained a higher degree of aggregate stability throughout
the incubation, yet followed the same degradation trajectory as ML, confirming that the stabilization benefits of mucilage
remain fundamentally governed by its degradation kinetics regardless of initial concentration. Ultimately, A-PAM delivered a
longer-lasting, physicochemical reinforcement of the soil matrix, whereas the structural benefits of mucilage remained strictly
governed by degradation kinetics.

While A-PAM provides superior mechanical persistence, its application entails broader environmental implications, including
the hydraulic isolation of intra-aggregate domains and the subsequent risk of pollutant entrapment within the soil matrix. As a
synthetic additive, A-PAM remains an external ecosystem input. Conversely, although CSM was also introduced as an external

stabilizer in this investigation, it serves as a natural, root-derived analogue that actively stimulates the soil microbiome.
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Despite the transient structural benefits observed at current dosages, the external application of CSM offers a potential pathway
toward self-sustaining stabilization cycles. It is hypothesized that under optimized conditions or specific concentration
thresholds, the microbial degradation of mucilage may facilitate the production of bacterial Extracellular Polymeric Substances
(EPS). This process could theoretically transition the soil from temporary physical binding to persistent biogenic cementation,
creating a virtuous cycle of structural reinforcement. Exploring these biologically-mediated stabilization pathways, alongside

the long-term transport dynamics in dual-porosity systems, remains a critical frontier for sustainable soil management.
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