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Soil electrical conductivity as a
proxy for enhanced weathering
In soils

Lukas Rieder*, Thorben Amann and Jens Hartmann

Center for Earth System Sciences and Sustainability, Institute for Geology, Universitat Hamburg,
Hamburg, Germany

To effectively monitor and verify carbon dioxide removal through enhanced
weathering (EW), this study investigates the use of soil electrical conductivity (EC)
and volumetric water content (9) as proxies for alkalinity and dissolved inorganic
carbon (DIC) in soil water. EC-6 sensors offer a cost-effective and straightforward
alternative to traditional soil and water sampling methods. In a lab experiment,
three different substrates were treated with NaHCOz solutions to increase the
alkalinity of the soil water and analyze the response. The combination of EC
and 0 to track the increase in carbonate alkalinity due to EW, and therefore
CO, consumption, is applicable for low cation exchange capacity (CEC) soil-
substrates like the used quartz sand. However, the presence of organic material
and pH-dependent CEC complicates the detection of clear weathering signals in
soils. In organic-rich and clay-rich soils, only a high alkalinity addition has created
a clear EC signal that could be distinguished from a non-alkaline baseline with
purified water. Cation exchange experiments revealed that the used soil buffered
alkalinity input and thereby might consume freshly generated alkalinity, initially
mitigating CO» uptake effects from EW application. Effective CEC changes with
pH and pH buffering capacity by other pathways need to be considered when
quantifying the CO, sequestration potential by EW in soils. This should be
estimated before the application of EW and should be part of the monitoring
reporting and verification (MRV) strategy. Once the soil-effective CEC is raised,
the weathering process might work differently in the long term.

KEYWORDS

soil electrical conductivity, alkalinity, cation exchange capacity, soil organic matter, pH
buffering capacity, enhanced weathering, carbon accounting, monitoring reporting and
verification (MRV)

1 Introduction

The problem of climate change has been known for decades, and the need for CO,
removal (CDR) from the atmosphere has been highlighted in recent years (IPCC, 2023).
The recent AR6 IPCC synthesis report states that CDR is a crucial element in all future
emission scenarios that limit global warming to 2°C (Babiker et al., 2022; TPCC, 2023). The
use of negative emission technologies (NETs) will likely play a considerable role in climate
change mitigation by removing ~10 Gt CO, yr~!globally by midcentury and 20 Gt CO,
yr~! needed by the end of the century (NASEM, 2019).

Chemical weathering of minerals is a natural process that has regulated the global
carbon cycle on geological timescales (Walker et al,, 1981; Berner, 2003). Enhanced
weathering (EW) is understood as the acceleration of this natural chemical weathering
process by the application of powdered rock to either the land surface or the ocean
surface, thereby speeding up the reaction between minerals, water and CO; (Schuiling and
Krijgsman, 2006; Hartmann et al., 2013; Beerling et al., 2020).
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Enhanced Weathering (EW) is a promising method that might
be able to contribute significantly to the CDR goals (Schuiling and
Krijgsman, 2006; Hartmann et al., 2013; Beerling et al., 2020; Goll
et al, 2021), with estimated costs ranging from 50 to 200 USD
tCO; ! globally (Fuss et al., 2018) and 45 to 472 USD tCO; ! in the
Midwestern U.S (Zhang et al., 2023). The global potential of EW
has been described by multiple studies (Renforth, 2012; Hartmann
et al, 2013; Goll et al, 2021). First terrestrial EW field trials at
smaller scales quantify the in-situ weathering rates and amounts of
sequestered CO, (Haque et al., 2020; Larkin et al., 2022).

However, the reliable quantification of carbon dioxide (CO.)
sequestration is the most crucial building block for any CDR
method to facilitate a CO; certificate trading scheme. Like for
most nature-based solutions, the measurement of CO; removal by
enhanced weathering in soils is relatively complex compared to
technical approaches like direct air capture (DAC).

The small number of extensive local field-scale experiments
conducted worldwide poses a significant obstacle to obtain a
comprehensive evaluation of the EW effectiveness on a global scale.
This limitation arises from the diversity of soils worldwide, each
with its unique chemical and physical properties, which inhibits the
extrapolation of findings from one local experiment to another. To
measure the efficacy of this technology for terrestrial experiments,
reliable and cost-effective measurements are necessary to facilitate
more field trials. Similar to other nature-based NETs, CO,
sequestration quantification, also known as carbon accounting, is
manifold (Brander et al., 2021).

In terrestrial EW experiments, finely crushed silicate rock
powder is spread on arable land, where it is left to react under
elevated pCO; conditions in the soil (Brook et al., 1983; Romero-
Mujalli et al., 2019), amplifying the chemical weathering reaction.

The Eq.1 shows the chemical weathering reaction of
wollastonite (CaSiO3) with carbonic acid (H,CO3). Wollastonite
is a simple silicate mineral used here as an example of silicate
weathering reactions in general.

Silicate weathering CaSiO3 + 2 CO; + H,0 — Ca®t

+2 HCOj; +Si0; (1)
Carbonate precipitation Ca*™ + 2 HCO; — CaCOs;
+CO;z 4+ H,0 )

The second part (bold) of Eq. 1 shows the weathering products.
This idealized equation gives us the upper limit for CO,
sequestration by the weathering process. The released bicarbonate
(HCO5) is contributing to the total alkalinity (TA) of the water.
The direct measurement of the TA usually involves acid titration of
the water.

As a cheaper measurement to assess TA in natural waters
for known environmental conditions, EC was suggested to track
sequestered CO; in the water (Amann and Hartmann, 2022). The
amount of dissolved ions drives the EC of an aqueous solution.
Those carry charge through the water and thereby conduct
electric current.

As EC works as a predictor of TA for some natural waters
(surface water or spring water from draining volcanic rock or
loess catchment), it is tested to see if this relationship could be
useful for alkalinity change detection in bulk soils with unsaturated
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water conditions. If and how soil bulk electrical conductivity
(ECyp) changes with added silicate minerals and released weathering
products for EW field trials is unknown. The contribution of
individual ions to the EC of the water (ECyw) can be calculated
(McCleskey et al., 2012). The ECw will increase with the released
TA in a unique pattern depending on the composition of the
dissolved mineral (Amann and Hartmann, 2022). When a specific
mineral is added to the soil and chemically weathered by carbonic
acid, it will gradually increase the DIC and TA in the soil water,
thereby increasing the amount of ions in the soil water and
the ECw. An increase in ECy must affect the EC, as well.
However, the behavior of a bulk soil is complex because of chemical
interactions between the solid and the liquid phase (Merkel and
Planer-Friedrich, 2008). The ECy is driven by multiple pathways
for electrical conduction, making a model for the contribution of
dissolved species to the EC;, more sophisticated (Rhoades et al.,
1989; Hendrickx et al., 2002).

Different agricultural soil samples were treated with alkaline
NaHCOs solutions to simulate the release of weathering products
after EW application to test whether ECy, could be used to track
the additional weathering signal and, thereby, the conversion of
CO; into TA. It is investigated how the ECy, reacts to the added
weathering products in the form of Na™ and TA, predominantly
in the form of HCOj . Soil water samples were taken after the
soils were treated with the NaHCO3 solutions to examine how the
chemical composition of the soil water was changed.

This study aims to improve the understanding of relevant
soil properties for EW experiments and processes that must be
considered for quantifying CO, removal and interpreting EC;, data.
For example, the CEC and pH buffering capacity of soils have
yet to be considered for the assessment of CO, sequestration.
The weathering of non-carbonic soil acids must be accounted for
(Dietzen and Rosing, 2023). A better understanding of the cation
exchange processes in different soils, soil acidity and bulk soil
ECy could facilitate the use of simpler low-cost measurements for
carbon accounting of EW.

2 Methods
2.1 Testing soils

Three different substrates were used in this experiment to test
the EC,, response on the alkaline solution for different soil types.
Two of the substrates are agricultural soils, and one substrate is
pure quartz sand. The Carbon Drawdown Initiative provided the
soils (Carbdown, 2022). The two soil samples originate from arable
land in Bramstedt in Northern Germany and Fiirth in Southern
Germany. Those sites are being used for long-term EW field trials,
and the soil samples have been taken before applying the silicate
mineral powder on those sites. The soil samples were collected from
the upper 30 cm of the soil, representing a typical deeper plowing
depth (Baumhardt et al., 2008).

The Bramstedt test site is situated within a fen, an area
characterized by wetlands. The field was initially used as grassland
and cropland the years before the soil sampling took place. The soil
in this location has some peat and a considerable organic matter
content, resulting in a dark color. The soil is a strong loamy sand
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with a clay content of 12-17 %, as determined according to DIN
19682-2 (2014).

The Fiirth test site was previously used for agriculture. It has
a low inorganic carbon content and much lower organic carbon
content than the soil from Bramstedt (Table 1). The soil type is
identified as brown earth, which is also known as Cambisol or,
for sandy soils, Brunic Arenosol (Amelung et al., 2018). Both
types are characterized by little or no soil profile differentiation
(TUSS Working Group WRB, 2022). The brown earth can be found
in Europe, North- and South America, and southern parts of
Siberia (Pehamberger and Gerzabek, 2009), making the findings
comparable to other European agricultural sites.

To mimic non-reactive soil with minimal nutrients as well as
low organic matter and clay content, resulting in low effective CEC,
plain quartz sand (commercially available pool filter sand) was used
(Table 1).

Soil samples were air-dried and sieved to 2 mm to break down
the soil clods, remove bigger stones, and get a homogeneous
mass, destroying any natural soil horizons. Therefore, the following
experiments will treat the upper 30cm soil sample as one
homogeneous material.

2.2 Soil analysis

The soil samples for the mineralogical analysis were dried
at 40°C and wet-milled. The bulk composition of the soil was
measured by X-ray diffraction quantitative phase analysis (QPA,
Bruker D8 Advance system).

The total organic carbon (TOC) and total inorganic carbon
(TIC) were measured by splitting the soil sample into two
representative parts. One part was treated with HCI to remove
all TIC from the total carbon content (TC). Both samples were
fused by open-system pyrolysis at 1,600-1,800°C, in which the
amount of CO2/TC produced was measured by chromatography
with the Carlo Erba EA1108 elemental analyzer. The TIC was then
determined by subtracting the total organic carbon from the total
carbon (TIC = TC — TOC).

The soil samples for the cation exchange capacity (CEC)
measurement were dried at 110°C to lose adsorbed water and
ground to <500 pm. The CEC analysis is based on the exchange
of the sample with Co-hexamine trichloride [Co(NH3)6]Cl3 (Co-
Hex) (Orsini and Remy, 1976; Ciesielski et al., 1997) solution and
the subsequent spectrophotometric analysis of the exchanged liquid
using a Shimadzu UV-1280.

The Co-Hex solution is added to the dried soil sample. After
the exchange reaction, the suspension is centrifuged and filtered,
and absorption is measured at a wavelength of 475 nm to determine
the concentration of the left Co-Hex ions. The calibration set is
composed of different Co-Hex concentrations and blanks. The
result gives the effective CEC at ambient pH.

For the pool filter quartz sand as a non-reactive soil example,
the parameters were not measured. As the Bramstedt soil sample
contains more organic carbon than the Fuerth soil, it is referred
to as organic-rich in the following text. It also contains more
clay minerals (Table 1), making the soil overall more reactive
(Churchman, 2018).
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All experiments were conducted in a controlled lab
environment at T = 20 °C and pCO, = 450 ppm, slightly
higher than the average global mean atmospheric pCO, of 418
ppm (Lan et al., 2023). The samples of each site were dug and
mixed, then dried and sieved to 2 mm; thus, there will no longer be
high pCO; in the soil pore space.

2.3 Testing solutions

All the different soils were watered with sodium bicarbonate
solutions (NaHCO3) with >99% purity; for more details, see the
datasheet in the supplement. This compound was chosen for
carbonate alkalinity creation because of its high solubility [96 g L™
at 20 °C, (IHaynes, 2015)]. One mole of HCOj3 increases the TA
of the solution by one acid equivalent (eq) that can be buffered;
thus, 1mol NaHCO; L™! equals 1 eq L™!. The concentrations
of the different solutions were chosen based on previous column
EW experiments conducted using the same organic-rich soil (Li,
2023). They observed TA up to 10 meq L™! in the percolating
soil water of soil columns treated with silicate minerals. NaHCO3
should simulate the released weathering products to avoid the long
weathering reaction times when applying silicate rock powder to
soils. In this study, the kinetics of the weathering process are not
analyzed. Instead, the solutions already contain the weathering
products. The solutions were produced volumetrically by weighing
in NaHCO3 powder, dissolving, and filling up to the target volume.
The solutions used in the experiment have NaHCO3 concentrations
of 0, 2.5, 5, 10, and 50 mmol L1,

2.4 Setup EC,, experiment

The ECy, sensor (Dragino LSE01) used in this study is composed
of a conductivity meter to get the bulk soil electrical conductivity
ECy, a resistance temperature detector (RTD) to measure the soil
temperature, and a frequency domain reflectometry (FDR) probe
to measure the volumetric water content (6) with the compensation
from soil temperature and electrical conductivity. It is designed to
measure 6 of saline-alkali soil and loamy soil (mineral soils) and
is made for outdoor agricultural use (Dragino, 2022). The sensor
is not strictly research-grade because there is just a single internal
calibration for 0 that could not be adjusted. Still, it was used because
the same sensors were used on the test sites in the Carbdown
project (Carbdown, 2022) to test them for the assessment of carbon
sequestration. The sensor was calibrated for a mineral soil type and
not organic-rich soils. Hence, the exact 6 values might be biased,
and 6 will not be interpreted in-depth in this study. The ECy, and
0 value pairs are not compared for different soils. Nevertheless,
sensors should show differences in ECy, at constant volumetric
water content  for different NaHCQOj3 treatments for the same soil.

The sensor converts the measured ECp values to the
reference temperature at 25 °C, suppressing the measured values’
temperature dependence. It uses the same reference temperature
as the ECy measurement of the solutions and soil water, which
increases with temperature by about 1-3 % per °C (Robinson and
Stokes, 2002).
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TABLE 1 Soil composition (more comprehensive in the supplement).

10.3389/fclim.2023.1283107

Material Total inorganic Total organic  Clay content effective CEC (at
carbon carbon ambient pH)
[wt. %] [wt. %] [wt. %] [cmol kg™!]
Pool filter quartz sand (0.4-0.8 mm grain size) - - - in theory ~0*
Brown earth (soil sample from Fiirth) 0.04 1.4 2:1 layer silicates: 8.3 5.6
Chlorite: 0.95
Organic-rich soil (soil sample from Bramstedt) 0.36 7.22 2:1 Layer silicates 4.8 8.5
Chlorite: 1.5

“Not measured value. When the quartz sand does not contain any impurities it's CEC 0 cmol kg ™! (Kazak and Kazak, 2020).

To determine how the ECy, reacts to the released weathering
products in the soil water (Na* and HCOY), air-dried soil samples
were watered with different NaHCO3 concentrations and purified
water as a non-alkaline reference (Figure 1). The ECyp, 6 and the
soil temperature were measured with the Dragino LSE01 probe. In
addition, the ECw and the pH of the input solution were measured
with the WTW Multimeter 3630 IDS. For further details about the
used probes, see Table 2.

For each concentration/experimental run, a container (see
Figure 1) was filled with 1.5L (around 1,700 g) of sieved air-dry
soil to ensure a large enough volume for the sensor’s electrical field
penetration depth and physical size. This sensitive measurement
volume of the sensor can be approximated by a cylinder with a
height of 10cm and a 7cm diameter around the central probe
(Dragino, 2022).

The containers were then filled with the NaHCOj3 solution in
75 g steps until reaching the soil saturation point, starting from
500 g of added solution for the used soils. After each irrigation
step, the soil was mixed manually with a spatula to homogenize
the soil water mix. Ten measurements in different sensor positions
were taken to minimize the effects of soil heterogeneity and sensor-
soil coupling.

2.5 Setup soil reaction experiment

The brown earth from the Fuerth test site was chosen to
investigate the reactions of the alkaline NaHCO3 solutions with
the soil more closely. It is the soil with a much lower organic
matter content; therefore, one would expect a weaker pH buffering
reaction. The water of the saturated paste was extracted from
this soil. The chemical analysis of the soil water extracts gives a
better understanding of the observed ECy, signal, as the ECy is
mainly a function of the dissolved ions in the soil water (Hendricksx
et al., 2002; Corwin and Lesch, 2005). Air-dried soil samples were
saturated with the different NaHCO3 solutions. The method used
closely follows the method presented by Corwin and Yemoto
(2020) for measuring soil salinity.

For each reaction setup, 1,700g of air-dried soil was mixed
with 485 mL of NaHCOj3 solution. This ratio was kept constant for
all treatments. Therefore, the brown earth was watered with the
produced NaHCOj3 solution until it reached the saturation point.
Following Corwin and Yemoto (2020), it is the point where the soil
water mix: (i) surface sparkles, (ii) can flow, (iii) slides freely off a
spatula, (iv) is malleable so that when running a spatula through the
mix the channel will hold shape and (v) when shaking the container
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the channel collapses. The soil water mix is called the saturated
paste at this saturation point.

Even though it is faster and more effective to extract the
soil water at higher water content like 1:1, 1:2, and 1:5 (soil to
water ratio) in this experiment, the low saturation level extraction
will be used. It is the standard for EC studies as it provides the
lowest but sufficient water volume to be analyzed for its chemical
composition (Corwin and Yemoto, 2020). It is closer to the natural
moisture processes in actual soil. In our case, it represents the actual
conditions in the soil of the (6, EC,) measurements of the EC,
experiment setup.

To measure the range of responses the brown earth was
irrigated with the same solutions as in the previous experiment of
0,2.5, 5, 10, and 50 mmol L™! of NaHCOs.

There are three duplicates to capture the variability and get
more reliable results for each NaHCO;3 treatment. In total, 15
saturated paste samples (5 NaHCO3 solutions times 3 duplicates)
except a third one for the high concentration of 50 mmol L~! due
to the lack of further extraction equipment. After saturating the
samples with the solutions, they were stored for 24 h in the fridge
inside containers covered with snap-tight lids to avoid evaporation
from the sample. In this period, the soil and the solution have time
to react, and dissoluble compounds can dissolve in the soil water.
After the time had passed, the saturated paste was placed outside
the fridge until it reached room temperature again. Then, the soil
water of the saturated paste, called saturation extract, was pumped
out with vacuum pumps (see Figure 2). The extraction took 1 day,
as the soil holds very little free water at the saturation point, and
it takes longer to pump it out. After applying the vacuum for 1
day, the saturation extract was directly analyzed for the chemical
composition; see Table 2 for further details.

All the soil water samples were filtered with 0.45 pm cellulose
acetate (CA) dead-end filtration. All measurements except the ECyy
and pH were measured in the filtered samples. The ECy probe
applies an internal linear temperature compensation to 25°C. All
shown ECyy values thus are normalized to 25°C.

3 Results
3.1 Bulk soil electrical conductivity (ECp)

3.1.1 Pure quartz sand (non-reactive soil
example)

In the quartz sand experiment, the different NaHCOs3
treatments are distinguishable (Figure 3). The purified water
treatment shows a very low ECy, signal for the whole range of 6.
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funnel
Input: with saturated paste
NaHCO3 (air-dry soil + NaHCOj solution)
solution
i
(( )) u vacuum pump
I ECp, 0, T
(FDR probe)
x; saturation
: extract
testing measure: ECyy, cations, anions, TA, pH, T
soil
FIGURE 2
volume: ; : Soil water extraction setup (extraction of saturation extract from
V=1.5L . - : saturated paste).
i} 4=0.21 m
moist soil :
high 50 mmol L~! NaHCO3 concentration is visible and distinct
: from the other low-concentration treatments.
el
PO UL R . > 3.1.3 Organic-rich soil
The organic-rich soil (Figure5) mostly suppressed
FIGURE 1 ‘ ‘ - ‘ the whole signal. All different treatments have the same
Setup to test soil bulk electrical conductivity ECy, for different 6. ) .
trend until 20 % volumetric water content. Above 20 %

TABLE 2 Measurements in the soil water samples.

Parameter Explanation Device
pH to track pH buffering effects WTW Multimeter 3630 IDS
from the soil with Sentix 940
ECw Electrical conductivity of the WTW Multimeter 3630 IDS
aqueous solution (EC25) with TetraCon 925
Cations Major cations measured by Metrohm 881 Compact IC
ion chromatography Pro system with Metrosep A
Supp 17-150/4.0
Anions Major anions measured by ion Metrohm 881 Compact IC
chromatography Pro system with Metrosep
C4-100/4.0
TA Total alkalinity measurement Metrohm Titrando with
with automated Gran titration | Aquatrode plus
to find equivalence point

This low ECy, reflects a low concentration of soluble salts in the
quartz sand. The data points have a weak spread and follow the
trend lines well.

3.1.2 Brown earth
In the brown earth soil (Figure4), EC, values are not
distinguishable for up to 15% volumetric water content. Only the
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volumetric water content, the high 50 mmol L~! NaHCO;
concentration can be distinguished from the others. Treatments
untii 10 mmol L~! all show the same trend, including

some noise.

3.2 Brown earth reaction experiment

3.2.1 Electrical conductivity of the soil water
(ECw)

The saturation extract experiment results (see Figure 6) reflect
the observed EC,, response from the first experiment (see Figure 4).
Despite the significantly different ECw of the initial NaHCO3
solutions, see orange bars in Figure 6, the saturation extracts for
the range of 0 to 5 mmol L~! NaHCOs, see blue bars, show a very
similar ECw. In the next higher concentration of 10 mmol |
there is a slight difference in the ECyy, but the standard deviation is
huge and overlaps with the other error bars; thus, it is insignificant.
Only in the high 50 mmol L~! treatment a significant difference in
the EC,, of the soil extract compared to the others is visible. It is
also interesting to note that compared to the input, the EC dropped
significantly for this treatment, whereas for the other treatments,
it increased.

Electrical conductivity is a collective measure of all dissolved
ions in the solution. One might expect that the electrical
conductivity of the 0 mmol L~! soil extract (pure water soil extract)
just adds up to the initial conductivity. However, as observable in
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FIGURE 3

Electrical conductivity measured in the bulk soil (ECp) against the volumetric water content of the soil (9) using pure quartz sand as the substrate. The
quartz sand was watered stepwise with NaHCO3 solution to raise the water content until reaching the saturation point at 30%. The quartz sand
mimics a non-reactive, sandy and low effective-CEC soil (raw data: SI).

NaHCOs)
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FIGURE 4

Electrical conductivity measured in the bulk soil (ECy) against the volumetric water content of the soil (9) using brown earth as the substrate. The
brown earth was watered stepwise with NaHCO3 solution to raise the volumetric water content until reaching the saturation point at 30% (raw data:
SI).

3.2.2 Cations

The major cations (see Figure 7) reveal an interesting pattern
that follows the ECw and TA signals. In all treatments, a
similar amount of calcium ions Ca’*, potassium ions K¥,

the further plots, the NaHCOj3 solution reacts with the soil solids
and partly disappears from the soil water. Thus, the reduction
in the Na®™ and HCOj; concentrations leads to a decrease in
the ECw.
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FIGURE 5
Electrical conductivity measured in the bulk soil (ECp) and the volumetric water content of the soil (9) using the organic-rich soil as the substrate. The
organic-rich soil was watered stepwise with NaHCO3 solution to raise the volumetric water content until reaching saturation point at 45 %. This soil is
rich in soluble salts and has a high effective CEC (raw data: SI).

50 mM-soil -_|

50 mM-initial
10 mM-soil
s r - Es(a:tlsJ?ailltion extract
5 mM-initial W EC initial solution
2.5 mM-soil r
2.5 mM-initial

Al ey

0 mM-initial 4

NaHCOs; treatment

/ ya

T T T T T —7 / T T

0 250 500 750 1000 1250 1500 2000 3000 4000 5000
ECy [uS cm™}

FIGURE 6

The mean value of the solution electrical conductivity (ECy), measured in the saturation extracts from the brown earth, is presented in this bar chart.
This mean value and the black error bars, showing the £1 standard deviation, were calculated from the three duplicate saturation extract samples for
each NaHCOs solution treatment (raw data: Sl).

and magnesium ions Mg is dissolved. The cations dissolved ~ dominant cation in the NaHCOj3 solutions, it will force a reaction
contributed to the ECy. However, the initially added Na™  of the soil solids with the Na™ cations and lead to cation
concentration was reduced in all cases. As Na® is the most exchange reactions.
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duplicate samples for each NaHCOz3 solution treatment (raw data: SI).

Mean major cations charge equivalent concentrations measured in brown earth saturation extracts. Each parameter was calculated using three

Especially in the 50 mmol L™! NaHCOj3 treatment, the Na*t
concentration was even halved.

3.2.3 Anions

While there are interesting trends in the ECyy, TA, and cations,
the concentrations of measured anions without the TA do not
reveal such a trend (see Figure 8). The dissolution of these anions is
unaffected by the different introduced alkaline NaHCOj3 solutions.
All soil treatments from 0 to 50 mmol L™! show a similar behavior
by releasing a comparable number of anions to the soil water.

Except for the purified water treatment, the TA in the initial
solutions was always reduced after the reaction with the soil. For
the 5, 10 and 50 meq L~! treatments, even less than half of the
initial TA was left after the NaHCO3 solution passed through the
brown earth.

4 Discussion

Using EC,, and 6 to predict soil water TA might work for non-
reactive or low-reactive substrates, like the used quartz sand, with
low effective CEC. A distinguishable ECy, response for different
NaHCOs3 treatments was visible in the pool filter quartz sand in
this experiment. However, the brown earth with organic matter
and clay minerals buffered the introduced TA proportional to the
TA concentration that was added to the soil. Due to this buffering
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effect, no clear ECy, signal is detectable for both analyzed soils
(Section 4.1).

The following discussion (Section 4.2.3) describes two potential
pathways that could have neutralized the added TA input and led to
the observed result. Either the growth in effective CEC has buffered
the TA (Section 4.2.3.2) or the precipitation of carbonates (Section
4.2.3.3) inside the soil. When the soil effective CEC grows and
the soil releases HT from acid sources other than carbonic acid, it
also shrinks the CO, removal potential. Understanding this initial
buffering effect is crucial for parties searching for a cheap and
suitable MRV tool to track the sequestered CO; (transformed into
TA) for EW experiments.

4.1 Bulk soil electrical conductivity
response

All three different substrates have in common that the ECy,
increases with 0 (Figures 3-5). Most ECy,(0) plots have a curvilinear
shape with the slope changing with 6. Considering the purified
water treatments [NaHCO3;] = 0 mmol L™! together with the
[NaHCO3;] = 50 mmol L~!. The slope %
with higher solution concentrations since this also increases
the electrical conductivity of the soil water (ECw). All the
characteristics mentioned above can be described with the ECy

is increasing

equation from Rhoades et al. (1976):

EC;, = (a#? + b9) EC,, + EC; 3)

frontiersin.org


https://doi.org/10.3389/fclim.2023.1283107
https://www.frontiersin.org/journals/climate
https://www.frontiersin.org

Rieder et al. 10.3389/fclim.2023.1283107

= NOJ
50 mM-soil = NOJ

mm Cl™
mmm SO%-

€

(9]

E

©

2 :

o

o

I

©

=

0 1 2 3 4

equivalent concentration [meq L™1]

FIGURE 8
Anion charge equivalent concentrations (without TA) measured in the saturation extract. Values are based on three duplicate samples for each
NaHCOs solution treatment. The liquid extract from the brown earth shows dominance of nitrogen species when excluding TA (raw data: SI).
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FIGURE 9
Total alkalinity of the initial produced NaHCO3 sol(orange bars) and the total alkalinity measured in the brown earth saturation extract (after the
NaHCOs solution passed the soil). The TA values are calculated from three duplicate samples for each NaHCOz3 solution treatment. The error bars

indicate +1 standard deviation (raw data: SI).

With a and b as empirical fitting constants for the soil, When considering plausible TA levels of up to 10 meq L™},
surface electrical conductivity (ECs), and the soil water electrical ~ based on leachate water from soil EW experiments by Li (2023)
conductivity (ECw). for the same organic-rich soil (see Figure 5), a reliable separation of
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ECy, in terms of the different NaHCOj3 treatments, is not possible.
The initial concentration of the NaHCOj3 inputs cannot be derived
anymore because the resulting ECy(6) curves are almost equal
for low-concentrated NaHCO3 solution additions. Additionally,
the considered high-water contents 6 are rare in natural soils
and are probably just present after heavy rainfall. Outdoors, the
soil moisture is mostly at field capacity (FC) (McCauley et al,
2005). That implies typically smaller 6, so a regression analysis’s
determination of the different NaHCOj treatments is even more
limited. However, this experiment also showed distinguishable
ECy,(0) curves when using pure pool filter quartz sand as substrate
(see Figure 3), as the sand conserves the water’s chemical properties.

The brown earth and the organic-rich soil buffered a
considerable part of the introduced TA (see Figure 9) as the soil
reacted with the NaHCO3 solution. The ECy, represents how the
soil reduced the introduced TA, thereby lowering the EC,, signal.
Apart from the initially different ECy of the NaHCOj3 solutions,
the ECy,(0) curves look very similar. However, when the NaHCO3
addition and thus the concentration in the soil water is big enough,
it can be detectable with ECy, and 6.

4.2 Soil + NaHCOg3 solution reaction
experiment

4.2.1 ECyy of the soil extracts

An interesting pattern is shown for the high concentration
of 50 mmol L™! NaHCO; (see Figure 6). EC of the soil water
dropped significantly after interacting with the soil. This drop is
reflected in the composition of the soil water, in which the Na't and
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TA decreased significantly (Figures 7, 9). For the other NaHCO3
treatments, the ECyw increased, most likely due to the dissolution
of any available soluble salts, which wasn’t a big enough share in
the 50 mmol L~ NaHCOj treatment to be visible.

4.2.2 Anions in the saturation extract

While there are trends in ECw, TA, and cations, the
concentrations of anions without TA do not depend on the different
treatments (Figure 8). The concentrations of anions without TA
measured in the extracted soil water were in the range of extracted
TA, except for the 50 mmol L™' NaHCO; treatment (compare
Figures 8, 9). The concentrations of anions without TA were
unaffected by the different NaHCO3 solution treatments (Figure 8).
All NaHCOj3 soil treatments from 0 to 50 mmol L~! show a
similar pattern, indicating that the analyzed anions (mainly NO3,
NO, and CI™) do not react or interact much with the introduced
NaHCOj3 solution.

During the rewetting of the soil with the NaHCO3 solutions,
there was an accumulation of CO, bubbles on the surface of
the wet soil, especially for the 50 mmol L™! NaHCO3 treatment.
It has been qualitatively measured with air CO, meters; thus,
no quantitative assessment is presented here. This strong CO,
outgassing during the mixing indicates that part of the introduced
HCO5 was neutralized by HT rather than adsorbed and exchanged
with another anion in the soil. The TA measurement also reflects
this HCO; drop/neutralization (see Figure 9).

For most soils, the cation exchange capacity (CEC) is bigger
than the anion exchange capacity (AEC) (Havlin, 2005). Thus,
the measured anions in the soil water are most likely a result of
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the dissolution of the soil’s soluble salts. The different NaHCOj3
treatments do not impact the availability of those soluble salts.

In contrast, the soil water’s pH value and TA affect the release
of cations bound by organic functional groups and clay minerals.
The AEC tends to be relevant mainly in soils like spodosols, ultisols,
oxisols (Sposito, 2008) and very acidic, heavy-weathered ferralsols
present in the tropics as well as volcanic soils (e.g., andosols)
(Amelung et al., 2018). Whereas in mildly to moderately weathered
soils, as the used brown earth is, the negative surface charge
dominates the soil system. This negative surface charge results from
the permanent negative surface charge of the 2:1 layer silicates
and the organic functional group’s pH-dependent negative surface
charge (Amelung et al,, 2018). This is why the AEC will be neglected
in the discussion of the used soils. The further discussion focuses on
the concentration changes of cations and TA.

4.2.3 Major cations and TA in the saturation
extract

The Na™ and the TA have dropped to a comparable extent
(Figure 10). In parallel, strong CO, outgassing was observed while
mixing the dry soil with the NaHCOj3 solution. Three possible
processes in the soil that can lead to the mentioned results are
described in the following text.

4.2.3.1 Biotic CO, respiration

The soil solution extraction experiment involves time-
dependent chemical reactions. Some reactions, like cation exchange
and neutralization of acid and base in extreme ranges, occur
quickly, while others involving life are slower. However, the
observed CO; outgassing response origin upon rewetting soil
might be both abiotic and biotic. It is known that rewetting of dry
soil can produce a fast CO; pulse generated by biotic respiration
(Barnard et al., 2020), also known as the Birch effect (Birch, 1958).
However, the observed decrease in the introduced TA (mainly
carbonate alkalinity) must also have caused CO; outgassing. Thus,
the cation exchange reaction must have also contributed to the
observed CO, pulse. The observed CO, outgassing is unlikely of
a pure biotic nature.

4.2.3.2 Growth of pH-dependent effective CEC
releasing Ht

The negative surface charge sites, produced by pH-dependent
clay minerals and deprotonation of weakly acidic chemical
functional groups on soil solids, bind exchangeable cations (Helling
et al, 1964; Curtin et al, 1996; Bloom and Skyllberg, 2011).
Soil organic matter contributes much to soil pH-dependent CEC
(Baldock and Broos, 2011; Bloom and Skyllberg, 2011). The
carboxyl and phenolic structural groups can donate protons when
the pH in the soil water is raised and act as a buffer (Garcia-Gil et al.,
2004; Thomas and Hargrove, 2015). Furthermore, the increase in
the soil’s pH can lead to a substantial loss in organic carbon (OC)
by leaching (Te Pas et al., 2023), but OC was not measured in
this study.

The higher the initial solution TA (NaHCO3 concentration),
the more organic acid structures and clay minerals will deprotonate
and neutralize the TA in the soil water (see Figure 9). This is in line
with the theory that the effective CEC increases with the pH (De
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Villiers and Jackson, 1967; Curtin et al., 1996). Consequently, the
soil particles release HT, and one negative charge site is produced
where one cation can be adsorbed (Helling et al., 1964; Sims, 2018).

In this study, the loss of TA in soil water is directly proportional
to the quantity of introduced TA. As the soil water pH is elevated,
more organic functional groups and pH-dependent clays actively
buffered the rising pH levels. For organics, the ionization of
carboxyl groups is generally complete at pH 8, and the ionization of
phenolic groups is complete at pH 11 (Bloom and Skyllberg, 2011).
The clay minerals, especially vermiculite and smectite, will also
contribute to pH buffering (Bourg and Sposito, 2011). Curtin et al.
(1996) provide a regression equation to describe the pH buffering
capacity of some Canadian soils (titratable acidity until pH=8) just
by two variables. It shows the relative impact of organic carbon and
clay content.

Y =0.02+459-OC- ApH + 3 - clay - ApH (4)
Where Y is the titratable acidity to pH 8 [cmol kg~!], OC is the
organic carbon content, and clay the clay fraction of the material
(both in [kg kg_l 1), and ApH the pH difference from initial acidic
soil to pH=8 (ApH = 8 - pH,itia)-

The pH buffer strength of the OC is one order of magnitude
higher than that of the clay. Even though the organic carbon
content in the brown earth was just 1.4 % (Table 1), its contribution
to buffer strength might be bigger than the one of the cumulative
9.25 % (Table 1) clay content if the contributions from each fraction
are comparable to Eq. 4.

The soil particles must absorb one positive charge for every
released H ion to maintain charge neutrality in the soil system.
Thus, the decrease in TA directly corresponds to changes in
the concentration of Na™ ions (see Figure 10). Since Na™ ions
are present in the highest concentrations within the NaHCO;
solutions, they have the highest tendency to be bound by the
negative charge sites. As the HT ions were released into the soil
water, they neutralized the carbonate alkalinity (HCO3), which in
turn caused visible CO, outgassing during the mixing experiments.
This underlying process can be exemplified by a reaction involving
an organic carboxylic acid structure (X — COOH).

X — COOH + Na™ + HCO; — X — COO™ + Na™

+HCO; + H' — X — COONa + CO, + H,0 (5)

The strength of the acid is defined by the X — COO™ anion.
The product X — COONa will either stay solid in the soil or might
form a complex X — COONa‘()aq). The 0.45 wm filters might also
capture this complex and suppress the contribution to the TA in
the final measurement.

However, for real terrestrial EW applications involving silicate
minerals, there might be no abiotic CO; outgassing in this initial
phase as the HT released by soil particles might directly attack
the silicate minerals without the carbonic acid weathering step in
between producing the carbonate alkalinity first.

The high TA of the 50 mmol L™! NaHCOj solution resulted in
the deprotonation of more acid structures in the soil. It is yet to be
determined which organic functional groups or clays were involved
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in the chemical reaction Eq.5 and where all reaction products
remain afterwards. The observed decrease in TA, coupled with the
drop in Na™ concentration, represents this CEC pH dependence
well. The effective CEC grows with the soil pH (De Villiers and
Jackson, 1967).

4.2.3.3 Formation of carbonate minerals

The soil humic substance and clay minerals can hold
exchangeable Ca?T cations. These cations are part of the effective
CEC of the soil. When the Ca?* was exchanged with the abundant
Nat cations, the high TA, and the Ca?* ion concentration in
the soil water might have caused rapid precipitation of carbonate
minerals. It is called a heterovalent exchange reaction because
Nat and Ca®* have different valence. Assuming that half of the
added Nat was exchanged with Ca?t, the soil water likely became
supersaturated with respect to calcite for all NaHCOj; treatments.
In this study, the carbonate content of the soil sample was not
measured after the treatment with alkaline solutions. It might have
increased, and part of the TA loss was due to the precipitation
reaction of carbonate minerals, as the soil exchanged part of the
Nat ions with Ca?* and Mg?*t ions. This process also leads to
CO; outgassing and removal of TA in the soil water. The process
is exemplified in the following reaction equation:

2Na® + 2HCO3 + X, — Ca — 2XNa + Ca*"
+ 2HCO; — 2X —Na+ CO, + H0 + CaCO; (6)

X = clay mineral or organic molecule with negative divalent
surface charge.

4.3 Source of errors in the experiments

The Dragino LSEO1 sensors are not calibrated precisely enough
to accurately measure soil volumetric water content (6) for all
soil types. A specific calibration needs to be done for each soil
type to achieve a more precise 6 reading. It's important to note
that the mineral soil type calibration used may not be suitable for
organic-rich soil samples.

Different soils and materials have varying abilities to absorb
water. Coarse sand, for example, consists mainly of macropores,
while other soils contain finely textured micropores. Additionally,
saturation levels and dissolution reactions may change over time,
so one needs to consider the time dynamic component for
similar experiments. The soil needs sufficient time to absorb the
added solution.

The biggest driver of fluctuations in the chemical composition
of the soil solution samples is the low water content of the soil.
The extracted soil solution sample volume can vary significantly.
Therefore, it is recommended to use a different method for ongoing
experiments. One approach involves increasing the water content
significantly (1:1, 1:2, or 1:5 soil: water ratios) to homogenize
everything. A centrifuge can then be used to extract the solution
with better efficiency. The vacuum pumps in this experiment
might have allowed for preferential pathways and led to different
extraction sample volumes. Nevertheless, the low water content
was chosen in this experiment to keep it close to the electrical
conductivity observed outdoors in the field.
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5 Conclusion

The combination of ECy, and volumetric water content 6 as
a proxy for soil water TA to track CO; sequestration by EW was
successfully shown for low CEC quartz sand. However, in organic-
rich and clay-rich soils, abundant CEC places and weakly acidic
functional groups cause the exchange of ions between water and
solids after adding ions simulating EW.

Using ECy, and 6 as a predictor for any changes in soil water
chemical properties requires the initial amount of soil water ions
to be known to compensate for its contribution to the EC.
Particularly, the dynamic pH buffering effects and pH-dependent
cation exchange processes of the soil need to be quantitatively
known to interpret the ECy,-0 measurement. An input of an alkaline
solution will shift the soil to a higher pH, thereby potentially
increasing the CEC, precipitating carbonates and altering the soil
system (Figure 10).

As the here used brown earth buffered half of the added TA
input, it was not possible with the equipment used to observe
significant ECy, changes for added solutions with TA concentrations
below 10 meq L™!. A significant change in EC,, was detectable
only for a higher TA concentration input of 50 meq L~! at high
volumetric water content. The alkaline input solution raises the pH
of the soil water, leading to the deprotonation of soil acid structures
that buffer the pH change and react with HCOJ to produce CO,
and H,O. This study has shown a significant pH buffering effect,
even in soil with a low total organic carbon (TOC) content of 1.4 %.
One would expect an even much greater neutralization of alkalinity
for soils with higher organic matter content. As long as H™ is
deprotonized from the solid phase into the liquid phase, added TA
will be neutralized. This behavior should be the case specifically
in acidic soils. When the effective CEC increases, and the soil
releases H from acid sources other than carbonic acid, the full
CO;, removal potential of such soils cannot be archived. An initial
amount of added TA is consumed to raise the soil pH, also known
as the lime requirement (Mclean, 2015). However, once effective
CEC is raised and remains at this higher level, CO, sequestration
by weathering silicate minerals and creating carbonate alkalinity
might be more effective. Long-term application studies are crucial
for future MRV and CO; sequestration potential calculation. Given
the possible combination of soils, climate, and rock powder quality
and application rates and frequency, large combinations of tests will
be required if the true potential of EW as a CO; sink should be
adequately evaluated.
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