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Abstract

Enhanced Rock Weathering (ERW) has emerged as a promising Negative Emission Technology due to its dual role in atmospheric
carbon dioxide removal (CDR) and soil fertility restoration. While most ERW research focuses on fertile croplands, its application
in agriculturally marginal areas remains underexplored. This study investigates the efficacy of basalt-based ERW in sandy soils
within Future Urbanization Zones of Kyaukse and Sintgaing townships, Mandalay Division, Myanmar, a site characterized by
poor water retention, low nutrient content, and limited agricultural viability. Small-scale plantation and extraction experiments
were conducted using different soil-to-basalt ratios to assess impacts on plant growth, soil mineralogy, and porewater chemistry.
Eggplant growth was notably enhanced in moderate basalt-amended soils (ratios 0.9:0.1 and 0.5:0.5), while mineralogical anal-
ysis revealed increased diversity in nutrient-bearing minerals like plagioclase and augite. Corresponding increases in pH and
essential cations (Ca*', Mg*') further highlighted the potential of basalt in improving soil geochemistry. Complementary one-di-
mensional reactive transport modeling validated experimental trends and estimated long-term dissolution and CDR potential.
Simulation results showed that 3% of applied basalt (1.2 t ha™* yr™) dissolved annually, leading to a modeled CDR efficiency of
0.31 tCO: ha™* yr™* under field-representative conditions. These findings demonstrate that basalt-ERW can enhance soil function-
ality and sequester atmospheric CO: even in degraded environments. This study extends the applicability of ERW beyond tradi-
tional croplands and offers a sustainable strategy for land restoration in rapidly urbanizing and vulnerable ecosystems.

Keywords: Enhanced Rock Weathering, Carbon Dioxide Removal, Sandy Soils, Basalt Amendment, Soil Fertility Restoration.

1. Introduction poor water retention, low nutrient-holding capacity, and rapid

Enhanced Rock Weathering (ERW), accelerating the natural
weathering rate of rocks, is gaining traction among the Negative
Emission Technologies due to its dual potential for Carbon Dioxide
Removal (CDR) and soil fertility enhancement [1-3]. Among the
rocks used for ERW, basalt (a mafic igneous rock rich in calcium
and magnesium silicates) is particularly promising [4]. Its high
weathering reactivity, abundance of essential cations (Ca?", Mg*")
for CDR, and global availability from active mining sites make it
a practical choice [5-8].

However, most ERW research has focused on fertile croplands,
where basalt amendments improve yields while sequestering CO:
[9-12]. Critical gaps remain in assessing the efficiency of ERW in
marginal, agriculturally degraded areas, particularly sandy soils.
These soils, dominated by coarse particles (0.05-2 mm), exhibit

leaching [13-15]. Such limitations pose significant challenges
for land rehabilitation, especially in Future Urbanization Zones
(FUZs) where soil degradation threatens sustainable urban
development [16-19].

To address this gap, this study evaluates the potential of basalt-
ERW in a sandy soil area of selected FUZs in Myanmar, combining:
(1) Small-scale trials to measure impacts on soil fertility and
plant growth and (2) Modeling assessments to quantify long-term
CDR potential. By focusing on agriculturally marginal lands, this
work aims to expand the applicability of ERW beyond traditional
croplands, offering solutions for land restoration and substantial
urbanization in vulnerable ecosystems.
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2. Materials and Methods

2.1 Study Area and Basalt Selection

A non-agricultural area (~7.3 acres) on the southeastern flank of
Kyaukse FUZs, Kyaukse and Sintgaing Townships, Mandalay
Division, Myanmar, was selected for this study (Fig. 1). Despite
being surrounded by active croplands, local farmers reported
that the site itself is unsuitable for cultivation. Previous attempts
to utilize the land involved planting grapefruit trees along its
periphery after replacing ~5 meters of topsoil with terrestrial soil.
However, low survival and growth rates of the grapefruit plants
persisted, highlighting the inherent soil limitations of study area.
These conditions make it an ideal candidate for testing basalt-
ERW as a strategy for soil fertility restoration in marginal lands.

Due to the lack of a basalt source or active mining site near the
study area, the Popa basalt, located approximately 130 km to the
southwest, was selected for the experiments. Rietveld analysis

revealed its composition as 23.6 wt% augite, 19.1 wt% bytownite,
30.8 wt% labradorite, 1.6 wt% ilmenite and 24.9 % matrix (Fig.
2E). Given this mineralogy, the Popa basalt has high potential
to release essential nutrients, particularly calcium (Ca) and
magnesium (Mg), which could significantly enhance soil fertility
in the study area.

2.2 Analytical Methods

2.2.1 Soil Sampling

To obtain representative soil samples from the study area, topsoil
samples (within a 0.5-1 m depth) were collected from seven
locations (A-1 to A-7) after removing 0.5 m uppermost soil layer
(Extended Fig. El). During sample collection, sieving with 5
mm mesh size was performed to remove unwanted materials and
organic matter. The collected samples were then air-dried for two
weeks at room temperature to remove excess moisture before
further experiments.

B

Extended Figure E1: Soil Sample Collection: (A) Recording and mapping the sampling points, (B) Drilling up to a depth of 5 m after
removing the uppermost soil layers, and (C) Collecting representative soil samples from the target depth after sieving.

2.2.2 Mineralogical Characterization

X-ray diffraction (XRD, Miniflex, Rigaku) analysis using cobalt
tube was primarily conducted to characterize the mineralogical
qualification and quantification. Before XRD analysis, the samples
(both soil and basalt) were dried in a temperature-controlled
chamber at 25°C for 24 hours to eliminate moisture. Subsequently,
the samples were manually ground with an agate mortar and pestle
to a particle size of <10 pum in diameter. Scanning was conducted
at 40 kV and 15 mA within the range of 5° to 85° 28 (Co-Ka), with
a scanning rate of 1° per minute and a step of 0.01°.

2.2.3 Solution Analysis

The concentration changes of targeted major cations were analyzed
using Inductively Coupled Plasma-Atomic Emission Spectroscopy
(ICP-AES: Pro XP Duo, Thermo Scientific). Samples were
prepared using Milli-Q water with a dilution factor of 10, and ICP
multi-element standard solution IV (Supelco, Germany) was used
as the calibration standard. Repeated analyses were conducted to

determine the instrumental detection limits.

2.3 Preparation for Experiments

Two types of small-scale basalt-ERW experiments were
conducted: (1) plantation experiments to assess the potential in a
natural system and (2) extraction tests to determine the maximum
potential. The A-7 soil sample was selected for these experiments
due to its representativeness (Fig. 1). Prior to the experiments, the
soil sample was mixed with ground basalt powder with diameter
<125 pum in four different weight ratios (soil: basalt): (A) 1:0, (B)
0.9:0.1, (C) 0.5:0.5, and (D) 0.4:0.6. For plantation experiments,
four three-week-old eggplants were planted in plastic pots (11 cm
wide x 15 cm deep), each filled with the respective soil mixtures.
The experiments were monitored for 31 days, with regular
irrigation conducted once per day using tap water. Leachate from
the pots was collected and analyzed to determine changes in pH
and the concentrations of targeted major cations (Ca*" and Mg*").
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Figure 1: Location of Study Area (red-rectangle) and Soil Sampling Points (red-dots). Generated by QGIS (v.3.22.5).

For the extraction tests, 1 g of each of the four soil mixtures was
dissolved in 50 mL of synthetic rainwater (pH 5.5), which was
prepared by diluting nitric acid in deionized water and adjusting
the pH with sodium bicarbonate. The sample-containing tubes
were shaken for 96 hours, with fluid samples collected at 5 hours,
24 hours, 72 hours, and 95 hours for analysis.

2.4 Modeling Concept and Reproduction

For assessment of basalt powder efficiencies and interpretation
of the experimental results, one-dimensional reactive transport
modeling (1-D RTM, for plantation experiments) was conducted.
The 1-D RTM was developed based on the study by, and all
simulations were performed using the 2023 professional package
of Geochemist’s Workbench (GWB) software [5]. With this
modeling, the thermodynamic database of the French Geological
Institute (Thermoddem-BRGM), specifically GWB_Thermoddem
V1.10_15Dec2020.dat, was applied [20].

The 1-D RTM was developed in accordance with the reference
model (i.e., maintaining the same modeling size, porewater
chemistry, infiltration rate, and porosity) as described by
[5]. Subsequently, the reactant minerals were switched into
experimental data with desirable mass and the total mass input was
incrementally increased. This approach enabled the determination
of the maximum deployable mass per hectare area.

The reliability of the 1-D RTM was assessed by comparing its
output to the dissolution efficiency of alkali basalts reported in a
reference study. For this purpose, a simulation domain equivalent
to one hectare was established, consisting of ten layers, a total of 15
mm thick. The simulation was conducted using a fixed infiltration
rate of synthetic rainwater at 1200 mm per year, as adopted from
Beerling et al [5]. The model results showed trends that closely
matched the reference data, indicating that the developed 1-D RTM
is suitable for estimating the maximum annual mass of materials
that can be effectively deployed per hectare (Extended Fig. E2).

Beerling et al. (2020)
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Extended Figure E2: Model validation of 1-D Reactive Transport Model (RTM) against Beerling et al. (2020) benchmark data. (a)
Original published results versus (b) this study implementation, both simulating 40 t ha™* of 10-pm alkali basalt weathering under 1200
mm yr ! water infiltration. Minor discrepancies likely reflect differences in: (i) mineral-specific surface area assumptions, (ii) infiltrating
water chemistry (pH, ionic strength), and (iii) secondary mineral precipitation parameters not fully specified in the reference study.

2.5 CDR Calculation

CDR efficiency of this study followed according to the CDR
calculation pathway-2 by Beerling et al. [5]. This pathway includes
the liberated targeted major cations from the dissolution of basalt
are transported to the ocean via surface runoffs and account as
ocean-based CDR (Eq. 1).

Dissolution of silicate minerals in AMD (e.g., wollastonite:
CaSiO,):

CaSiO; + 2H* > Ca** + Si0, + H,0 (1)
Atmospheric CO, uptake via ocean:

CO, gy + H,0 & Hy,CO3 & HCO3 + HY & CO5~ +H*  (2)
CDR in this study is then calculated by the following equation

where one mol of divalent cation removed 1.72 mol of CO2 from
the atmosphere.

CDR = [n X X (mol monovalent cations) +

21 X X (mol divalent cations)] x 44 (3)

where 1) is the CDR efficiency of the ocean (here 1=0.86) (Beerling
et al. 2020) and 44 is the molecular weight of CO,.

3. Results

3.1 Changes in Soil Mineralogy Following Basalt Amendment
The Rietveld mineralogical quantification revealed notable
changes in soil mineralogy following the addition of basalt
powder at three different soil: basalt ratios: 0.9:0.1, 0.5:0.5, and
0.4:0.6. The untreated soil exhibited a relatively limited mineral
composition, predominantly consisting of quartz, calcite, dolomite,
and muscovite (Fig. 2A). After the incorporation of basalt powder,
the mineralogical profile became more diverse across all amended
samples. New mineral phases corresponding to basalt-derived
components were identified, including plagioclase feldspars
(bytownite and labradorite), pyroxene (augite), and trace amounts
of ilmenite, confirming the successful integration of basalt into the
soil matrix.

Among the tested ratios, the 0.4:0.6 mixture displayed the highest
degree of new mineral incorporation because of the highest basalt
content. However, even the 0.9:0.1 mixture exhibited a significant
broadening of the mineralogical components (Fig. 2B-D).
Therefore, these results highlight the potential of basalt-enhanced
weathering to diversify the mineral content of nutrient-deficient
sandy soils, which may improve their geochemical reactivity and
long-term nutrient release capacity.
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Figure 2: Mineralogical composition variations. (A) Untreated soil, (B-D) soil-basalt mixtures with increasing basalt content, and
(E) pure basalt. The untreated soil (A) shows quartz dominance, confirming a sandy soil composition. Basalt-amended samples (B-D)
exhibit progressive mineralogical changes, while (E) displays characteristic basalt mineralogy.

3.2 Growth Rate of Eggplants

Eggplant growth ordinarily depends on a balanced supply of
macronutrients (N, P, K, Ca, Mg) and essential micronutrients (Fe,
Zn, Mn, Cu), as well as beneficial elements such as Si and Na
[21,22]. While basalt lacks significant nitrogen (N) and phosphorus
(P), its mineral composition is rich in weatherable Ca-Mg silicate
minerals and provides a steady source of Na, K, and Fe, which are
critical for plant growth. The plantation experiments demonstrated
varying eggplant growth across the different soil treatments.

Eggplants grown in the 0.9:0.1 and 0.5:0.5 mixtures exhibited
the most vigorous and sustained growth, suggesting that these

ratios provided a better balance of nutrient availability (Fig. 3C-
D). In contrast, plants in the untreated (1:0) soil showed signs of
nutrient deficiency, while those in the highest basalt concentration
(0.4:0.6) displayed the weakest growth performance (Fig. 3B, E).
This indicates that while basalt amendment enhances soil fertility
by releasing essential ions over time, excessive basalt content
may initially hinder plant growth, possibly due to altered soil
physics and chemistry. These findings underscore the importance
of optimizing basalt application rates to maximize plant growth
benefits while avoiding potential negative effects.
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Figure 3: Effects of basalt amendment on eggplant growth after 31 days. (A) Experimental setup overview. (B-E) Growth comparison
after 31 days: (B) control (soil:basalt = 1:0), (C) 0.9:0.1 mixture, (D) 0.5:0.5 mixture, and (E) 0.4:0.6 mixture. Visual assessment
reveals an inverse relationship between basalt content and plant growth rate, with higher basalt ratios correlating with reduced eggplant
development.

3.3 Changes in Leachate Solution Chemistry Across Different
Basalt Amendment Ratios

The porewater chemistry exhibited measurable changes in
response to basalt powder amendments, as observed in both the
extraction tests and the plantation experiments. Across all soil-to-
basalt ratios, the pH of the porewater showed an initial increase
due to basalt dissolution. In the extraction tests, the pH rose within

A. pH Fluctuations for Extraction Tests
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the first 5 hours and peaked by 24 hours, followed by a gradual
decline through 72 to 96 hours (Fig. 4A). Although unstable trend
was observed in the plantation trials, the porewater pH increased
progressively over the 31-day monitoring period (Fig. 4B).
Despite this pH level fluctuations, pH levels of basalt amended
soils remained higher than the unamended control, suggesting a
sustained buffering effect from basalt dissolution.
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Figure 4: pH evolution in leachate solutions during (A) Extraction tests which showed progressive pH increases in basalt-mixed soils
throughout 96 hours, while untreated soil exhibited late-stage pH decline (96h), suggesting depletion of carbonate minerals (calcite/
dolomite). Continued pH rise in mixed soils indicates sustained mineral dissolution releasing buffer ions (Ca*/Mg?*). (B) Plantation
experiments results demonstrated pH fluctuations with overall increasing trends over 31 days, where organic matter and biological
activity likely contributed to pH variations alongside mineral dissolution.
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In addition to pH, the concentrations of key major cations,
particularly Ca*" and Mg, showed a consistent and significant
increase across all amendment ratios (Fig. 5). These elements,
derived from the weathering of basaltic minerals such as
plagioclase and olivine, were released progressively over time,
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with higher concentrations corresponding to higher basalt
content. The most notable increases were observed in the 0.4:0.6
(soil:basalt) treatment, indicating enhanced mineral dissolution at
higher basalt loadings.
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Figure 5: Major cation evolution in leachate solutions during extraction tests: (A) Ca?" concentrations showed progressive increases with
higher basalt ratios (1:0 to 0.4:0.6) over 96 hours, demonstrating sustained calcium release from basalt dissolution. (B) Mg** levels were
consistently higher in untreated soil (containing dolomite) than basalt mixtures, reflecting faster magnesium release from carbonates
(i.e., dolomite) versus silicates (e.g., augite). Both trends confirm basalt amendments can provide long-term nutrient supplementation

to sandy soils.

These trends suggest that basalt addition not only alters the
chemical environment of the soil solution but also contributes
to the gradual release of essential nutrients. These changes are
indicative of the potential for enhanced nutrient availability and
soil fertility improvements over time, particularly in sandy soils
with initially low bioavailable mineral and nutrient.

3.4 Estimation of CDR Efficiency and Annual Basalt Dissolution
via Models

To evaluate the potential of ERW for CDR in this study, both
the annual basalt dissolution rate and associated CDR efficiency

were estimated using 1-D RTM. A total of 40 tons of alkali basalt
was modeled as an initial application rate within a one-hectare
cropland area [5]. Using a 1-D RTM approach, the simulation
accounted for key parameters such as rainfall infiltration, mineral
composition, and soil profile. The results indicated that, under
the given hydrological and geochemical conditions, only 1.2 tons
of the applied basalt underwent dissolution within the first year
(Fig. 6A-D). This represents approximately 3% of the total applied
mass, highlighting the relatively slow rate of mineral weathering
under field-representative conditions.
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Figure 6: Simulated basalt weathering efficiencies at field scale. (A-B) Limited dissolution (3% of 40-ton deployment) versus (C-D)
near-complete dissolution (95% of 1.2-ton deployment) under identical climatic conditions (1-ha domain, 1200 mm/yr rainfall).
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Subsequently, the 1.2 tons of dissolved basalt was input into the
1-D RTM to estimate its carbon sequestration potential. Using the
CDR estimation equation proposed by Eq. 3, the model yielded
a CDR efficiency of 0.31 tCO:; ha™' yr™'. This value reflects the
carbon dioxide removed from the atmosphere through chemical
weathering reactions, particularly the neutralization of protons and
capture of COs: as bicarbonate in the aqueous phase [5].

4. Discussion

This study investigated the feasibility of basalt-ERW as a dual-
purpose strategy for soil fertility restoration and atmospheric
CDR in agriculturally marginal sandy soils within the selected
FZUs of Myanmar. The outcomes of basalt amendment trials,
both experimental and modeling-based, provide critical insight
into broader applicability of basalt-ERW in degraded urban fringe
environments where conventional soil remediation methods
remain techno-economic challenges.

The untreated soil primarily contained quartz and muscovite,
offering limited bioavailable nutrient value because of their high
resistance to weathering. In contrast, basalt-amended showed
the presence of minerals like plagioclase and augite, which are
richer in essential nutrients such as calcium and magnesium. In
consequences, although these newly introduced basalt-derived
minerals are known for their slow dissolution but sustained release
of essential plant nutrients (e.g., Ca?", Mg?*, Fe?*), enhancing the
geochemical reactivity of the soil and promoting long-term fertility
restoration. This shift toward a more diverse and reactive mineral
composition supports the hypothesis that basalt can gradually
reengineer the nutrient profile of nutrient-poor sandy substrates.

Correspondingly, the growth performance of eggplants under
different soil treatments revealed significant biological responses
to basalt application. The most vigorous growth was observed in
soils amended at 0.9:0.1 and 0.5:0.5 ratios, suggesting an optimal
balance between nutrient release and plant accessibility. In contrast,
the control (unamended soil) exhibited signs of nutrient deficiency,
while the highest basalt content (0.4:0.6) unexpectedly suppressed
plant growth. This suggests that excessive basalt application may
create adverse chemical conditions such as abrupt shifts in pH
that inhibit nutrient uptake and physical condition such as water
retention, etc [23]. These findings underscore the importance of
tailoring basalt-ERW applications to site-specific conditions and
optimizing amendment rates to avoid detrimental effects on early
plant growth.

Changes in porewater chemistry further confirmed the influence of
basalt on soil processes. Both short-term extraction tests and longer
plantation trials showed a clear increase in pH and maintenance of
the pH across all amended soils, indicating buffering effect of basalt
through proton consumption during silicate dissolution. These
shifts contribute to better plant nutrient availability and stabilize
at higher levels throughout the plantation period, reinforcing the
soil pH maintenance. Therefore, basalt amendment can sustain
the long-term availability of crucial nutrients while concurrently
modifying the soil chemical environment in favor of plant growth

and microbial activity.

Based on the modeled dissolution dynamics and using pathway-2
CDR estimation of Beerling et al. the resultant carbon removal
potential was calculated at 0.31 tCO. ha™! yr! per 1.2 tons of
basalt dissolution [5]. This value, while modest, is significant
when scaled across larger urbanizing landscapes with marginal
soils, suggesting that basalt-ERW could play a meaningful role
in coupling urban development with climate mitigation and land
restoration goals. Furthermore, the reliable performance of the 1-D
RTM model affirms its utility for scaling field trials and guiding
basalt application strategies in data-scarce regions.

In summary, this study confirms that ERW, particularly using basalt
amendments, can substantially enhance the fertility of degraded
sandy soils while contributing to measurable carbon removal.
The combination of mineralogical diversification, improved
plant growth, chemical buffering, and validated modeling
outcomes collectively support the deployment of ERW as a viable
nature-based solution for soil rehabilitation in urbanizing and
ecologically vulnerable zones. Strategic implementation of ERW
in such contexts could not only alleviate land degradation but also
advance climate resilience and sustainable urban planning across
the Global South [23].
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