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Abstract

Enhanced rock weathering (ERW) involves the application of finely ground
silicate minerals to soils, where mineral dissolution can alter soil chemistry,
structure, and hydrological functioning. While ERW research has largely focused
on geochemical CO2 removal, its effects on soil physical and hydrological
properties remain poorly constrained. Here, we present the first structured
evidence synthesis evaluating whether ERW modifies components of the soil
sponge function, defined as the capacity of soils to infiltrate, store, redistribute,
and gradually release water. A systematic literature search identified 17 studies
comprising 261 treatment—control observations. Relative changes were
calculated for key soil physical and hydrological variables and classified as
increase, decrease, or no change using a * 5% threshold. Given the
heterogeneity of experimental designs and non-independence of observations
within studies, results were interpreted descriptively and primarily at the study
level. ERW effects were variable across soil properties. Bulk density had no
median response (0.0%; n = 72 observations from 10 studies), while aggregate
stability had a weak positive response (+1.9%; n = 35 from 6 studies). Penetration
resistance declined (-18.1%), but this response was based on one study only.
Soil water indicators provided modest evidence for increased storage capacity,
with positive responses in field capacity (+9.4%; n = 23 from 5 studies) and plant
available water (+10.1%; n = 15 from 3 studies), but only a small increase in soil
moisture (+4.4%; n = 21 from 4 studies). Hydraulic responses were mixed:
saturated hydraulic conductivity declined (-27.5%; n = 10 from 2 studies),
porosity declined (-6.3%; n = 34 from 7 studies), and infiltration rate had no
median response (0.0%; n = 13 from 3 studies). Overall, available data suggest
that ERW does not uniformly enhance the soil sponge function; its effects are
context-dependent, and the apparent contrast between increased water-storage
indicators and reduced flow-related properties may reflect differences among
study contexts because these variables were not consistently co-measured within
the same experiments.
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1. Introduction

Enhanced rock weathering (ERW) is increasingly recognised as a promising soil-
applied carbon dioxide removal (CDR) strategy, but its effectiveness depends on
factors beyond mineral dissolution alone. Although ERW is commonly discussed
through the lens of alkalinity generation and CO2 removal (Hartmann et al., 2013),
its deployment occurs within structured, biologically active soils rather than inert
reaction vessels. Soil pore architecture, water availability, root activity, microbial
processes, and the spatial distribution of rock particles regulate mineral
weathering, alkalinity generation, porewater transport, and the soil functions that
determine plant growth, carbon cycling, and hydrological resilience (Hartmann et
al., 2013; Taylor et al., 2016; Beerling et al., 2018; Goll et al., 2021; Schiedung et
al., 2026).

A useful framework for evaluating these effects is the soil sponge function,
defined as the capacity of soils to infiltrate, store, redistribute, and gradually
release water, thereby buffering hydrological extremes, sustaining plant water
availability, and reducing rapid water losses (Gholamahmadi et al., 2025a). The
soil sponge function emerges from interactions among soil structure, aggregate
stability, pore-size distribution, water retention, hydraulic conductivity, root
activity, and surface protection (Gholamahmadi et al., 2025b). This function is
therefore not captured by a single measurement. Rather, it is reflected in a suite
of physical and hydrological indicators, including bulk density, aggregate stability,
penetration resistance, porosity, soil moisture, field capacity, permanent wilting
point, plant-available water, infiltration rate, and saturated and unsaturated
hydraulic conductivity (Jha et al., 2023).

Changes in soil structure and hydrology can generate both soil-fertility co-benefits
and physical trade-offs. Increased aggregate stability, field capacity, or plant
available water could improve soil workability, drought buffering, and crop water
supply, while reduced penetration resistance could facilitate root growth and
access to deeper soil resources. Conversely, reduced porosity, macropore
connectivity, or saturated hydraulic conductivity could restrict drainage, gas
exchange, and root-zone aeration. Physical and hydrological changes may also
affect carbon cycling because soil moisture, aggregation, mineral surfaces, and
pore connectivity regulate microbial activity, root inputs, organic matter
decomposition, and mineral-associated organic carbon formation (Buss et al.,
2024; Boito et al., 2025; Xu et al., 2025). Recent ERW experiments further show
that silicate amendments can shift organic carbon towards more stable
aggregate- and mineral-associated pools, even when inorganic CO2 removal
remains limited (Steinwidder et al., 2025).
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ERW could influence soil sponge function through direct physical effects of rock
powder addition. Finely ground silicate particles may alter soil particle-size
distribution, packing density, pore-size distribution, and pore connectivity.
Depending on initial soil texture, amendment rate, grain size, incorporation depth,
and management, added particles may increase fine pore fractions and water
retention, or occupy conducting pores and reduce effective macropore continuity
(Zhu et al., 2025; Akortey et al., 2026). This is particularly relevant because
proposed ERW application rates typically exceed conventional liming rates,
raising concerns about compaction, pore clogging, restricted aeration, and
altered water movement (Schiedung et al., 2026).

ERW may also affect soil physical functioning through geochemical and
biogeochemical pathways. Weathering releases base cations such as Ca?* and
Mg?*, modifies pH and cation exchange processes, and can influence nutrient
availability, secondary mineral formation, and soil organic matter stabilisation
(Hartmann et al., 2013; Beerling et al., 2018, 2024, 2025; Goll et al., 2021; Xu et
al., 2025). These changes may impact soil structure through cation bridging, clay
formation, flocculation, microbial activity, root growth, and organo-mineral
interactions, thereby affecting aggregation and pore organisation (Angers and
Caron, 1998; Kleber et al., 2021; Slessarev et al., 2022; Buss et al., 2024; Xu et
al., 2025).

Biological controls further complicate ERW effects on soil structure and
hydrology. Plants can stimulate weathering through rhizosphere COz2, proton
release, organic ligands, nutrient uptake, and root-driven modification of soil
structure (Hinsinger, 1998; Harley and Gilkes, 2000; Dontsova et al., 2020; Boito
et al., 2025). Effects of ERW on roots, earthworms, and other soil biota can also
alter pore architecture through biopore formation, aggregate stabilisation, particle
redistribution, water uptake, and organic matter dynamics (Angers and Caron,
1998; Blouin et al., 2013; Vicca et al., 2022; Vienne et al., 2024). Hence, ERW
effects may depend strongly on whether experiments include plants, soil fauna,
and realistic wetting—drying cycles. For instance, Boito et al. (2025) indicated that
basalt effects on soil water content and carbon fluxes varied with plant presence,
earthworms, and experimental period, illustrating that ERW responses can be
mediated by biotic context rather than feedstock alone.

Hydrology is central to ERW in two directions. First, water is required for mineral
dissolution, porewater transport, and the export or retention of weathering
products. Weathering rates and inorganic CO2 removal depend on soil moisture,
vertical water fluxes, flow paths, porewater residence time, leaching, and whether
soil solution remains far from equilibrium (Cipolla et al., 2021a, 2021b; Bertagni
et al., 2025; Beerling et al., 2025). Second, the addition of rock powder may itself
modify the pore system that controls water storage and movement. Recent soil-
physics-based modelling has shown that the wet reactive surface area of rock
powder is not necessarily equal to total applied surface area, but depends non-
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linearly on soil moisture, pore-size distribution, particle-size distribution, and the
degree of mixing between rock particles and soil pores (Anand et al., 2026).

Therefore, ERW-driven changes in soil physical properties may influence COz2
removal pathways by modifying water—rock contact, porewater saturation states,
alkalinity transport, and the balance between inorganic and organic carbon
responses. This creates a strong conceptual link between ERW performance and
soil sponge function: the same pore architecture that regulates water—rock
contact also regulates infiltration, storage, drainage, aeration, and plant water

supply.

So far, ERW research and synthesis have focused mainly on CO2 removal,
weathering rates, soil chemistry, nutrient release, crop yield, and carbon pools
(Hartmann et al., 2013; Beerling et al., 2020, 2024, 2025; Clarkson et al., 2024;
Xu et al., 2025; Schiedung et al., 2026). Recent reviews emphasise that ERW
deployment remains uncertain because outcomes depend, among other factors,
on feedstock properties, particle size, soil properties, hydrological conditions,
biological activity, and downstream loss pathways (Beerling et al., 2025; Buma et
al., 2026; Schiedung et al., 2026). Soil physical and hydrological conditions are
especially relevant because they can mediate water—-rock contact, leaching,
porewater saturation states, plant water availability, and carbon cycling.

However, the evidence remains fragmented: individual studies report variables
such as bulk density, aggregate stability, soil moisture, field capacity, water
retention, infiltration, porosity, or hydraulic conductivity, but these measurements
are rarely combined within the same experiment. This fragmentation hinders a
clear understanding of how ERW affects soil physical and hydrological properties,
and whether observed responses reflect consistent mechanisms or study-specific
outcomes. This is particularly important because individual variables are often
reported across different soils, feedstocks, durations, depths, and experimental
systems, making it difficult to determine whether apparent patterns represent
within-study responses or cross-study contrasts. Therefore, assessing ERW
through soil sponge function provides a structured way to connect soil physics,
hydrology, plant growth, and carbon dynamics while identifying where the
evidence is strongest and where uncertainty remains highest.

Here, we provide a first synthesis of experimental studies assessing ERW effects
on soil physical and hydrological properties. We evaluated three hypotheses.
First, we expected ERW effects on soil structure to be more detectable in
functional indicators such as aggregate stability and penetration resistance than
in bulk density, because pore- and aggregate-scale changes may occur without
significant shifts in whole-soil packing. Second, we expected ERW to increase
water-storage indicators, including field capacity and plant available water, if rock
additions increase fine pore fractions, aggregation, or mineral-associated water
retention. Third, we expected ERW to alter flow-related properties such as
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infiltration rate and hydraulic conductivity, but not necessarily in the same
direction as storage-related variables, because increased storage and reduced
macropore connectivity may occur simultaneously.

By synthesising evidence from 17 studies and 261 treatment—control
observations, we assess whether ERW modifies key components of soil sponge
function and identify priorities for future experiments.

2. Methods
2.1 Literature search and data collection

A systematic literature search was conducted using the Scopus database,
following the PRISMA guideline (See Supplementary Figure S1), with a cutoff
date of February 2026. The search string combined terms related to enhanced
rock weathering (ERW), including “enhanced rock weathering”, “enhanced
weathering”, “enhanced silicate weathering”, and “enhanced mineral weathering”,

together with terms describing soil physical and hydrological properties:

("enhanced rock weathering" OR "enhanced weathering” OR "enhanced silicate
weathering” OR "enhanced mineral weathering" OR "rock dust”" OR "rock
powder" OR "rock flour" OR "rock amendment” OR basalt OR "basalt dust” OR
"basalt powder" OR olivine OR wollastonite OR "silicate rock"” OR "ground silicate
rock" OR "silicate amendment” OR "mineral amendment" OR "stone meal" OR
stonemeal OR remineralization OR remineralisation) AND soil AND ("bulk
density" OR porosity OR infiltration OR "hydraulic conductivity" OR "water
retention” OR "water holding capacity” OR "water retention curve" OR "soil
moisture” OR "aggregate stability” OR "soil structure" OR "penetration
resistance”)

The initial search returned 519 records. After restricting to peer-reviewed articles,
452 records remained. Filtering to English-language publications resulted in 419
records. Including additional ERW-related search terms did not yield further
studies meeting the inclusion criteria after screening.

2.2 Screening and eligibility criteria

A two-stage screening process was applied. First, titles and abstracts were
screened to identify studies reporting soil applications of rock or silicate
amendments, resulting in 389 records considered potentially relevant for full-text
assessment. Studies were retained if they met the following criteria: i. reported
experimental application of rock or silicate materials to soil (field, greenhouse,
pot, or mesocosm), ii. included at least one soil physical or hydrological variable,
iii. provided extractable treatment—control comparisons. Target variables were
grouped into three functional categories: i. Soil structure (e.g., bulk density,
aggregate stability, penetration resistance), ii. Soil water (e.g., soil moisture
including normalised water content, field capacity, permanent wilting point, plant
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available water), iii. Soil hydraulic behaviour (e.g., infiltration rate, saturated and
unsaturated hydraulic conductivity). Equivalent measurements were harmonised
into these categories (e.g., different expressions of aggregate stability or soil
water content), with full definitions provided in Table 1. Soil texture (sand, silt,
clay) was retained as contextual information where reported.

2.3 Study selection and data extraction

Following title and abstract screening, 389 records were retained for full-text
assessment. Of these, 43 studies were initially retained as potentially eligible for
extraction. One study was excluded because it was a meta-analysis rather than
an experimental study, resulting in 42 studies eligible for data extraction. Data
were extracted manually from the main text, tables, figures, and supplementary
materials, focusing on treatment—control comparisons for the predefined soil
physical and hydrological variables. A controlled vocabulary was applied to
harmonise variable names across studies, and functionally equivalent
measurements were grouped into standardised variable categories (Table 1).
Observations were excluded when they did not match the predefined variables,
lacked compatible treatment—control values, or were reported only as relative
changes, statistical contrasts, or non-comparable formats.

Table 1. Definition and harmonisation of soil physical and hydrological variables included in the
synthesis

Variable Definition Unit  Measurement condition  Category
Resistance of soil aggregates Typically measured .
Aggr.ggate to disintegration under external ./° Of under wet sieving or S~
stability L index : : . structure
forces (e.g. wet sieving) rainfall simulation
Bulk density Mass of dry. soil per unit g . Oven-dried soil, core Sall
volume, including pore space cm method structure
. Mechanical resistance of soilto MPa  Field or lab .
Penetration . L . Sail
. penetration, indicating or penetrometer, moisture-
resistance . structure
compaction and strength kPa dependent
Volumetric water content, .
. : . . In situ or controlled
Soil including normalised water vol- " .
. ; o conditions (e.g. sensors, Soil water
moisture content, e.g. fraction of water- % . . .
) . gravimetric conversion)
holding capacity
. Water content retained in soil Laboratory water
Field . . vol- ) . .
. after drainage at approximately | retention curve or field Soil water
capacity . X % S
—-33 kPa matric potential approximation
Permanent Water content at which plants vol- Laborator water
- . cannot extract water (= -1500 atory Soil water
wilting point kPa) %o retention curve
Plant Difference between field . .
: . - vol- Derived from retention .
available capacity and permanent wilting Soil water
' %o curve measurements
water point
Water_ Soil water content at =100 kPa vol- Laboratory water .
retention matric potential % retention curve Soil water
(-100 kPa) P °
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Residual Water content remaining in soil vol- Laboratory retention
water at low matric potentials often o curve (model-derived or Soil water
content represents tightly bound water ° measured)
Calculated from bulk
. Fraction of total soil volume density and particle Sall
0,
Porosity . %o ; .
occupied by pores density or measured hydraulics
directly
mm
Infiltration The rate at which water enters h™ or Field infiltration tests Soil
rate the soil surface cm (e.g. ring infiltrometer) hydraulics
h™
cm ,
Saturatfad Water flow capacity of soil h™or Laboratory  or  field Soil
hydraulic ” measurements  under :
gy under saturated conditions mm . hydraulics
conductivity - saturation
Unsaturated Water flow  capacity u _nder CT Laboratory or model- .

. unsaturated conditions, h™or . . Soil
hydraulic d d i derived from retention hvdrauli
conductivity ependent on soil water mm data ydraulics

content h™

After quality control and filtering, the final dataset comprised 17 independent
studies and 261 treatment—control observations. The dataset is organised at the
experiment level rather than publication level, such that multiple observations
(e.g., depths, time points) from the same study are retained but not treated as
independent in the interpretation. Study-by-variable coverage is provided in Table
S1, which shows the number of treatment—control observations extracted for
each variable from each included study. The characteristics of the included
studies are summarised in Table 2, and the global distribution of studies is
provided in Figure 1.

Global evidence of ERW effects on soil physical and hydrological properties
Interactive map of the 17 independent studies included in the synthesis

P9
¢ 99

Figure 1. Global distribution of studies included in the synthesis. Pins indicate unique locations
for the 17 independent studies. Yang et al. (2025) and Zhu et al. (2025) conducted their study in
the same location in Japan. The study locations from Obour et al. (2024) and Akortey et al. (2026)
in Ghana were close to each other. An interactive version provides study-level metadata, including
study citation, DOI and geographic coordinates. Link: https://datawrapper.dwcdn.net/nQY1B/1/
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Table 2. Characteristics of the 17 studies included in this synthesis, including geographic location, experimental system, soil texture, rock amendment type, and
application conditions. Variables are grouped into soil structure (e.g., bulk density, aggregate stability, penetration resistance), soil water status (e.g., soil
moisture, field capacity, plant available water), and soil hydraulic behaviour (e.g., infiltration rate, hydraulic conductivity). This table provides context for
interpreting variability in responses across studies. NR = not reported. Variables (last column) indicate whether each study reported measurements related to
soil structure, soil water, and/or soil hydraulic behaviour. The full dataset is available in the supplementary materials.

Stud Count Experiment Soil texture Rock tvpe Application Incorporatio  Duration \s/t?lzistzlrzs/\:/vater/
y ry al system (USDA) yp rate (tha-1)  ndepth (cm) (days) .
hydraulic

sand/sandy

Akortey et al. (2026)  Ghana greenhouse '(g:;“/ sandy fl’:)aucr'a' rock  50-100 0-15 120 yeslyeslyes
loam/clay

Yang et al. (2025) Japan field loam basalt 150 0-20 125 no/yes/no

Zhu et al. (2025) Japan field clay loam basalt 150 0-20 187 yes/yes/yes

Zhou et al. (2025) China lab clay schist NR 0-15 240 yes/yes/yes

Pihlap et al. (2025) USA field silt loam basalt 280 0-20 2190 yes/yes/yes

Boito et al. (2025) Belgium mesocosm  sandy loam basalt 50 0-20 456 no/yes/no

Richardson et al silt

(2025) © USA field loam/sandy basalt 6.7 0-25 730 and 2190  yes/no/no
loam

Armah et al. (2025) Canada greenhouse loam rock dust NR NR 730 yes/yes/yes

Costanzo et al. (2025) USA field silt loam metabasalt 40.3 0-10 1095 yeslyes/yes
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sand/sandy

Obour et al. (2024) Ghana pot/field loam/sandy gl)auc;lal rock 10-50 0-15 610 yes/no/no
clay loam
sandy
Medeiros et al. (2024)  Brazil field loam/clay gneiss 9.5 0-20 730 no/yes/no
loam
Oladele et al. (2024)  Nigeria field sandy granite 3-10 0-15 120 yes/nolyes
' loam/silt loam
Dupla et al. (2024) Switzerland field loam basalt 20 0-10 30 yes/no/yes
Chiaravalloti et al. ;g dy | basal 11.2 0-10 24 and 29 yes/
(2023) mesocosm  sandy loam asalt : - an no/yes/no
Pavlu et al. (2021) Czech field sandy loam  basalt NR NR 1460 yeslyeslyes
' Republic
Kelland et al. (2020) UK mesocosm  clay loam basalt 100 0-25 120 no/nolyes
Naseri et al. (2019) Germany lab ﬁ)aanrg/sandy basalt NR 0-15 NR yes/nolyes

Note: The experimental system follows the terminology and experimental components used in the original studies. Where studies included more than one
experimental component, the system listed reflects the component from which the extracted observations were taken. “Pot” refers to container-based
experiments with individual soil-plant units, whereas “mesocosm” refers to larger controlled experimental units designed to represent more complex soil—
plant—biota interactions or more realistic soil environmental conditions.
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2.4 Data processing and standardisation

Units were harmonised across studies to ensure comparability of soil physical
and hydrological variables. For each observation, a relative change (RC, %)
between treatment and control was calculated as:

Mean treatment — Mean control

RC(%)=( )XIOO

Mean control

To enable consistent comparison across heterogeneous studies, responses were
classified into three categories using a predefined threshold of £ 5%:

i. increase: relative change > +5%
ii. decrease: relative change < -5%
iii. no change: -5% < relative change < +5%

This threshold-based classification provides a consistent and transparent way to
describe response direction across studies, but does not account for variance or
statistical significance and is therefore used for descriptive purposes only. For
each variable, the following summary metrics were calculated:

i. median relative change (%)
ii. number of observations (n), and number of studies
iii. counts and percentages of increase, decrease, and no change

These metrics provide complementary descriptions of response magnitude,
through the median relative change, and response direction, through the
categorical distribution.

2.5 Variance data

Variance information (standard deviation or standard error) was recorded when
available. When standard error (SE) was reported, it was converted to standard
deviation (SD) using:

SD = SE X Vn

Variance data were not consistently reported across studies and were therefore
not used for weighting or statistical inference. Because of the limited number of
studies, all observations were retained in the analysis regardless of variance
availability. This synthesis is therefore based on descriptive metrics (relative
change and categorical classification) rather than variance-weighted effect sizes.
Variance information is reported where available to support transparency and to
facilitate future meta-analytical work. For studies with missing variance
information, corresponding authors were contacted where possible; however, no
additional variance data were received before finalising the synthesis.
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2.6 Analytical approach

Given the limited number of studies, heterogeneity in experimental designs, and
inconsistent reporting of variance, a quantitative meta-analysis could not be
performed. Instead, a structured evidence synthesis was adopted. This approach
combines: i) median relative change as a measure of central tendency, and ii)
categorical classification of responses (increase, decrease, no change) to
describe response direction. Because multiple observations may originate from
the same study (e.g. different depths or time points), observations are not
statistically independent. Therefore, results are not interpreted at the individual
observation level but rather used to identify general patterns across studies. This
framework provides a transparent and consistent summary of the available but
heterogeneous evidence.

3. Results
3.1 Dataset overview

The final dataset comprised 17 independent studies and 261 treatment—control
observations, including repeated measurements across depths, time points,
treatments, and experimental contexts, evaluating the effects of enhanced rock
weathering (ERW) on soil physical and hydrological properties. Study coverage
varied strongly among variables. Bulk density, porosity, and aggregate stability
were the most widely represented variables, each reported in at least six studies.
Soil water variables, including field capacity, permanent wilting point, plant
available water, and soil moisture, were less consistently reported across studies.
Field capacity, permanent wilting point, and plant available water were treated as
water-retention characteristics, whereas soil moisture referred to observed or
normalised water content during the experiment.

Hydraulic variables such as infiltration rate and saturated hydraulic conductivity
were also sparsely represented. Some variables, including residual water
content, unsaturated hydraulic conductivity, water retention at -100 kPa,
penetration resistance, and saturated hydraulic conductivity, were available from
only one or two studies (Table 3; Table S1). Because the synthesis is descriptive
and based on uneven study coverage, all responses should be interpreted as
preliminary patterns rather than definitive ERW effects. Variables represented by
only one or two studies identify especially important evidence gaps where further
research is needed.

Table 3. Summary of ERW effects on soil physical and hydrological variables. Median change (%)
indicates the median relative change in each variable under ERW compared with the control.
Observations (n) indicate the number of extracted treatment—control comparisons, while studies
indicate the number of independent studies contributing to each variable. The increase, decrease,
and no change columns describe the directional distribution of observations, calculated using the
+ 5% threshold. For example, aggregate stability had a median relative change of +1.9%, while
37% of observations were classified as increases, 26% as decreases, and 37% as no change.
Variables represented by one or two studies should be interpreted as evidence gaps rather than

11
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general ERW responses. Unsaturated hydraulic conductivity is reported for transparency but was
not interpreted further because comparison depends strongly on the measurement water content
and matric potential.

Median Observati Increas Decreas No
Variable Category  change  Studies ons (n) e (%) e (%) chang
(%) ° ° e (%)
Aggregate Sl +1.9 6 35 37 26 37
stability structure
Bulk density O 0.0 10 72 22 26 51
structure
Penetration Soil —18.1 y 10 0 90 10
resistance structure
Soil moisture  Soil water +4.4 4 21 48 24 29
Field Soil water  +9.4 5 23 57 13 30
capacity
Plant
available Soil water  +10.1 3 15 67 0 33
water
Permanent g \ater  +2.6 3 15 40 20 40
wilting point
Water Soil water  —4.0 1 5 0 40 60
retention
Residual Soil water  +12.5 2 3 100 0 0
water content
Porosit Soil 6.3 7 34 12 53 35
y hydraulics ’
Infiltration Soil . 0.0 3 13 31 46 23
rate hydraulics
Saturated Soil
hydraulic . -27.5 2 10 10 90 0
gy hydraulics
conductivity
Unsaturated Soil
hydraulic . +125 1 5 100 0 0
hydraulics

conductivity

3.2 Soil structure

Soil structural indicators were associated with contrasting responses to ERW.
Bulk density exhibited no overall response (median: 0.0%), with 22% of
observations classified as increases, 26% as decreases, and 51% as no change.
Aggregate stability showed a small positive median response (+1.9%), with 37%
of observations classified as increases, 26% as decreases, and 37% as no
change. Penetration resistance had a negative median response (-18.1%), but
this variable was available for only one experiment (Figure 2).
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3.3 Soil water properties

Water-related variables were associated with variable responses across studies.
Soil moisture was enhanced by a median of +4.4%, with 48% of observations
classified as increases, 24% as decreases, and 29% as no change across four
experiments. Field capacity increased by a median of +9.4%, with 57% of
observations classified as increases, 13% as decreases, and 30% as no change.
Plant available water had a median increase of +10.1%, with 67% of observations
classified as increases and 33% as no change. Permanent wilting point indicated
a median increase of +2.6%, with 40% of observations classified as increases,
20% as decreases, and 40% as no change. Water retention at —100 kPa was
measured in only one experiment, with a median response of —4.0%, with 40%
of observations classified as decreases and 60% as no change. Residual water
content exhibited a median increase of +12.5%, based on three observations
across two experiments, all classified as increases.

3.4 Soil hydraulic behaviour

Hydraulic variables were characterised by variable responses across studies.
Infiltration rate had no median response (0.0%), with 31% of observations
classified as increases, 46% as decreases, and 23% as no change. Saturated
hydraulic conductivity had a negative median response (-27.5%), with 10% of
observations classified as increases and 90% as decreases. Porosity also had a
negative median response (-6.3%), with 12% of observations classified as
increases, 53% as decreases, and 35% as no change. Unsaturated hydraulic
conductivity had a positive median response (+125.0%), with all observations
classified as increases, but it was extracted from one field study only and is
reported mainly for transparency. Because comparison of unsaturated hydraulic
conductivity depends strongly on measurement water content and matric
potential, this variable was not interpreted further.
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Figure 2. Evidence map of enhanced rock weathering (ERW) effects on soil physical and
hydrological properties. Each circle represents a soil variable and is positioned according to its
median relative change (%). Circle size reflects the number of observations (n), while colour
indicates the dominant response direction (increase, decrease, or mixed). Variables are grouped
into soil structure, soil water status, and soil hydraulic behaviour. Abbreviations: AS, aggregate
stability; BD, bulk density; PR, penetration resistance; SMC, soil moisture content; FC, field
capacity; PAW, plant available water; PWP, permanent wilting point; WR, water retention (-100
kPa); RWC, residual water content; P, porosity; IR, infiltration rate; Ksa, saturated hydraulic
conductivity. Unsaturated hydraulic conductivity (Kunsat) is shown for transparency but was not
interpreted further because it was available from one study only and depends strongly on
measurement water content and matric potential.

Variable-level distributions of relative changes are provided in Figures S3.1-S3.3
for soil structural variables, Figures S4.1-S4.6 for soil water variables, and
Figures S5.1-S5.4 for soil hydraulic variables.

4. Discussion

4.1 ERW effects on soil sponge function are variable, context-dependent,
and not uniformly positive

As expected, this synthesis shows that ERW does not produce uniform
responses across soil physical and hydrological properties. Instead, the available
evidence points to variable, process-specific responses, with modest changes in
water-storage indicators, mixed structural responses, and contrasting effects on
flow-related properties. This finding aligns with recent assessments suggesting
that ERW outcomes are strongly site-specific and depend on soil type, feedstock
properties, climate, water fluxes, biological activity, application rate, and
experimental duration rather than on rock addition alone (Beerling et al., 2025;
Buma et al., 2026; Schiedung et al., 2026). This variability is not surprising given
the structure of the dataset.
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The 17 included studies ranged from laboratory and pot experiments to
greenhouse, mesocosm, and field systems; soil textures ranging from sand and
sandy loam to clay loam and clay; and amendments including basalt, glacial rock
flour, gneiss, granite, metabasalt, schist, and mixed rock dusts. Application rates
also varied widely, from low rates such as 3—-10 t ha™ (Oladele et al., 2024;
Richardson, 2025) to moderate and high rates of 40—100 t ha™ (Akortey et al.,
2026; Boito et al., 2025; Costanzo et al., 2025; Kelland et al., 2020), and up to
150-280 t ha™ in intensive field studies (Pihlap et al., 2025; Yang et al., 2025;
Zhu et al., 2025). Such differences make a uniform “ERW effect” highly unlikely.

The limited number of independent studies remains a central constraint. Although
the dataset contains 261 treatment—control observations, these are distributed
across only 17 studies and often include repeated depths, time points, or
experimental contexts. In addition, the limited number of studies reporting specific
variables precluded more in-depth analyses of how soil texture, feedstock type,
application rate, depth, duration, and experimental system mediate ERW
responses. Therefore, the results should be interpreted as a structured synthesis
of evidence rather than a formal meta-analysis. The value of the dataset lies in
revealing where ERW responses appear directionally consistent, where they
remain mixed, and where standardised measurements are urgently needed.

4.2 Structural responses: neutral bulk density, weak aggregate response,
and reduced penetration resistance

The results partly support the expectation that ERW effects on soil structure may
be more detectable in functional indicators than in bulk whole-soil metrics,
although evidence remains uneven among variables. Bulk density had no median
response (0.0%), while aggregate stability showed only a small positive median
response (+1.9%). The neutral bulk-density response is not surprising given the
diversity of soil textures, application rates, amendment contexts, and
experimental systems covered by the synthesis. This neutral bulk-density
response is broadly consistent with Xu et al. (2025), who reported a negligible,
non-significant bulk-density response for crushed rock and lime amendments
(+0.3%; n = 20). However, their synthesis focused on soil carbon responses and
included a broader set of amendment types than the present study.

Although soil texture is likely to mediate ERW effects on bulk density, the
available evidence did not indicate a simple texture-dependent pattern (Figure 3).
Bulk-density responses appeared more strongly influenced by study design and
amendment context. In particular, the largest increases came from a
greenhouse/growth-chamber study in which rock dust was used as a volumetric
component of potting media mixtures rather than as a conventional field
application to mineral soil. Therefore, the neutral median response in bulk density
likely reflects a combination of experimental system, amendment rate or
proportion, mixing approach, and sampling depth, rather than texture alone.
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This also highlights the need to distinguish conventional soil amendment studies
from pot-media formulation experiments when interpreting ERW effects on bulk
physical properties. Therefore, the absence of a consistent bulk-density response
should not be interpreted as evidence that ERW did not affect soil structure. Bulk
density is a coarse indicator and may not detect changes in pore-size distribution,
aggregate arrangement, or mechanical strength. Schiedung et al. (2026)
highlighted that high rock powder additions could affect soil structure through
compaction or temporary macropore clogging, particularly when application rates
exceed conventional liming rates. Aggregate stability was associated with a small
and mixed median increase. This weak signal is notable because several
mechanisms would predict stronger aggregation responses: ERW can release
Ca%* and Mg?*, modify pH, stimulate microbial activity, and create new mineral
surfaces for organo-mineral associations (Kleber et al., 2021; Rowley et al., 2018;
Slessarev et al., 2022; Xu et al., 2025). However, these processes require time
for roots, microbial residues, and mineral weathering products to interact.

Yet, the available data do not indicate a simple duration gradient in structural
responses (Figure 3). Short-term studies showed mixed outcomes: aggregate
stability was near neutral or slightly negative in Akortey et al. (2026) and Dupla et
al. (2024), but increased in Oladele et al. (2024), while bulk-density responses
ranged from slight increases to decreases. Longer-term field studies were also
variable, with near-neutral bulk-density responses in Pihlap et al. (2025) and
Pavll et al. (2021), reduced aggregate stability but lower penetration resistance
in Costanzo et al. (2025), and positive aggregate-stability responses in Pavlu et
al. (2021). Thus, duration may interact with soil texture, amendment type,
application rate, and biological feedbacks, but the current dataset is insufficient
to fully unravel these effects and potential interactions.

Coarse and fine-textured soils Largest bulk-density increases Short- and longer-term studies
showed mixed structural came from growth-media mixture both showed variable outcomes.
responses. treatments, not conventional field No clear duration gradient was
No simple texture-dependent applications. evident.

pattern was evident.

Evidence: descriptive Issue: potting media vs mineral soit Duration interacts with context

Structural indicators considered: Bulk density, Aggregate stability, Penetration resistance

Interpretation

ERW structural responses did not follow a simple texture or duration gradient. The available evidence suggests that soil
texture, experimental system, amendment context, application approach, and duration interact. These patterns are descriptive
and should not be interpreted as a formal moderator analysis.
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Figure 3. Context-dependence of ERW effects on soil structural responses. The figure
summarises qualitative study-level patterns for bulk density, aggregate stability, and penetration
resistance. The available evidence did not indicate a simple texture-dependent response or a
clear short-term versus long-term gradient. Instead, structural responses appeared to vary with
experimental system, amendment context, application approach, and study duration. The largest
positive bulk-density responses were associated with a greenhouse/growth-chamber study in
which rock dust was used as a volumetric component of growth media rather than as a
conventional field application to mineral soil. This figure is descriptive and should not be
interpreted as a formal moderator analysis.

Penetration resistance showed a strong negative median response, but this
pattern was based on one study only and should be treated as a preliminary
indication rather than a general structural response. Nevertheless, it is a
potentially important variable for future ERW studies because it directly relates to
root-relevant soil mechanical resistance and may change even when bulk density
remains near neutral. Because penetration resistance is highly moisture-
sensitive, future studies should report soil water content at the time of
measurement alongside bulk density and porosity.

4.3 Soil water responses: water retention characteristics increased more
consistently than dynamic soil moisture

The evidence provides modest support for improved water storage, but not a
universal increase in dynamic soil water content. Field capacity (+9.4%) and plant
available water (+10.1%) had positive median responses, whereas soil moisture
increased only modestly (+4.4%). Permanent wilting point and water retention at
-100 kPa were hardly affected, although the latter was available from one study
only. While soil moisture is a dynamic state variable controlled by rainfall or
irrigation, drainage, evapotranspiration and plant uptake, field capacity,
permanent wilting point, water retention and plant available water describe
intrinsic soil hydraulic properties. Consequently, changes in water-retention
properties do not necessarily translate into higher measured soil moisture during
an experiment.

Water-storage responses were also highly context-dependent. Akortey et al.
(2026) showed consistent increases in field capacity and plant available water
across several soil textures under glacial rock flour addition, whereas Pihlap et
al. (2025) observed small negative responses in both variables in a long-term
basalt-amended field trial. Similarly, Costanzo et al. (2025) showed mixed water-
retention responses, with increases in plant available water occurring mainly
where metabasalt was combined with additional amendments, including olivine,
biochar, compost, or biochar plus compost, rather than uniformly across
metabasalt-only treatments. Dynamic soil moisture was also study-specific:
Medeiros et al. (2024), using gneiss in a field system, showed consistently
positive soil moisture responses across sandy-loam and clay soils, whereas Boito
et al. (2025) and Yang et al. (2025) showed neutral to negative responses under
basalt addition.
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Taken together, these findings indicate that ERW may increase potential water-
storage capacity under some conditions, but this does not consistently translate
into higher observed soil moisture during experiments. The positive median
responses in field capacity and plant available water are consistent with the
hypothesis that fine mineral additions may shift pore-size distribution towards
greater capillary water retention. However, this mechanism cannot be
generalised across studies because soil texture, feedstock type, application rate,
biological context, and measurement conditions varied substantially among
experiments. This context dependence is also consistent with Boito et al. (2025),
where soil water responses varied across experimental conditions rather than
following a uniform direction. In some studies, interpretation was further
complicated by treatments that combined rock powders with other amendments,
including biochar, compost, or manure.

Future experiments should prioritise complete water-retention curves, repeated
soil moisture measurements, and paired reporting of plant uptake, drainage, and
hydraulic properties within the same experimental systems. Such integrated
datasets would help clarify whether observed changes in soil water retention
translate into meaningful improvements in water availability under field
conditions.

4.4 Hydraulic behaviour: preliminary evidence for reduced saturated flow

Hydraulic variables were sparsely represented and showed variable responses.
Saturated hydraulic conductivity (Ksat) had a negative median response, porosity
declined moderately, and infiltration rate had no median response. The negative
response in Ksat is mechanistically plausible because fine rock particles may
occupy larger conducting pores, reduce macropore continuity, and increase
tortuosity (Schiedung et al., 2026). This interpretation is also consistent with pore-
scale modelling showing that the spatial arrangement of rock particles in soil
pores can influence both water-rock contact and water movement (Anand et al.,
2026). However, the available evidence is not sufficient to conclude that ERW
generally reduces hydraulic flow, because Ksat was available from only two
studies, and infiltration rate showed no median response.

Unsaturated hydraulic conductivity was extracted from one study and is reported
for transparency, but it was not used to infer a general hydraulic mechanism
because it depends strongly on soil water content and matric potential.

4.5 Apparent storage—-flow trade-off and Ilimits of cross-variable
interpretation

When variables were summarised across the full synthesis, field capacity and
plant available water tended to increase, whereas saturated hydraulic
conductivity and porosity tended to decline. However, these variables were not
consistently measured within the same experiments. Therefore, this pattern
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should be interpreted as an apparent synthesis-level trend rather than direct
evidence that ERW caused a storage—flow trade-off within individual studies. The
hypothesis is mechanistically plausible because pore-size distribution and pore
connectivity jointly regulate water retention, saturated flow, and unsaturated
redistribution (Nimmo, 2004; Dexter et al., 2008; Ding et al., 2016; Brutsaert,
2023).

However, the study-by-variable coverage matrix (Table S1) shows that only a
subset of studies measured multiple components of soil water storage, structure,
and hydraulic behaviour together. Studies such as Akortey et al. (2026), Costanzo
et al. (2025), Pavll et al. (2021), and Oladele et al. (2024) are therefore
particularly useful for within-study interpretation, but even these studies
measured different combinations of variables. As a result, the proposed storage—
flow trade-off remains a hypothesis requiring targeted experiments that co-
measure water retention, pore structure, infiltration, and hydraulic conductivity
under comparable conditions.

Temporal mismatch and experimental duration add further uncertainty. In the
present dataset, soil moisture observations often represented dynamic
measurements over experimental periods or specific crop stages, whereas
variables such as aggregate stability, bulk density, porosity, water-retention
characteristics, infiltration rate, and hydraulic conductivity were usually measured
at discrete sampling dates. Experimental duration also varied widely, from short-
term laboratory, pot, greenhouse, and mesocosm studies to multi-year field trials.

Therefore, apparent contrasts among soil moisture, water retention, and
hydraulic variables may partly reflect differences in measurement timing and
experimental duration rather than direct functional decoupling within the same
soil system. Early physical effects of rock-powder addition may differ from longer-
term responses involving mineral weathering, aggregation, root activity, and
biological feedback (Figure 4).

Baseline soil After ERW application Observed patterns
Balanced water flow and storage rppeeeEed: ﬁne—pon? étorage T e SAE ERED G
macropore connectivity |?
Field capacity 1 (5)
- 5 Plant available water 1 (3)
- . E] Soil moisture: variable 1 (4)
=
g o N |
2 ° g Porasity |? (7)
£l £ Ksat |? (2)
u ®
<]
o

l :
. Kunsat: uncertain (1)
. O Water retention: uncertain (1)
Infiltration: no median response (3)
Bulk density: no madian response (10}

Numbers in parentheses = independent studies

Figure 4. Conceptual representation of hypothesised ERW effects on soil pore structure and
hydrological functioning. ERW may alter soil sponge function by changing pore-size distribution,
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pore connectivity, and water—rock contact. The hypothesised mechanism is that fine rock particles
may increase capillary water storage while reducing effective macropore connectivity, depending
on soil texture, feedstock properties, particle size, application rate, incorporation depth, and
biological activity. Evidence from the present synthesis provides descriptive support for increased
field capacity and plant available water, more variable support for changes in dynamic soil
moisture, and preliminary evidence for reduced saturated hydraulic conductivity and porosity.
Numbers in parentheses indicate the number of independent studies contributing to each
variable. Responses in water retention at —100 kPa and unsaturated hydraulic conductivity were
each based on one study and are therefore treated as uncertain. The figure is conceptual and
should be interpreted as a hypothesis-generating framework rather than a mechanism confirmed
across all included studies.

4.6 Key drivers of variability: application rate, texture, feedstock, and
mixing

Application rate, soil type and texture, climate, feedstock identity, particle size,
and incorporation depth likely explain much of the observed heterogeneity in
ERW effects on soil sponge function (Beerling et al., 2025; Schiedung et al.,
2026). Low application rates, such as 3—10 t ha™, may have limited physical
effects, whereas higher rates increase the likelihood of interactions between rock
particles and the pore network (Oladele et al., 2024; Richardson, 2025; Pihlap et
al., 2025; Yang et al., 2025; Zhu et al., 2025). Finer particles can increase reactive
surface area but may also modify pore connectivity and water movement (Anand
et al., 2026; Schiedung et al., 2026).

Soil texture likely controls whether these changes improve storage or restrict flow.
In sandy and sandy-loam soils, fine mineral additions may increase water
retention and plant-available water (Naseri et al., 2019; Obour et al., 2024,
Medeiros et al., 2024; Boito et al., 2025; Richardson, 2025). In finer-textured soils,
effects may instead be more related to pore connectivity, aeration, and saturated
flow (Kelland et al., 2020; Pihlap et al., 2025; Yang et al., 2025; Zhou et al., 2025;
Zhu et al., 2025).

Feedstock differences add further variability. The included studies used basalt,
glacial rock flour, gneiss, metabasalt, schist, mixed rock dusts, and, in one case,
granite dust. These materials differ strongly in mineralogy, dissolution rate,
particle-size distribution, nutrient release, and secondary mineral formation
potential (Akortey et al., 2026; Armah et al., 2025; Costanzo et al., 2025;
Medeiros et al., 2024; Obour et al., 2024; Zhou et al., 2025). Granite dust should
be interpreted cautiously in an ERW context because it is generally less reactive
and poorer in Ca and Mg than typical ERW feedstocks such as basalt or
wollastonite; in the present synthesis, it was retained because the study reported
soil physical responses to a silicate dust amendment (Oladele et al., 2024).

Incorporation depth and mixing also matter because most studies focused on the
upper 0—25 cm, where rock particles interact most strongly with roots, pores,
water, and organic matter (Boito et al., 2025; Costanzo et al., 2025; Dupla et al.,
2024; Medeiros et al., 2024; Pihlap et al., 2025). Effects on deeper hydraulic
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properties and downward transport of weathering products remain poorly
constrained (Buma et al., 2026; Schiedung et al., 2026).

4.7 Implications for plant growth and soil carbon

The physical and hydrological responses to ERW have direct implications for
agronomy and CO2z removal. Increased field capacity and plant available water,
coupled with reduced penetration resistance, can directly support crop water
supply and root elongation. Conversely, restricted saturated flow could limit root-
zone oxygen in poorly drained systems. While large-scale trials (e.g., Beerling et
al., 2024; Kelland et al., 2020) have demonstrated agronomic benefits, these are
traditionally interpreted through geochemical and nutritional pathways; the
mediating role of soil physics is rarely tested directly.

Soil sponge function is inextricably linked to soil carbon stabilisation. Moisture,
aggregation, porosity, and newly available mineral surfaces regulate microbial
activity and the formation of mineral-associated organic carbon (MAOC) (Angers
and Caron, 1998; Rowley et al., 2018; Kleber et al., 2021; Slessarev et al., 2022;
Xu et al., 2025). However, recent evidence also indicates mixed effects of ERW
on mineral-associated organic matter over short timescales. Sokol et al. (2024)
reported reduced mineral-associated organic matter after two years of crushed
rock application, whereas Steinwidder et al. (2025) found no clear ERW effect on
MAOC. In contrast, Xu et al. (2025) reported an overall positive MAOC response
in a global meta-analysis, with an average increase of 6.1%, although responses
differed among rock types.

These contrasting results highlight that soil carbon responses may depend on
site conditions, amendment type, mineral reactivity, experimental duration, and
biological feedbacks. As demonstrated by Xu et al. (2025) and Boito et al. (2025),
ERW effects on carbon cannot be evaluated solely through inorganic weathering
pathways. This is further supported by recent evidence showing that active
weathering does not necessarily translate into high inorganic CO2 removal,
because released base cations may be immobilised in exchangeable pools,
secondary minerals, or soil organic matter rather than exported as alkalinity or
stored as carbonates (Steinwidder et al., 2026). These carbon-related outcomes
are therefore partly dependent on how rock amendments restructure the physical
environment in which water, roots, microbes, organic matter, and minerals
interact.

4.8 Research priorities and outlook

To improve our insights into the effects of ERW on soil physical and hydrological
properties, more studies are required that measure soil structure, water retention,
and hydraulic behaviour within the same experiments. Future ERW studies
should prioritise a tiered set of soil physical and hydrological measurements. At
a minimum, studies should report bulk density, soil texture, aggregate stability,
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repeated soil moisture, and a water-retention curve from which field capacity,
permanent wilting point, and plant available water can be derived (Hillel, 1998).
These variables are essential because they describe the basic soil physical
context, water-storage capacity, and the dynamic soil water status that controls
plant water availability and weathering conditions (Cousin et al., 2022). Where
resources allow, infiltration rate and saturated hydraulic conductivity should be
added to assess whether increased water storage is accompanied by changes in
water-entry and drainage pathways, because infiltration is jointly controlled by
soil hydraulic conductivity, sorptivity, and hydraulic gradients (Vereecken et al.,
2019).

Penetration resistance is recommended when plant-root constraints are relevant,
but it should always be measured together with soil moisture because soil
strength and penetrometer resistance vary strongly with soil water status
(Bengough and Mullins, 1991; Yapa et al., 1988). Unsaturated hydraulic
conductivity is valuable for mechanistic interpretation but should be treated as an
advanced measurement because it requires standardised matric-potential or
water-content conditions for comparison across studies (van Genuchten, 1980).
These measurements should be reported with treatment and control means,
variance, replication, soil depth, sampling time, soil moisture at measurement,
feedstock mineralogy, particle-size distribution, application rate, incorporation
depth, and experiment duration. This information is essential for meaningful
comparison across sites and for distinguishing whether ERW responses are
driven mainly by soil texture, amendment properties, application intensity,
biological context, or time since application (Beerling et al., 2025).

Treatment and control means with variance, and replication would enable future
formal meta-analysis (Gerstner et al., 2017), while soil depth, sampling time, and
incorporation depth would help determine whether responses occur within the
amended layer or reflect deeper soil conditions. Reporting soil moisture at the
time of measurement is particularly important for interpreting penetration
resistance and hydraulic conductivity (Bengough & Mullins, 1991; Vereecken et
al., 2008). Feedstock mineralogy and particle-size distribution are needed to link
physical responses to rock reactivity, pore filling, and water—rock contact
(Beerling et al., 2025; Anand et al., 2026).

Together, these data would allow future studies to move beyond descriptive
comparisons and test the mechanisms underlying ERW effects on soil sponge
function. This need for integrated measurement aligns with recent ERW reviews
(Beerling et al., 2025; Schiedung et al., 2026) and expert assessments (Buma et
al., 2026), highlighting persistent uncertainties around feedstock performance,
soil-plant responses, water-mediated weathering, and long-term CO2 removal
efficiency. It is also supported by pore-scale modelling showing that water—rock
contact depends on soil moisture, pore structure, particle size, and mixing degree
(Anand et al., 2026), and by recent carbon-focused studies showing that ERW

22



697
698

699
700
701
702
703
704
705

706

707
708
709
710
711
712
713
714
715
716
717
718

719
720
721
722
723
724
725
726
727
728
729
730

731

732
733

734

effects on soil carbon depend on climate, soil properties, application amount,
duration, and biological processes (Boito et al., 2025; Xu et al., 2025).

Overall, ERW does not uniformly enhance soil sponge function. Its effects appear
variable and context-dependent, with modest changes in water-storage
indicators, limited evidence for bulk structural change, reduced saturated flow-
related properties, and possible pore-scale reorganisation. Future field studies
should therefore test soil sponge function, plant performance, carbon cycling,
runoff, and soil erosion together under realistic management conditions
(Gholamahmadi et al., 2023).

5. Conclusion

This synthesis shows that enhanced rock weathering (ERW) does not produce a
uniform improvement in soil sponge function. Across 17 studies and 261
treatment—control observations, ERW effects were variable and depended
strongly on the soil property considered. Bulk density had no median response,
aggregate stability changed only weakly, and penetration resistance declined in
the only study reporting this variable. Soil water responses provided modest
evidence for increased water-storage capacity, particularly through positive
median responses in field capacity and plant available water. However, dynamic
soil moisture increased only slightly, indicating that ERW does not consistently
increase observed soil water content across experimental conditions. Hydraulic
responses were also mixed: saturated hydraulic conductivity and porosity tended
to decline, while infiltration rate had no median response.

Because these variables were not consistently measured within the same
experiments, the apparent contrast between increased water-storage indicators
and reduced flow-related properties should be interpreted as a hypothesis-
generating pattern rather than definitive evidence of a storage—flow trade-off.
Overall, ERW effects on soil physical and hydrological properties appear process-
specific, context-dependent, and not uniformly positive. The available evidence
supports the need to evaluate ERW not only as a geochemical carbon dioxide
removal strategy, but also as a soil physical intervention with potential co-benefits
and trade-offs. Future studies should co-measure soil structure, water-retention
curves, repeated soil moisture, hydraulic behaviour, plant responses, and carbon
dynamics within the same experiments to determine when, where, and how ERW
can enhance soil sponge function.

Data availability

The dataset supporting this synthesis is provided as an associated file with the
preprint.
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Figure S1. PRISMA-style flow diagram of study selection. The literature search identified 519 records in Scopus. After filtering for peer-reviewed articles and
English-language publications, 419 records remained. Title and abstract screening retained 389 records for full-text assessment. Forty-three studies were initially



retained; one was excluded because it was a meta-analysis rather than an experimental study. Of the remaining 42 studies assessed for data extraction, 25
were excluded because they did not provide extractable treatment—control comparisons for the selected soil physical and hydrological variables, or because
values were reported only as relative changes, statistical contrasts, or insufficiently compatible formats. The final dataset included 17 independent studies and
261 treatment—control observations.

Table S1. Study-by-variable coverage matrix for the structured evidence synthesis. Values indicate the number of treatment—control observations extracted for
each soil physical or hydrological variable from each study. Dashes indicate that the variable was not extracted from that study. Abbreviations: AS, aggregate
stability; BD, bulk density; PR, penetration resistance; SMC, soil moisture content; FC, field capacity; PAW, plant available water; PWP, permanent wilting point;
WR, water retention at =100 kPa; RW, residual water content; P, porosity; IR, infiltration rate; Ksat, saturated hydraulic conductivity; Kunsat, unsaturated hydraulic

conductivity.

Study Year AS BD PR SMC FC PAW PWP WR RW P IR Ksat Kunsat
Akortey 2026 8 - - - 8 8 8 - - - - 8 -
Pihlap 2025 - 2 - - 2 2 2 - - 2 - - -
Armah 2025 - 7 - - 7 — - - - 7 - - -
Costanzo 2025 5 — 10 - 5 5 5 5 - - — - 5
Zhou 2025 - - - 1 - - - - 2 - - -
Richardson 2025 2 25 - - - - - - - - - - -
Zhu 2025 - 1 - - - - - - 1 2 - - -
Boito 2025 - - - 6 - - - - - - - - -
Yang 2025 - - - 1 - - - - - - - - _
Obour 2024 - 9 - - - - - - - - - - -
Medeiros 2024 - - - 8 - - - - - - - — _
Oladele 2024 6 - - - - - - - 6 6 - -
Dupla 2024 12 6 - - - - - - - - 6 - -
Chiaravalloti 2023 - - - 6 - - - - - - _ _
Pavll 2021 2 2 - - - - - - 2 2 - 2 -
Kelland 2020 - - - - - — - - - - 1 - -
Naseri 2019 - 13 - — - - - - - 13 - - -




Supplementary Figures S3-S5: Observation-level distributions

Observation-level plots are provided separately in the accompanying ZIP archive, Supplementary_ Figures S3-S5.zip, because
several figures are too long to be displayed clearly within the Supplementary Information PDF.

The archive contains:

Figures S3.1-S3.3: soil structural variables
Figures S4.1-S4.6: soil water variables
Figures S5.1-S5.4: soil hydraulic variables

Each point represents one treatment—control observation. The code shown for each point corresponds directly to the observation_id
in the accompanying dataset, allowing every plotted value to be linked to its study, treatment, soil depth, sampling time, and
experimental condition.

Relative changes greater than 0% indicate an increase under ERW, values below 0% indicate a decrease, and 0% indicates no
difference from the corresponding control.

A README file included in the ZIP archive provides additional guidance for interpreting the figures.



