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Abstract
Soil is a critical resource for global food security.However, traditional physical analyses of soil
samples and geophysical imaging techniques are often labour intensive and time-consuming. This
study investigates the potential of ultra high-frequency (> 500Hz)hammer-source seismology to
characterise the physical properties of soil at the decimetre scale.We conducted experiments within a
long-termfield experiment nearHarper AdamsUniversity (UK) aimed at comparingConservation
andConventional agriculture.We surveyed twometer-and-a-half sections of each agricultural
treatmentwith 16 geophones and collected soil sampleswith the same horizontal resolution.Our
estimates of the P-wave velocity (vp) and bulk density in the upper 40 cmof the soil reveal a strong
and statistically significant correlation. Consistent correlation of bulk density and vp throughout the
depth profilewere observed between the seismic images and interpolated bulk density data derived
fromphysical soil samples. Ourwork demonstrates that ultra-high frequency seismic analysis is a
promising, cost-effective tool for estimating soil bulk density, in support of agronomic and land-
management decisionmaking, and improving the accuracy of soil carbon stock quantification.

1. Introduction

Soil is themost important ecosystem for global food security.More than 99%of the calories humans consume
are produced in soil (Pimentel 2006). Yet, research of the chemical, physical and biological structures of soil is
limited, and incomplete globalmonitoring of soil hinders the progress in soil sciences and the improvement of
agricultural practices. This is especially important as the combination of land degradation and climate change
are predicted to reduce crop yields by an average of 10%globally, and up to 50% in certain at-risk regions by
2050, resulting in the forcedmigration of 50 to 700million people (Scholes et al 2018).

Soil is a conglomeration of sand, silt, clay and organicmaterials. Biological activity, frommicrobes (Tisdall
andOades 1982,Neal et al 2020) to earthworms (Sharma et al 2017), shape soil into a porousmatrix. The
physical structure of soil is hierarchical frommicro- tomacro-aggregates (Dexter 1988, Basset et al 2023),
which have direct and indirect effects on ecosystem function, agricultural productivity, and environmental
sustainability through its interactionswith plant growth and crop production, water infiltration and gas diffu-
sion (Jarvis et al 2024).Macro-aggregatesmay formdistinct structures, such as ‘blocky’ formations, ‘columns’
(common in soils with high sodiumcontent), or ‘massive’ structures, typically resulting from compaction due
to trafficking or repeated tillage. These structures can significantly decrease soil permeability to both gases and
water. Soil genesis andmaintenance therefore constitute a key part of soil health (Lehmann et al 2020).
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Currently there exist no effectivemeans of exploring soil structure at either amacro-aggregation or soil
horizon scale (< 1m)without digging a soil pit or taking undisturbed soil cores, as techniques such as x-ray
tomography lack field-scale applicability, and geophysical techniques such as electrical resistivity and ground-
penetrating radar provide spatial information but struggle to characterize key properties like bulk density and
horizon depth (Jeffery et al in prep.). Location-specific sampling is expensive and labour intensive, so extra-
polation to the field (100m) or landscape scale (1–10 km) is inevitable. This severely impacts our understanding
of soil health as key soil properties are known to be highly spatially and temporally variable (Usowicz and
Lipiec 2017, Lehmann et al 2020,Nyéki et al 2022).

Bulk density is a key property for calculating soil organic carbon (SOC) stocks, quantifying compaction
levels, top soil volume, and carbon concentration (Minasny et al 2013), and formodelling awide range of soil
processes (e.g. how carbonmoves and is stored in the soil, ormicrobial activity andCO2fluxes) (dos Santos
et al 2025). However,measuring the bulk density of soil is particularly difficult as it is labour intensive, time-
consuming, and expensive (Suuster et al 2011). Therefore, rather than directlymeasured in the field, bulk den-
sity is usually estimated using amathematicalmodel known as a pedotransfer function (Hollis et al 2012,
Suuster et al 2011), especially at the landscape or larger scale. For example, Liu et al (2013) use equations devel-
oped by Saxton et al (1986) tomodel SOC stocks inNorthAmerica, based on theUnifiedNorthAmerican Soil
Map. To circumvent the logistical difficulty ofmeasuring bulk density at scale, recent research has focused on
machine-learningmodels to identify pedotransfer functions at the continental scale. For example, dos Santos
et al (2025)uses a comprehensive dataset of soil properties in Brazil to present amachine learningmodel that
accurately predicts bulk density, which outperformed amultiple linear regression approach. In addition,
Chen et al (2024)uses the European ‘LandUse/CoverArea frame statistical Survey Soil’ databases
(Orgiazzi et al 2018) to train amachine learningmodel using 15 predictor variables, which outperformed
previous non-machine learning based pedotransfer functions.

Seismology provides a non-invasivemethod for studying Earth’smantle (Nolet 2008) and crust (Rawlinson
et al 2010). However, it has rarely been considered a useful tool for investigating Earth’s shallowest layer—the
soil. The visibility of interfaces in seismic imaging strongly depends on velocity contrasts and layer definition;
poorly defined interfaces cause scattering and ambiguous data,making it harder to interpret depth and layer-
ing.While previous studies have examined soil compaction orwave velocity atmoderate resolutions (Lu et al
2019, Carrera et al 2024), we propose a seismicmethod using ultra-high frequencies to investigate soil bulk
density in the soil ‘A’Horizon.

Soil profiles are divided into layers, called horizons, which are usually parallel to the soil surface. The ‘O’
and ‘A’ horizons, commonly referred to as the ‘topsoil’ by farmers, are of particular importance in soil science
and agriculture, as they store themajority of the soils biota, nutrients and organicmatter (Hartemink et al
2020). Therefore,management tools which can accurately quantify the physical structure of the topsoil are
beneficial to soil health and carbon sequestration in soils. Recent papers have highlighted how active source
seismology can help overcome the logistical complexities of characterizing soils at small scales. For example, Lu
et al (2019) andCarrera et al (2024)measured the frequency-dependent phase velocity of Rayleighwaves to
characterise the depth profiles and horizontal variations of soil horizonswith strong contrasts. Romero-Ruiz
et al (2021) identified changes in phase velocity down the soil profile using seismology andwas able to char-
acterise changes in bulk density. Carrera et al (2024) also identified changes in phase velocity down the vertical
soil profile and imposed specific depths (0–30 cm, 60–100 cm and>100 cm) to parametrise theirmodel of the
sub-soil.

In this study, we refer to frequencies below 50Hz as low-frequency, 50–500Hz as high-frequency, and
frequencies above 500Hz. This classification is based on twomain factors; A: the typical operational range of
seismic instruments, which generally falls below 200Hz, and; B: the existing literature, where frequencies above
200Hz are rarely explored. Further, the term ‘ultra-high frequency’ is deliberately chosen, as ‘high-frequency’
is commonly used in geophysics, often referring to∼1Hz in global seismology andup to 100Hz in exploration
seismology.

In order tomap soil physical structure at the decimetre scale, we need to use seismicwaveswith sufficiently
small wavelengths to identify small changes in physical structure along their propagation path. For the topsoil
case, this suggests using frequencies above 500Hz.While previous seismic experiments have quantified chan-
ges to soil bulk density at lower depths (50–100 cm) (Carrera et al 2024), quantification of soil bulk density and
the spatial variationwithin the soils ‘A’ horizon requires ultra-high frequencies. Typically, wave velocities are
known to be affected by various soil properties includingmoisture (Baker et al 2002), temperature (Park and
Kim2023), lithology (El-Emam et al 2019). A systematic comparison of the seismic and physical properties of
soil is an important step toward quantifying of SOC stocks.

This study is the first step in a longer-term effort to build a reference database that links seismicwave speeds
and soil horizon depths to key soil properties, including soil type, structure,moisture content, bulk density,
compaction, and their seasonal variability. Over time, and through repeatedmeasurements across a range of
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environments and conditions, the aim is to develop a tool that could eventually support landmanagement and
empower farmers to undertake non-invasive soil healthmonitoring at high resolution.Our use of ultra-high
frequency, active small-scale source seismology is an intentionally simple, affordable, and scalable approach,
designed to explore its feasibility as a practicalmethod for soilmonitoring.

2.Methods

2.1. Field site
The experimentwas located in north Shropshire, UK (Lat 52.915, Lon−2.606). The site consists of an
experiment involving two adjacent fields (figure 1), measuring 3.7 ha and 5.7 ha in area. Themain soil type of
the site is a sandy clay loam,which is classified by theNational Soil Resources Institute as a slowly permeable
seasonally wet slightly acid but base-rich loamy and clayey soils (Hallett et al 2017). The site is drainedwith
100 mmdiameter clay piping at a depth of 1.2 m.

The experiment consists of a systems-level comparison ofConservationAgriculture andConventional crop
production systemswith 10 plots and five replicates using a systematic plot design (Collins 2025). Plots were
24mwide and varied in length according to field shape. Allmachinery operationswere conducted by local
agricultural contractors. The two systemsweremanaged independently by qualified agronomists, one specia-
lising in commercial agronomy and the other specialising in conservation (regenerative) agronomy. The crop
managementwas performed by the agronomists independently for each system. The agronomic decisionswere
devised from regular field observations during the season, as is commonpractice in a commercial setting. The
experimental treatments weremanaged using the principles summarised in table 1.

2.2.Hammer seismics
Weconducted the experiments on January 31st and February 1st, 2025, during the fourth year of the
agricultural experiment. Conventional treatmentwas plantedwithwinter wheat (Triticum aestivum var.

Figure 1. AMapof the experimental location in Shropshire, UK. The orange circle indicates the field site.BThe design of the
agricultural systems experiment. TheConventional treatment is denoted by the red shading and theConservation treatment by the
blue shading. The orange circle shows the exact locationwhere the seismic experiment and soil samplingwas conducted. Reproduced
with permission from [Collins (2025)].

Table 1.Comparison of agricultural practices underConventional andConservation treatments in the field experiment.

Conventional agriculture Conservation agriculture

Tillage usedwhendeemednecessary Minimal soil disturbance through direct drilling of all crops; no cultivation

Removal of straw residue Maintenance of soil cover by chopping straw residue back onto the soil surface and use of direct

drilling

Nouse of cover crops Diversified crop rotation through the inclusion of cover crops

Insecticide usage Nouse of insecticides
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Extase) onOctober 5th, 2024, and theConservation treatmentwas left fallow over thewintermonths. The
Conventional treatmentwas established by ploughing to a depth of 25 cm, the furrowsworkedwith a power
harrow, andwinterwheat drilled to a depth of 4 cm. The seismic experimentwas conducted 6m from the plot
edge and 6m from the tramline centrewithin the northeastern quadrant of the field (figure 1(B)).

We used a hammer source to generatewaves (240 g hammer striking a 5-cm square plate) and recorded the
seismicwaveswith 16 LOMgeophones. The LOMrecords groundmotions and has sensitivity to frequencies
between 10 and 2000Hz (https://store.lom.audio/, Bloem et al (2025)).We placed the LOMs at a
distance of 60 cm to 190 cm from x= 0with a uniform spacing of 10 cm. Thirty hammer locationswere
performed starting at x= 5 to 295 cmat 10 cm increments (figure 2(A)). Figure 3 shows common receiver
gathers (i.e., records ofmultiple hammer strikes at the same station) for both treatments. The geophoneswere
located at x= 60 cm (LOM1) and x= 70 cm(LOM2) respectively.

We used ‘Snuffler’ from thePyrocko software library (Heimann et al 2017) to pick P-wave arrival times.
We varied the low-pass and high-pass filter setting between 500–1500 Hz and 1500–2000 Hz tomaximize the
signal-to-noise ratio in the vicinity of the P-wave onset.We obtained 458 and 496 travel-time data points for
Conservation andConventional treatments, respectively.We estimated the 2-DP-wave velocity (vp) structure
beneath the seismic lines using thepyGIMLi software (Rücker et al 2017), which is a ray-based approach using
Dijkstra’s algorithm for efficient first-arrival travel times calculations. The inversionwas based on aGauss-
Newton scheme (Wang 2012)withTikhonov regularization.

We quantified the vp to a depth of 40 cm at triangular grid points. Themesh consisted of a triangular grid
with average element sizes of 5 cmnear the surface, increasingwith depth to around 15 cm, to ensure accurate
ray bending and turning.We used a smooth, linear, startingmodel based on default starting values of
pyGIMLi (top: 500m s−1; bottom: 5000m s−1) and assumed constant uncertainties for themanual picks
between 0.45 and 0.55millisecond.Weobtained the finalmodel for vp byminimizing the least-squares differ-
ence between calculated andmeasured P-wave arrival times. In seismic tomography, we refer to this resulting
distribution as a ‘model’, which is a spatial dataset of seismic velocities derived from traveltime inversion, not a
predictive or statisticalmodel. The final ‘seismic image’ is a visual representation of this inferred velocity
model.

Figure 2. A Schematics of experimental set-up. In total 16 instrumentswere used (black inverted triangles). The red stars show the
hammer strike location.BPhotograph of the detailed soil samplingwhichwas conducted right beneath the seismic experiments
(black inverted triangleswithwhite rim show approximate location of the geophones). Horizontal yellow linemeasures the extend of
the trench (300 cm), vertical yellow linemeasures the depth of the trench. In total 210 soil sampleswere taken,with approximately
10 cm spacing between them, and analysed for each experimental treatment. Inlay shows zoomof LOM instruments during
experiment.
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Wecalculated data normality and homoscedasticity for the vpmodelwith the ShapiroWilks Test and
Bartlett’s Test using the baseRstats package. The datawasmodelled using a generalised linearmodel using
thestatspackage inR to determine the soil variable that are significant drivers of vp. Themodel used dry bulk
density as a fixed effect.

2.3. Bulk-density analysis of soil
One day after the seismic experiments, we used an excavator to extract 210 cores of soil beneath both seismic
lines from x= 5 cm to x= 295 cm to a depth of z= 50 cm (figure 2(B)). Each core had a volume of 100 cm3. The

Figure 3.Common receiver gathers (i.e., recordings frommultiple hammer strikes at the same geophone) inA theConservation and
B theConventional treatments.Waveforms are plotted according to source location to highlight themove-out of seismic phases, and
all traces are individually amplitude-normalized. The left panels provide an overview of all source distances, while the right panels
zoom in onfive selected distances. The orange dashed linemarks the picked P-wave arrival times.Waveforms are bandpass filtered
between 500–1500Hz (left) and 800–2000Hz (right), to enhance the visibility of the first arrival. The location of ‘LOM1’ (bottom)
and ‘LOM2’ (top) in the experimental set-up ismarked in figure 2(A).
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horizontal spacing of the coreswas 10 cm, the same as the spacing of the geophones. The sampleswere analysed
for dry bulk density, volumetricmoisture content, and stonemass (Methodologies are presented in
Supplementary section 1).

Wemodelled the spatial correlation between the soil samples using variograms to estimate spatially dis-
tributed soil variables at upsampled locations. Themodels fitted to the variogramwere automatically generated
to compute the best fit using theautomap package inR (Hiemstra et al 2009).Wemodelled bulk density using
Matern semivariogrammodels for each treatmentwith varying values for the nugget, sill, and range, which
were all automatically computed for the best fit (Conservation:Nugget= 0.01, Sill= 0.03,Range= 26,κ = 10.
Conventional:Nugget= 0.01, Sill= 0.03,Range= 33,κ = 0.6). The semivariogrammodels andmodel statistics
are presented in Supplementary figures 2 and 3.Weused the variogram to performOrdinaryKriging using
gstat(Pebesma 2004) and checked the interpolationmethod ofOrdinaryKriging for applicability using the
Moran’s I statistic for spatial autocorrelation using thespdep package inR(Bivand andWong 2018). A
k-nearest neighbours algorithmwas applied to the extent coordinates to identify the spatial relationships
among sampling locations and create a spatial weightsmatrix using a row-standardized (W) approach
(Tiefelsdorf et al 1999). Using the spatial weightsmatrix,Moran’s I test was conducted on theKriging-predicted
values to statistically assess the degree of spatial autocorrelation present in the predictions. The krigingmodels
were cross validated using Leave-One-OutCross-Validation (Kleijnen andVanBeers 2022), and indicated
unbiased predictions (Conservation:ME= 0.0005,RMSE= 0.118, andR2= 0.51. Conventional:ME= 0.0004,
RMSE= 0.13, andR2= 0.36).

3. Results

Wave propagationwas different in theConservation andConventional treatments (figure 3). Therewas larger
separation between the P-waves and later high-amplitude arrivals in theConservation treatment. This suggests
different Rayleighwave characteristics in the topsoil and subsoil of the treatments, butwe focus our analysis in
this paper on the arrival time of the P-wave.

In seismic tomography, we assess the quality of amodel using the chi-squared (χ2) value, which quantifies
howwell the predicted data fit the observations relative to their assumed uncertainties, with values around 1
indicate a better fit. The final seismicmodels achieved reducedχ2 of 0.927 for theConservation treatment and
χ2 of 0.984 for theConventional treatment, indicating a good fit to the observed datawithin the assigned uncer-
tainty bounds (0.45–0.55millisecond).

We found sharper contrast in theConservation treatmentwhich suggest denser,more cohesive top layers
that are better resolved at ultra-high frequencies. The vp ranged fromapproximately 300m s

−1 in the unconso-
lidated near-surface layers to about 600m s−1 at around 40 cmdepth. vpwas lowest near the surfacewith a
mean velocity of 309.9m s−1 (SE= 1.72) in theConservation treatment and amean of 293.1 m s−1 (SE= 0.96)
in theConventional treatment, and increases with depth in both treatments to 555.4m s−1 (SE= 6.39) in the
Conservation treatment and 429.8m s−1 (SE= 2.5) in theConventional treatment at 40 cmdepth.Our analysis
identified a significant increase in vp (β = 34.6, SE= 10.6,Z= 3.2, p= 0.002) in theConservation treatment
compared to theConventional treatment.

Our analysis of the soil samples using a linearmixed effectsmodel indicates that the bulk density in the
Conservation treatment is higher than in theConventional treatment at all depths analysed (0–45 cm)
(β = − 0.13, SE= 0.01,Z= − 11.23, p< 0.0001). Themean bulk density at 5 cmdepth is 1.27 g cm−3 in the
Conventional treatment and 1.36 g cm−3 in theConservation treatment (β = − 0.09, SE= 0.03,Z= − 3,
p= 0.003). At 45 cmdepth,mean bulk density is 1.51 g cm−3 and 1.69 g cm−3 in theConventional andCon-
servation treatments, respectively (β = − 0.17, SE= 0.03,Z= − 5.5, p< 0.0001). The increase of bulk density
with depthwas similar for both treatments (figures 4 and 5(A)).

OrdinaryKrigingwas applied to estimate bulk density across the experimental extent. TheMoran’s I analy-
sis identified significant positive spatial autocorrelation (MoransI= 6.29, p= < 0.0001) in the data, indicating
that soil bulk density is spatially clustered andnot randomly distributed throughout the soil profile. This sup-
ports the use of spatial interpolationmethods in this analysis. The spatial interpolation of soil bulk density for
both experimental treatments is shown in figure 4.

The results of the seismicmodel were comparedwith interpolated bulk densitymeasurements taken along
the same transect (figure 5). In both datasets, a clear contrast between the two treatments is evident. TheCon-
servation treatment shows generally higher bulk density and amore abrupt transition to denser layers.

In contrast, theConventional treatment exhibits lower overall values and seismic velocities transition
smoother andmore gradualwith depth. The patterns in vp and bulk density were similar.Higher velocities were
observed at 40 cm in theConservation treatment than in theConventional treatment. In linewith the observa-
tions for the bulk densities, there was greater variation in velocities in theConventional treatment, with a
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sharper transition of velocities evident. Pearson’s correlation coefficient analysis identified a strong positive
correlation between vp and bulk density (R= 0.57, p< 0.0001) in theConventional treatment and theCon-
servation treatment (R= 0.61, p< 0.0001). Statistical analysis identified bulk density as a highly significant
driver of vp (β = 287, SE= 35,Z= 8.21, p< 0.001).

4.Discussion

This study explores the use of ultra-high frequency seismology as a simple and scalablemethod for non-invasive
soil structure assessment. By targeting decimetre-scale resolution using ultra-high frequencywaves, we aim to
quantify spatial variations in topsoil bulk density and examine their relationship to physical soil properties. Our
results confirm that at ultra-high frequencies, seismic velocity correlates stronglywith bulk density, confirming
that ultra-high frequency seismic imaging can resolve subtle structural differences in soil profiles related to land
management practices, supporting the use of seismicmethods for rapid, non-invasive assessments of soil
structure at the decimetre scale (Nissen-Meyer et al in prep., Jeffery et al in prep.).

Figure 4.Comparison of bulk density and seismic imaging. The top panel shows interpolated bulk density across the transect of soil
probes (see figure 2(B)) for both treatments:AConservation left andBConventional right. The bottompanel displays the
corresponding seismic velocitymodels. Darker shades indicate higher bulk density and higher seismic velocities. Overall, the
Conventional treatment shows lower values and a smooth transition from the top to the bottom.TheConservation treatment
exhibits amore abrupt transition and higher values of bulk density and seismic velocity.

Figure 5. A: Soil bulk density (g cm−3) n= 30 depth−1.B:P-wave velocity (ms−1).C:P-wave velocity and soil bulk density Pearson’s
correlation coefficient. Ribbon is equal to standard error of themean. Each point represents a derived vp value from the chosen depth
grid and its corresponding bulk densitymeasurement.Vp values are discretized samples of the continuous velocity field.
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The comparison between the two agricultural treatments reveals clear significant differences in soil bulk
density as is commonly associatedwith different tillage systems (Soane et al 2012, Garbout et al 2013). In the
Conservation treatment, we observe significantly higher bulk density, correlatedwith higher seismic compres-
sional velocities, with a sharper andmore clearly defined boundary in the seismic image.

This is in contrast to theConventional treatment, where bulk density is significantly lower, seismic velo-
cities are significantly lower, and the interface appears less distinct. This is the first instance inwhich ultra-high
frequency seismicwaves (>800Hz) have been used in order to resolve soil physical characteristics at the
approximately 10 cm scale of resolution.

Previous analysis of soil compaction using seismicwaves have used lower frequencies and been constrained
to a lower resolution of approximately 25 cmor above (Romero-Ruiz et al 2021, Carrera et al 2024). This scale
of resolution can be insufficient for assistingwithmaking agronomic decisions, such aswhether a top soil is
sufficiently compacted that remedial action is required.

Seismic P-wave velocities between 300-600m s−1 comparewell with previous studies (Carrera et al 2024).
For the shallowest 10 cm, this requires frequencies of at least 1500, whereas at 40 cmdepth a 10 cm-resolution is
fullymet by frequencies above 3000Hz. This shows the need to push seismicmethodswell into the ultra-high
frequency regime if one needs to resolve even finer structure in a fully spatially explicitmanner.However, in the
case of onset P-wave traveltimes, and the imagingmethodology used here, the assumption of infinite-fre-
quency traveltimes seems to hold, as long as the onset traveltimes are robustly pickable and stable with respect
to thewider frequency spectrum (Nissen-Meyer et al in prep.).When frequencies are too low to resolve a struc-
ture andwaveforms are used instead of onset travel times, the resulting seismic imagewill be a smeared approx-
imation of the true structure.

These observations suggest that no-tillage agricultural practices have deeper andmore compacted soil lay-
ers, which in turn enhance seismicwave velocities. This is due to the transition period that occurswhen a field
shifts from conventional tillage to no-tillage practices. Improvements in soil bulk density can require several
years under no-tillage soilmanagement (Blanco-Canqui andRuis 2018). Soil compaction is a large and growing
issue globally, driven by the increasing size of agricultural vehicles (Gürsoy 2021) and the increasing numbers of
livestock (Zhang et al 2022). In England andWales alone, the economic costs of compactionwere estimated to
be £472million annually in 2015 (Graves et al 2015). It has been estimated that long-termproductivity losses of
10–20%globally can be expected due to the interaction between soil compaction andwater erosion
(Sonderegger and Pfister 2021).

While porosity was not directlymeasured, it is inversely proportioned to bulk density (Robinson et al 2022).
It is currently posited to have strong potential as an indicator of soil health due to the strong relationshipwith
biological activity in its genesis, as well as the important role it plays in numerous soil functions such as facilitat-
ingwater infiltration and root penetration as well as gas exchange (Neal et al 2020). However, there are cur-
rently no non-invasivemeans of quantifying porosity in the field. The approach outlined in this paper therefore
shows strong potential for application as a further tool to help quantify soil health.

Anothermajor advantage of this experimental set-up is that each hammer-source seismic experiment takes
only about 10 seconds to conduct, and the full acquisition of a survey line typically takes between 1 to 2 hours.
In contrast, the soil analysis involved digging 210 individual holes and performing time-consuming laboratory
analyses for each sample. This highlights the practical value of the seismicmethod, not only in terms of resolu-
tion and spatial coverage but also in reducing the time, labour, and cost associatedwith soil characterization as
discussed by Bloem et al (2025).

5. Conclusions

The application of ultra-high frequency seismic approaches shows strong potential for identifying soil
compaction by quantifying changes in bulk density. As a spatially explicit and non-invasivemethod, it operates
at a resolution thatmay be sufficient to support agronomic and landmanagement decisions. Furthermore, it
holds promise as an important predictor variable in futuremachine learning-based pedotransfermodels for
soil processes.

Ourmethod offers a fast, non-invasive alternative to traditional sampling, capable of capturing high-reso-
lution spatial variability of soil properties such as bulk density. By scaling this approach, we can help bridge the
gap between coarse continental-scalemodels and the finer, field-level data needed for site-specific landman-
agement. In the long term, seismic-derivedmeasurements could serve as an important input formachine
learningmodels (Nissen-Meyer et al in prep.), enablingmore localized and accurate predictions of soil proper-
ties—andultimately supportingmore informed, data-driven decisions in agronomy and land use.

With further refinement—such as inclusion of S-phases, full-waveform inversion, Bayesian inversion
approaches,machine-learning automation, and lab analyses of soil texture, carbon, and organicmatter—this
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method could provide a powerful alternative to conventional, time-consuming soil sampling techniques.
While the present study focuses on a single soil type and seasonal snapshot, further validation across different
soil textures,moisture regimes, and climatic conditionswill be essential to assess broader applicability.Our
preliminary analysis of vp-moisture relationships suggests aweaker correlation compared to bulk density, but
seasonal and site-specific effects should be quantified in futuremulti-site experiments. Building on this, sub-
sequentworkwill investigate S-wave velocities (vs) and explore additional soil parameters, such as porosity and
moisture content, through targeted experiments and expanded analyses.
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