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Abstract

This study investigates the distribution and stabilization of carbon (C) in technosols constructed from urban

waste materials and organic inputs, aiming to enhance C storage and restore urban ecosystems. Technosols

composed of concrete (Cw) and excavation (Ew) waste, wood chips (W), compost (C), and biochar (B) (CwO,

EwO, and WCB) were analyzed over two years within an urban milpa, a traditional Mesoamerican agricultural

system. We assessed C and nitrogen (N) contents, exchangeable cations, aggregate size distribution, and

molecular composition. Among the technosols, the wood chip, compost, and biochar mixture (WCB) exhibited

the highest organic C (OC), inorganic C (IC), and total N (TN) contents, followed by CwO and EwO. While C

levels remained stable in all technosols, TN decreased in CwO, increasing its C/N ratio to 27, indicating

potential N immobilization. Calcium concentrations increased across all technosols (CwO = WCB > EwO),

while Na levels decreased, improving aggregate stability. Macroaggregates accounted for 85% of OC and TN in

all technosols, with microaggregates and silt + clay fractions containing 5% and 10%, respectively. CwO and

EwO exhibited particulate organic matter occlusion within macroaggregates, while EwO had more

microaggregates and silt + clay particles. FTIR analysis confirmed the presence of carbonates in all aggregate

sizes and showed that the molecular composition of stabilized C varied, with more recalcitrant compounds

found in microaggregates. These results highlight the importance of managing cation balances, particularly

increasing Ca2+ and reducing Na+, to improve soil structure and enhance C stabilization.

Keywords: Carbon storage, Concrete waste, Excavation waste, FTIR spectroscopy, Urban farming, Urban soils

Introduction

The global population is increasingly urban with 57%

living in urban areas. By 2050, the world population

will increase by more than 2 billion people mostly in

urban areas of developing countries (UN-Habitat

Core Team 2022). Mexico City, one of the largest and

most populous cities in the world, has experienced

rapid urbanization, expanding largely on fertile

agricultural land (Cruz-Bello et al. 2023; Lima et al.

2023). Currently, 47% of its territory is sealed by

impervious surfaces, while unsealed soils suffer from

compaction, contamination, and pollution, limiting
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ecosystem services like plant growth and carbon

storage (O’Riordan et al. 2021). The city generates

13,000 tons of solid urban waste (SUW) daily, 57% of

which is poorly managed, exacerbating soil

degradation (SEDEMA 2021; PAOT-EOT-02–2010,

2011). To promote sustainable urban development,

planters can reintroduce green spaces in cities for

food and non-food production, while also restoring

soil functions in contaminated or degraded sites.

However, these practices often require large amounts

of soil, typically sourced from pristine periurban areas,

which can degrade natural buffer zones and protected

areas (Séré et al. 2008; Rokia et al. 2014; Prado et al.

2020; Abbruzzini et al. 2022). To address this,

researchers have proposed technosols, constructed

soils that mimic natural soil functions and mitigate

urban environmental impacts through resource

efficiency (Deeb et al. 2016). Composed of waste, by-

products, and organic or inorganic raw materials,

technosols offer ecosystem services such as improved

air quality, pollution mitigation, enhanced water

runoff and quality, biomass production, biodiversity

maintenance, local climate regulation, carbon storage,

and the protection of natural soil resources (Morel et

al. 2015; Deeb et al. 2016; Grard et al. 2018).Despite

the fact that formation and pedogenesis of

constructed technosols appear to be similar to those

happening in natural soils in the short-term (< 3

years) (Séré et al. 2010, Frouz et al. 2013, Jangorzo et

al. 2015, Leguédois et al. 2016, Vergnes et al. 2017), it

is difficult to predict aggregation and formation of

organomineral associations when mixing technogenic

materials together, and it is even harder to determine

the stability of these associations in the created

substrates (Vidal-Beaudet et al. 2018). Technogenic

parent materials may undergo accelerated physical and

chemical changes during the early evolution of

constructed soils (Séré et al. 2010). This occurs

because the formation, functioning, and pedogenic

evolution of young technosols are strongly influenced

by the diverse origin and unusual chemical

composition of the technogenic parent materials (Séré

et al. 2010, Moreno-Barriga et al. 2017, Vidal-Beaudet

et al. 2018) that likely differ from natural soils

regarding the way they are prepared and assembled

(e.g., crushing, sieving, drying, mixing), as well as their

management and various disturbances they can

undergo over time (e.g., organic amendments, plant

growth, microbial and faunal activities, tillage,

compaction, pollution, mineral fertilization) (Deeb et

al. 2016). Notably, there have been significant changes

in the spatial arrangement of particles, such as sand,

silt, clay, and organic matter (OM) in technosols.

These particles aggregate and stabilize through

various physico-chemical and biological interactions

at different scales, forming distinct structural units

known as aggregates (Deeb et al. 2017; Moreno-

Barriga et al. 2017; Séré et al. 2010; Ruiz et al. 2020).

Urban wastes from construction, excavation, and

demolition contain a mix of inorganic and organic

materials with varied composition and particle size,

contributing to the formation of soil aggregates and

protecting organic carbon (Lorenz and Kandeler

2006; Prado et al. 2020; Tisdall and Oades 1982).

Organic amendments like compost, wood chips, and

biochar introduce macromolecules (e.g., lignin,

cellulose) that enhance the longevity and chemical

stability of organic matter (Hernandez-Soriano et al.

2016; Forján et al. 2018; Rakhsh et al. 2017;

Abbruzzini et al. 2022) through recalcitrance,

microbial processes, and organomineral interactions

(Liang et al. 2017). Studies show technosols with well-

mixed parent materials can sustain high organic

carbon levels over time (Rees et al. 2019; Ivashchenko

et al. 2021). However, the dynamics of organic C

pools and their interactions with minerals in

technosols remain underexplored (Vidal-Beaudet et

al. 2018; Rees et al. 2019), with few urban field trials

addressing these processes (Boneta et al. 2019; Deeb

et al. 2020) This study provides a quantitative and

qualitative assessment of technosols and their

aggregate size classes two years after the

establishment of an urban milpa, a traditional

intercropping system with maize, beans, squash, and

other species. The technosols were constructed using

excavation and concrete waste as inorganic parent

materials, combined with wood chips, compost, and

biochar as organic amendments. We hypothesized

that: i) raw material type and experimental period

significantly impact the physicochemical, chemical,

and biological properties of technosols; ii) excavation

waste contributes more cementing agents than

concrete waste for aggregate formation; iii) larger

aggregates accumulate more organic carbon (OC)

than smaller ones, irrespective of technosol type; and

iv) organic and mineral functional compounds

associate differently across aggregate size classes

depending on the materials used. The study aims to

enhance understanding of pedogenic processes and C

stabilization in technosols constructed from urban

waste, offering a strategy to improve ecosystem

services in cities.
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Materials and methods

Collection and composition of raw materials

The raw materials used in this study were concrete

waste (Cw), excavation waste (Ew), wood chips (W),

compost (C), and biochar (B). Cw and Ew were

sourced from a private company in Mexico City

(Concretos Reciclados S.A. de C.V.), which recycles

construction waste. Cw is a mix of ground concrete,

bricks, masonry, and ceramics, with an average grain

size of 6.35 mm. Ew is a soil-like material, sieved (< 4

mm) to remove larger debris. W was sourced from

the Composting Plant of the National Autonomous

University of Mexico (UNAM), while C came from

the Iztapalapa Composting Plant. B was produced

from wood chips, sun-dried, and pyrolyzed in a Kon-

Tiki kiln (Schmidt and Taylor 2014). The organic raw

materials differed significantly from each other and

from the inorganic materials, regarding their

physicochemical and chemical properties (Table 1).

Parent materials
pH 

(H2O)

Electrical 

conductivity 

(EC)

Total C Total N
C/N

Texture 

Sand Silt Clay

μS cm-1 g kg-1 %

Concrete wastea,b 8.1 1970 21.9 0.8 49.1 64.3 32.1 3.6

Excavation wastea,b 7.7 295 9.1 0.5 12.1 75.2 23.0 1.8

Wood chipsb 5.3 584 451 8.1 55.7 - - -

Compostb 7.0 5860 200 19.8 10.1 - - -

Biocharb 7.9 1354 740 7.0 106.4 - - -

Table 1. Basic characterization of the raw materials used for the construction of technosols. Values represent the mean (n=2). Means

followed by the same uppercase letters do not differ statistically among themselves by Tukey’s test at 5% probability. (aPrado et al. 2020;
bAbbruzzini et al. 2021)

Experimental setup and analysis of technosols

Three technosols were evaluated: CwO (30% Cw, 25%

W, 25% C, 20% B), EwO (30% Ew, 25% W, 25% C,

20% B), and WCB (55% W, 25% C, 20% B). Plots

were installed in UNAM’s campus, arranged in a

complete block design with three plots per technosol

(9 plots total, n = 3 per technosol), each measuring

1.45 x 1.40 m with a depth of 0.4 m. Maize and beans

were grown during the rainy season for two years,

with no mineral fertilizer applied. Samples were taken

from the surface layer (0-0.2 m depth) before each

growing season. Maize had biomass growth (Table 2),

but its grain harvest was limited mainly by the

presence of squirrels in the experimental site, so yields

were only estimated for beans. The technosols were

analyzed for organic (OC) and inorganic carbon (IC),

total nitrogen (TN), exchangeable cations (Ca2+,

Mg2+, K+, Na+), and texture (sand, silt, clay pro-

portions). Surface samples (0-0.2 m depth) were

collected before each growing season (initial condi-

tions, 1 year, and 2 years). OC, IC, and TN contents

were determined by total combustion (Perkin Elmer

2400 series II), with OC measured after hydrochloric

.

Technosol

Dry biomass 

(above and below ground)

Grain 

yield

Maize (g) Beans (g)

CwO 296.4

(51.6) A

39.2

(2.08) A

57.4

(3.84) A

EwO 416.2

(75.7) A

31.1

(1.85) A

41.2

(4.02) B

WCB 259.8

(59.4) A

34.5

(2.00) A

47.6

(4.08) AB

Table 2. Dry biomass (above and below ground) of maize and

beans, and grain yield of beans in Technosols. Mean values followed

by the same letter do not differ statistically from each other according to

Tukey's test at 5 % probability level.

acid (HCl 0.5 N) treatment and IC calculated as the

difference between total and OC contents.

Exchangeable cations were extracted with ammonium

at pH 7 and measured by Atomic Absorption

Spectrometry (Perkin Elmer Pin AAcle 900), while

texture was analyzed using the sieve-pipette method

(Gee and Or, 2002).
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Micromorphological analysis of whole soil

samples

Thin sections were prepared from undisturbed

samples (5 cm diameter, 5 cm height) collected 2

years after plot installation. Samples were dried at 60

°C, then impregnated with polyester resin mixed with

styrene monomer, methyl ethyl ketone peroxide, and

a K-2000 catalyst, followed by vacuum treatment at

22 atm for 30 minutes. After air drying, the hardened

blocks were segmented with a diamond blade cutter,

polished with sandpaper (120-600 grit), and resin-

bonded to petrographic slides. The sections were

thinned to 30 microns using tungsten carbide

abrasives. Thin sections were examined with an

Olympus BX51 microscope using normal and crossed

Nicols light to observe mineral birefringence, mineral

weathering, organic material degradation, aggregate

formation, and faunal activity.

Aggregate size distribution and stability in

technosols

Samples of each technosol were passed through an 8

mm sieve to remove stones and coarse roots, and

aggregate size distribution was determined using wet

sieving (Díaz-Zorita et al. 2002; Almajmaie et al.

2017). A 20 g soil sample was placed on a stack of

sieves with mesh sizes of 2 mm, 1 mm, 0.5 mm, 0.25

mm, and 0.053 mm. The sieves were submerged in

water and shaken for 5 minutes at 23 cycles per mi-

nute with a 3 cm stroke amplitude. Water-stable aggr-

egates were recovered, dried at 105 °C, and weighed.

The size classes obtained were: (i) > 2 mm (large ma-

croaggregates); (ii) 2–0.25 mm (small macroag-

gregates); (iii) 0.25–0.053 mm (microaggregates); and

(iv) < 0.053 mm (silt + clay). For the smallest size

class, 10 mM CaCl2 was added to the water-soil

suspension. Samples were homogenized, dried at 60

°C, and weighed for dry matter determination. OC,

IC, and TN contents in each size class were

determined by total combustion (Nelson and

Sommers 1996) using a CNHS/O elemental analyzer

(Perkin Elmer 2400 series II). Soil aggregation was

evaluated using the mean weight diameter (MWD) to

assess size distribution and the mean geometric dia-

meter (MGD) to identify predominant size classes.

The values of MWD [Eq. 1] (Kemper and Rosenau

1986) and MGD [Eq. 2] (Mazurak 1950) were

determined as follows:

𝐷𝑀𝑃 𝑚𝑚 = ∑𝑖=1
𝑛𝑥𝑖𝑤𝑖

𝐷𝑀𝐺 𝑚𝑚 = 𝑒𝑥𝑝
Σ𝑖=1
𝑛 𝑤𝑖𝑙𝑜𝑔𝑥𝑖
∑𝑖=1
𝑛 𝑤𝑖

where: wi is the proportion of each aggregate size

class in relation to the total amount, and xi is the

mean diameter of the size classes (mm).

Infrared spectroscopic characterization of

aggregate size classes

Fourier transform infrared spectroscopy (FTIR) was

used to characterize organic and mineral components

at the molecular level, inferring chemical reactivity

and interactions with the mineral phase that form

stable aggregates (Ellerbrock and Gerke 2013).

Specific absorption bands indicated functional groups,

serving as a fingerprint of soil organic matter

composition (Raphael 2011).FTIR was performed in

triplicate (n = 3) for each aggregate size class using

Diffuse Reflectance (DRIFT) on a Varian 3100

Excalibur Spectrometer with an EasiDiff accessory. A

0.3 mg sample was combined with 99.7 mg of KBr,

dried in a desiccator, and analyzed in the mid-FTIR

range (4000-400 cm-1) with 4 cm-1 resolution and 64

scans per sample. Spectra were averaged for each

aggregate size class, with baseline shifts corrected via

Iterative Restricted Least Square (IRLS) and spectra

smoothed using a moving average filter (11 bands)

with the ‘baseline’ and ‘prospectr’ R packages (Liland

et al. 2010; Stevens and Ramirez-Lopez 2020).

Statistical analysis

A linear model was applied to analyze the contents of

C, N, and exchangeable cations in technosols, aggre-

gate size class distribution, MWD, MGD, and C and

N contents in aggregates. A generalized linear model

(GLM) with a binomial distribution was used to

examine mycorrhizal root colonization. All parame-

ters were analyzed with ANOVA, and post-hoc

Tukey’s test was applied at a 5% significance level.

Principal component analysis and Pearson correlation

coefficients explored relationships between physico-

chemical properties and the molecular composition of

organic and inorganic compounds in different aggre-

gate size classes. Statistical analyses were performed

using R software (R Core Team 2022).

Results and discussion

Carbon and nitrogen dynamics in technosols

Organic carbon (OC) contents varied significantly

among the three technosols (p = 6.85e-12) and over
[1]

[2]
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time (p = 8.74e-06). The wood chip, compost, and

biochar (WCB) technosol had the highest OC content

(277 g kg-1), followed by concrete waste (CwO, 193 g

kg-1) and excavation waste (EwO, 146 g kg-1). After

one year, OC increased by 23% in CwO and 7% in

EwO, while remaining stable in WCB. However, OC

decreased from year 1 to year 2 in all technosols

(WCB: -11.8 %, CwO: -10.7 %, EwO: -4 %) (Fig. 1).

Figure 1. Total, organic and inorganic C and total nitrogen

contents, and C/N ratio of technosols CwO, EwO and WCB over

the experimental period (initial conditions, and after 1 and 2 years of

experiment)

These trends suggest that despite initial variations in

OC levels among technosols, the OC content

remained relatively stable across all technosols in the

short-term (2 years). The increase in OC content in

CwO and EwO after the first year could be attributed

to the occlusion of coarse and fine particulate OM

within macroaggregates, which physically protects

Technosols
EM AMF DSE Root colonization

mm g-1 soil %

CwO 3574 (689) a 1280 (562) a 2294 (467) ab 23.2 (15.0) a

EwO 2747 (689) a 1453 (562) a 1294 (467) b 21.5 (12.2) a

WCB 4640 (689) a 800 (562) a 3840 (467) a 46.2 (12.2) a

OM and reduces its accessibility to decomposers and

their enzymes (Giannetta et al. 2018). This is further

supported by findings from studies on microcosms

where particulate OM serves as a nucleus for effective

macroaggregate formation (Bucka et al. 2019). In

contrast, the significant decrease in OC from year 1 to

year 2 across all technosols may be due to the loss of

labile organic compounds, which are known to be

more prone to decomposition, particularly when

associated with macroaggregates (Nichols and

Halvorson 2013; Yu et al. 2015). To maintain the

stability of OC in the long term, continuous

replacement or stabilization of labile compounds

within aggregates is necessary (Pronk et al. 2016).

Inorganic carbon (IC) levels also varied significantly

among technosols (p = 0.0154), with WCB and CwO

containing higher IC (15.6 and 16.9 g kg-1,

respectively) compared to EwO (8.2 g kg-1), likely due

to the presence of carbonates in CwO and EwO, as

indicated by FTIR bands (Fernández-Ugalde et al.

2014). Total nitrogen (TN) contents varied among

technosols (p = 8.71e-11) and over time (p = 0.0020).

WCB had the highest TN (17.9 g kg-1), followed by

CwO (9.2 g kg-1) and EwO (7.7 g kg-1). However, TN

in CwO decreased by 24% over two years, leading to

an increase in its C/N ratio from 23 to 27, suggesting

N immobilization (Nguyen et al. 2016). Additionally,

as supported by data in Table 3, the presence of

external mycelium (EM) and arbuscular mycorrhizal

fungi (AMF) in all technosols could have played a key

role in promoting N cycling. Fungi, particularly AMF,

are known to enhance nutrient uptake and improve

aggregate stability by enmeshing soil particles and OM

(Rillig et al. 2015). This could explain the stable N

contents in EwO and WCB, where microbial activity

may have contributed to N retention, unlike in CwO,

where N losses were more pronounced. C/N ratios

also varied significantly (p = 5.29e-06) among the

technosols, with CwO showing the highest ratio (23),

Table 3. Total amount of external mycelium (EM), arbuscular mycorrhizal fungi (AMF), mycelium of dark septate endophyte (DSE), and

colonization of AMF in the rootlets collected from each Technosol. Lowercase letters compare among Technosols and mean values followed by the

same letter do not differ statistically from each other according to Tukey's test at 5 % probability level.
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followed by EwO (20) and WCB (16). After two years,

the C/N ratio in CwO increased by 42%, reaching 27,

due to the combination of rising OC and declining

TN levels. This elevated C/N ratio indicates a

potential shift towards N immobilization in CwO,

while EwO and WCB maintained stable C/N ratios

under 25, favoring conditions for net N minerali-

zation and supporting soil fertility and microbial

activity. In contrast, the relatively stable C/N ratios in

EwO and WCB, below 25, suggest more favorable

conditions for net N mineralization, which is essential

for maintaining soil fertility and microbial activity.

These variations highlight the importance of under-

standing C/N dynamics in constructed technosols to

optimize their nutrient retention and cycling

capacities for long-term productivity.

Exchangeable cations in technosols

Exchangeable Ca2+ levels differed significantly among

the technosols (p = 0.0002) and over the experimental

period (p = 6.94e-08). On average, WCB had the

highest exchangeable Ca2+ concentration (62.5 cmol

kg-1), followed by CwO (59.3 cmol kg-1) and EwO

(54.5 cmol kg-1). Exchangeable Ca2+ increased by

56%, 51%, and 35% in EwO, CwO, and WCB, re-

spectively. By the end of the 2-year experiment,

technosols CwO and WCB had similar Ca2+ con-

centrations (Fig. 2). The increase in Ca2+ is essential

for promoting the formation of stable soil aggregates.

The presence of polyvalent cations like Ca2+ can

foster physicochemical associations between organic

compounds and minerals, enhancing aggregate stabi-

lity (Safar and Whalen 2023; Rakhsh et al. 2017). As

shown in Table S4, higher concentrations of

exchangeable Ca2+ were observed alongside the

presence of mycorrhizal fungi (external mycelium and

AMF), which may have contributed to the formation

of stable soil aggregates through enmeshing soil

particles and promoting OM turnover (Rillig et al.

2015). This is consistent with findings that link Ca2+-

mediated aggregation with increased soil structure

stability in technosols. Exchangeable Mg2+ levels

varied significantly among technosols (p = 5.94e-09)

and over time (p = 1.82e-05). WCB had the highest

Mg2+ concentrations (17.6 cmol kg-1), followed by

EwO (12 cmol kg-1) and CwO (8.8 cmol kg-1). While

Mg2+ concentrations increased across all technosols

after the first year, they decreased by the second year

to levels close to their initial conditions (Fig. 2). These

fluctuations could be due to changes in cation

exchange or leaching, impacting soil aggregate stabili-

ty and nutrient availability. Exchangeable K+ and Na+

concentrations showed significant differences among

technosols (p = 0.0031 and 1.37e-10, respectively) and

over time (p = 2.56e-08 and 6.57e-13, respectively).

WCB and CwO had the highest K+ concentrations

(10.2 and 10.5 cmol kg-1), compared to EwO (9.44

cmol kg-1). All technosols experienced a significant

decrease in K+ over 2 years (48%, 44%, and 18% in

EwO, CwO, and WCB, respectively), likely due to crop

uptake or leaching, which may indicate potential long-

term soil fertility decline, as potassium is critical for

plant functions. Exchangeable Na+ concentrations

initially were highest in WCB (4.54 cmol kg-1),

followed by EwO (2.57 cmol kg-1) and CwO (1.89

cmol kg-1). Over 2 years, all technosols experienced

sharp decreases in Na+, with reductions of 86%, 71%,

and 58% in WCB, EwO, and CwO, respectively. By

the end of the experiment, Na+ levels in all technosols

were similar, showing no significant differences (Fig.

2). The decline in Na+ concentrations is crucial for

improving soil structure, as high levels of Na+ can

lead to soil dispersion and degradation of aggregates.

The washing of salts, particularly Na+, through the

technosols would have flocculated the clay and silicate

minerals, promoting aggregate formation and impro-

ving soil physical properties (Prado et al. 2020).

Figure 2. Concentrations of exchangeable cations (Ca2+, Mg2+,

K+ and Na+) of technosols CwO, EwO and WCB over the

experimental period (initial conditions, and after 1 and 2 years of

experiment)
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The reduced Na+ levels, combined with the increase

in Ca2+, likely facilitated the stabilization of

aggregates, enhancing the overall soil structure and C

retention capacity (Safar and Whalen 2023).

Micromorphological analysis of technosols

After two years, all technosols developed sub-angular

and spheroidal-granular aggregates with complex

packing voids, containing both macro- and

microaggregates, along with coarse and fine mineral

and organic debris. EwO showed more sub-angular

aggregates (Fig. 3), while CwO and WCB had more

spheroidal-granular aggregates (Figs. 4 and 5). The

occlusion of coarse and fine particulate OM within

the sub-angular macroaggregates of EwO and CwO

(Figs. 3 and 4) suggests that physical mechanisms may

play an essential role in the protection of OC in these

technosols. This occlusion likely renders OM less

accessible to decomposers and microbial enzymes,

contributing to C stabilization (Giannetta et al. 2018).

Studies on artificial soil systems have similarly demon-

Figure 3. Micromorphological analysis of technosol EwO. (a) and

(b) show sub-angular macroaggregates with a mixture of minerals,

biochar particles (highlighted with blue arrows), plant tissue

(highlighted with green arrow), and coarse organic debris within a

macroaggregate. It is also possible to observe spheroidal granular

microaggregates. (c) shows a basaltoid with splinters, and (d) shows

carbonates and other minerals (feldspars, quartz and plagioclase) with

cracks and weathering patterns. (e) and (f) show fragments of

aggregates with clay illuviation (cutans)

strated that particulate OM can act as a nucleus for

effective macroaggregate formation (Bucka et al.

2019), and our findings corroborate the significant

role of particulate OM in macroaggregate stabilization

in the EwO and CwO technosols.

Figure 4. Micromorphological analysis of technosol CwO. (a) and

(b) show sub-angular macroaggregates with a mixture of minerals. (c)

shows a partially degraded plant tissue with mite coprolites and

surrounding microaggregates. (d) with crossed Nicols shows a mixture

of carbonates, basaltoids and other minerals with weathering patterns

Figure 5. Micromorphological analysis of technosol WCB. (a)

shows a biochar particle at the bottom with surrounding spheroidal

microaggregates. (b) and (c) show sub-angular macroaggregates,

biochar particles and carbonates. (d) shows coprolites immersed in a

partially fragmented plant tissue and surrounding spheroidal

microaggregates. (e) shows fragments of construction waste and

spheroidal microaggregates
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All technosols contained inorganic debris, including

volcanic mate-rials (basaltoids with plagioclase

splinters, pumice fragments), carbonates, and other

minerals (feldspars, quartz, plagioclase). Cracks and

weathering patterns were observed, even in WCB,

which had a lower inorganic content. The weathering

patterns suggests that some of the minerals

underwent ex-situ weathering before being used in

the technosols (Fig. 3). The presence of coprolites

(fecal pellets) in the CwO and WCB technosols (Figs.

4 and 5) further supports the role of soil invertebrates

in enhancing soil structure. Coprolites and the activity

of invertebrates like earthworms and insects

contribute to aggregate formation by binding soil

particles and OM. These biogenic structures may also

play a significant role in the stability of aggregates in

these technosols by promoting physical binding and

OM turnover (Rillig et al. 2015).

Size distribution and stability of aggregates in

technosols

The aggregate size distribution (Table 2) showed that

large macroaggregates (> 2 mm) made up about 40%,

and smaller macroaggregates (2–0.25 mm) comprised

40–50% of the total distribution in all technosols.

Thus, 80–90% of the aggregates were macroag-

gregates. CwO and WCB had significantly more

macroaggregates (8–0.25 mm) than EwO (p = 0.0011).

EwO had more microaggregates (0.25–0.053 mm) and

silt + clay particles compared to CwO and WCB (p =

4.12e-05 and 0.0086). Microaggregates accounted for

4–8%, with EwO having the highest percentage. The

proportion of silt + clay particles ranged from 4%

(CwO) to 13% (EwO). WCB had the fewest

microaggregates (2%). The mean weight diameter

(MWD) (2.4 mm) and geometric mean diameter

(MGD) (1 mm) showed no significant differences

among technosols (p = 0.6158 and 0.1167) (Table

3).Textural analysis revealed that both CwO and EwO

were classified as sandy loam, with silt and sand-sized

particles being the most abundant. EwO exhibited

significantly higher clay content compared to CwO (p

= 6.99e-15) (Table 3). Regardless of the technosol,

approximately 85% of the OC, TN, and IC were

found within the large (8 mm) to small (0.25 mm)

macroaggregate size classes, while 5% and 10% were

found in the microaggregate (0.25–0.53 mm) and silt

+ clay (< 0.053 mm) size classes, respectively (Fig. 6).

This consistent trend highlights the critical role of

macroaggregates in C and nutrient stabilization. It is

well-documented that macroaggregates serve as key

Figure 6. Organic C contents, total N content and C/N ratio of

aggregate size classes of technosols produced from concrete and

excavation waste combined with wood chips, compost, and biochar

(CwO and EwO, respectively), and all-organic (WCB). Bars in

grayscale represent the mean values (n = 3)

repositories for OC and TN in soil systems, with

occlusion of particulate OM being a primary mecha-

nism for the stabilization of OC (Giannetta et al.,

2018; Bucka et al., 2019). The occlusion of OM within

macroaggregates protects it from microbial decompo-

sition, rendering it more stable (Giannetta et al. 2018).

No significant differences were observed in the

distribution of OC and TN across larger aggregate

size classes (8–2, 2–1, and 0.5–0.25 mm). However,

CwO and WCB had significantly higher proportions of

OC and TN in small macroaggregates (1–0.5 mm)

compared to EwO (p = 0.0020 and 4.75e-05).

Conversely, EwO and CwO had higher proportions of

OC, TN, and IC in microaggregates (0.25–0.053 mm)

than WCB (p = 0.0273, 0.0291, and 0.0377). These

results suggest that smaller aggregates, like microag-

gregates and silt + clay particles, tend to contain more

stable organic matter (Six et al. 2000; Lehmann et al.

2007). The C/N ratio of aggregates decreased from

large macroaggregates (23) to silt + clay size classes

(14), suggesting that smaller aggregates contain more

decomposed or microbially processed OM. Significant

differences were found only in small macroaggregates

(0.5–0.25 mm), where EwO and WCB exhibited

higher C/N ratios than CwO (p = 0.0365), indicating a

higher proportion of undecomposed OM or reduced
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Technosols

Proportion of aggregate size classes (% W/W)

large 

macroaggregates

Small                                                                  

macroaggregates

Micro                        

aggregates
silt + clay

8-2 2-1 1-0.5 0.5-0.25 0.25-0.053 < 0.053

mm

CwO 41.8 (6.05) a 17.5 (3.29) a 19.6 (1.89) ab 12.0 (2.54) a 4.08 (0.93) b 3.82 (1.54) b

EwO 36.3 (5.90) a 14.2 (3.01) a 14.6 (1.68) b 11.8 (2.52) a 8.16 (1.31) a 13.33 (2.77) a

WCB 40.2 (6.01) a 13.3 (2.93) a 24.0 (2.04) a 11.7 (2.51) a 1.98 (0.65) b 7.72 (2.16) ab

Table 4. Dry weight of aggregate size fractions of technosols produced from concrete and excavation waste combined

with wood chips, compost, and biochar (CwO and EwO, respectively), and all-organic (WCB). Values represent the mean

(n = 3). Lowercase letters compare technosols within each aggregate size class. Mean values followed by the same letter do

not differ statistically from each other according to Tukey's test at the 5% probability level.

Table 5. Mean weight diameter (MWD) and mean geometric diameter (MGD) of technosols

produced from concrete and excavation waste combined with wood chips, compost, and biochar

(CwO and EwO, respectively), and all-organic (WCB). Values represent the mean (n = 3).

Lowercase letters are compared among technosols and the mean values followed by the same letter

do not differ statistically from each other according to Tukey's test at 5% probability level.

Technosols
MWD MGD

Textural analysis

> 4 mm 4-2 mm Sand Silt Clay

mm %

CwO
2.57

(0.24) a

1.02 

(0.01) a

136 

(3.65) a

103 

(14.2) a

286 

(26.2) a

392 

(56.4) a 

83 

(7.05) b

EwO
2.22 

(0.24) a

0.99 

(0.01) a

106

(3.28) b

99 

(14.0) a

353 

(27.8) a

270

(51.3) a

172

(10.2) a

WCB† 2.46 

(0.24) a

1.01 

(0.01) a
- - - - -

†Textural analysis was not performed in WCB due to the low presence of inorganic materials in this Technosol.

microbial activity (Nguyen et al. 2016). This distribu-

tion highlights the role of macroaggregates in pro-

tecting less decomposed OM, while smaller aggregates

likely house more stabilized OM (Kögel-Knabner and

Rumpel 2018).

FTIR spectra of aggregate size fractions of

technosols

FTIR analysis revealed both organic and inorganic

molecules essential for OM stabilization in soils. All

technosols showed absorption bands for polysaccha-

rides, aliphatic and aromatic compounds, and

functional groups like carbonyl, hydroxyl, and

carboxylic acids (Table 6, Fig. 7), indicating the

organic fraction. These compounds, mainly from

organic amendments like compost, wood chips, and

biochar, aid SOC stabilization through biochemical

recalcitrance and mineral interactions (Liang et al.

2017). Organic macromolecules, such as lignin and

cellulose, play a key role in soil structure by forming

water-stable aggregates (Witzgall et al. 2021). Both

EwO and CwO showed weak absorption bands for
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inorganic molecules, like silicates from clay minerals,

indicating OM-mineral interactions, which are crucial

for long-term carbon stabilization. The presence of

silicates supports the role of mineral-associated OM

in technosols (Safar and Whalen 2023; Rakhsh et al.

2017). Additionally, strong carbonate absorption

bands were detected in EwO and CwO, aligning with

their carbonate concentrations. Carbonates likely

contribute to aggregate formation by enhancing

stabilization mechanisms and improving soil structure

through Ca2+-mediated cation bridges (Fernández-

Ugalde et al. 2014; Safar and Whalen 2023). The

presence of both organic and inorganic components

in all aggregate size classes suggests that technosols

have complex mechanisms for C stabilization,

combining both organic compounds’ recalcitrance

and mineral-organic interactions (Cotrufo et al. 2019).

The FTIR spectra further emphasize the importance

of understanding how organic amendments and

mineral particles interact to form stable aggregates

and protect C in constructed soils (Kögel-Knabner

and Rumpel 2018; Hoffland et al. 2020). This

highlights the potential of technosols for long-term

carbon storage, as these mechanisms promote both

the physical protection and chemical stabilization of

OM.

Table 6

Functional groups 

evaluated in the 

present study and their 

respective frequencies 

in mid-FTIR.

Figure 7 Fourier transform infrared (mid-FTIR) spectra of aggregate

size classes of technosols produced from concrete and excavation waste

combined with wood chips, compost, and biochar (CwO and EwO,

respectively), and all-organic (WCB)
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Multivariate analysis of qualitative and

quantitative parameters of aggregate size classes

Principal component analysis (PCA) revealed distinct

patterns among technosols, highlighting the roles of

OC, IC, TN, and specific organic compounds in

differentiating aggregate size classes. The first two

principal components (PC1 and PC2) axes explained

77% of the variance in soil data, indicating strong

differentiation among aggregate size classes and

technosols (Fig. 8). PC1 explained 49% of the varian-

ce, distinguishing large and small macroaggregates

from microaggregates and silt + clay fractions. High

coefficients for OC, IC, TN (r = -0.81, -0.81, -0.74),

silicates (r = 0.65), water (r = 0.85), and organic

compounds like aliphatics (r = 0.72), carbonyls (r = -

0.68), and aromatics (r = 0.72) support the hypothesis

that macroaggregates contain more organic content,

while finer aggregates stabilize more persistent SOC

(Six et al. 2000; Lehmann et al. 2007). PC2 explained

29% of the variance, distinguishing CwO and WCB

from EwO. High coefficients for polysaccharides (r =

-0.80) and carbonates (r = 0.60) suggest these com-

pounds define differences between technosols. Poly-

saccharides, as labile organic compounds, support

aggregate formation through OM decomposition and

microbial activity, especially in the all-organic WCB

(Bucka et al. 2019; Witzgall et al. 2021). Carbonates,

more prevalent in CwO and EwO, contribute to

aggregate stability via mineral-organic interactions and

the formation of mineral-associated OM (Cotrufo et

al. 2019; Fernández-Ugalde et al. 2014). The separa-

tion of EwO from CwO and WCB in the PCA plot

highlights distinct soil properties and molecular

compositions. TN in aggregates and mid-FTIR bands

related to silicates, aliphatic, carbonyl, and aromatic

compounds were strongly correlated with PC2 (Table

7). EwO, with higher clay content, may stabilize both

labile and recalcitrant organic compounds, enhancing

long-term C stabilization through organo-mineral

interactions (Hoffland et al. 2020). Conversely, CwO

and WCB rely more on macroaggregate formation

and microbial activity for C stabilization, offering

physical protection for OM, while the finer fractions

in EwO may stabilize more persistent SOC (Pronk et

al. 2016; Rillig et al. 2015).

Figure 8

Principal component analysis of the

chemical characterization and mid-

FTIR spectra of aggregate size

classes of technosols produced from

concrete and excavation waste

combined with wood chips, compost,

and biochar (CwO and EwO,

respectively), and all-organic

(WCB). The segments represent

each of the mid-FTIR band

assignments and amounts of OC,

IC and TN evaluated in aggregate

size classes. OCag: Organic C in

aggregates; ICag: Inorganic C in

aggregates; TNag: Total nitrogen

in aggregates
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PC1 PC2

Eigenvalue 4.85 2.92

Cumulative percent variation 48.49 77.64

Eigenvectors

Organic carbon in soil aggregates (OCag) -0.81*** 0.34ns

Inorganic carbon in soil aggregates (ICag) -0.81*** 0.25ns

Total nitrogen in soil aggregates (TNag) -0.74*** 0.47*

3700-3600 cm-1 (O−H stretching; silicates) 0.65** -0.61**

3300 cm-1 (O−H stretching; H2O, water molecules) 0.85*** 0.07ns

3000-2800 cm-1 (C−H stretching; aliphatic) 0.72*** 0.60**

1820 cm-1 (C=O strecthing; carbonyl) -0.68** -0.68**

1650 cm-1 (C=C streching; aromatic) 0.72*** 0.55*

1450 cm-1 (C−O stretching; carbonates) 0.38ns 0.61**

1100-1000 cm-1 (C−O stretching,

O−H deformation; polysaccharides)
0.44ns -0.80***

Table 7

Eigenvalues, cumulative percent

variation, and eigenvectors of the

first two principal components

(PCs) for the chemical characteri-

zation and Mid-FTIR spectra of

aggregate size classes of Technosols

CwO, EwO and WCB.

Overall, the multivariate analysis underscores the

complex organic and inorganic interactions in

technosols, with clear differences in aggregate size

distribution and molecular composition affecting C

and N dynamics. Further research should explore

how these interactions contribute to OM stabilization

across aggregate sizes, particularly in technosols

(Kögel-Knabner and Rumpel 2018).

Conclusions

This study highlights the potential of technosols for

OC stabilization, mainly through macroaggregation

with additional contributions from microaggregation.

Larger macroaggregates contained high levels of

particulate OM, which protected OC from decom-

position. The presence of carbonates, particularly in

CwO and EwO technosols, along with increased

exchangeable Ca2+ and decreased Na+, improved soil

structure and aggregation through cation bridging.

These interactions, particularly in CwO, facilitated OC

stabilization via organomineral interactions, confir-

med by the identification of silicate minerals in FTIR

analysis. Such interactions suggest the formation of

mineral-associated OM, essential for long-term car-

bon storage. Differences in C composition between

macro- and microaggregates showed that recalcitrant

compounds were more present in smaller aggregates,

while labile compounds were found in larger

aggregates, indicating dynamic C cycling. Soil

organisms, such as mycorrhizal fungi and inverte-

brates, further enhanced aggregate stability and or-

ganic matter turnover. Overall, technosols offer pro-

mising potential for C stabilization through physical

protection and organomineral interactions. Future

research should explore the role of different aggregate

fractions in long-term C storage and how organic

amendments and minerals can enhance technosol

efficiency for C sequestration and nutrient cycling.
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