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ARTICLE INFO ABSTRACT

Handling Editor: Ingrid Kogel-Knabner The increasing atmospheric CO, concentration is a consequence of human activities leading to severe environ-

mental deteriorations. Techniques are thus needed to sequester and reduce atmospheric carbon. One of the

Keywords: proposed techniques is the transformation or construction of new soils into which more organic carbon can be
Soil formation sequestered and CO be consumed by increased weathering. By using a chronosequence of new and transformed
Weathering

soils on crushed limestone (0-48 years) in a Mediterranean area (Sicily), we tried to quantify the amount of
Soil transformation organic carbon that could be additionally sequestered and to derive the corresponding rates. A further aim was to
Mediterranean trace chemical weathering and related CO» consumption and the evolution of macropores that are relevant for
Co, water infiltration and plant nutrition. Owing to the irrigation of the table grape cultivation, the transformed soils
developed fast. After about 48 years, the organic C stocks were near 12 kg m™2. The average org. C sequestration
rates varied between 68 and 288 g m~2 yr_'. The C accumulation rates in the transformed soils are very high at
the beginning and tend to decrease over (modelled) longer time scales. Over these 48 years, a substantial amount
of carbonate was leached and reprecipitated as secondary carbonates. The proportion of secondary carbonates on
the total inorganic carbon was up to 50%. Main mineralogical changes included the formation of interstratified
clay minerals, the decrease of mica and increase of chloritic components as well as goethite. The atmospheric
CO,, consumption due to silicate weathering was in the range of about 44-72 g C m~2 yr~'. Due to the high
variability, the contribution of chemical weathering to CO, consumption represents only an estimate. When
summing up organic C sequestration and CO, consumption by silicate weathering, rates in the order of 110-360
g Cm~2 yr ! are obtained. These are very high values. We estimated that high sequestration and CO con-
sumption rates are maintained for about 50-100 years after soil transformation. The macropore volume
decreased over the observed time span to half (from roughly 10 to 5 %). The transformation of soils may even
amend their characteristics and increase agricultural production. Due to the relatively sandy character, enough
macropores were present and no substantial compaction of the soils occurred. However, great caution has to be
taken as such measures can trigger deterioration of both soil ecosystem services and soil quality.

Carbon sequestration

1. Introduction

The increasing atmospheric content of CO2 is a consequence of
human activities and is associated with severe and threatening climate
change. It is more than evident that climate change creates additional
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stress on land, exacerbating existing risks to livelihoods, biodiversity,
human and ecosystem health, infrastructure, and food systems (IPCC,
2020). Many strategies for combatting soil overuse or desertification can
contribute to climate change adaptation. Avoiding, reducing and
reversing soil overuse and promoting sustainable land use would
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enhance soil fertility, increase carbon storage in soils and biomass, while
agricultural productivity and food security may also benefit. Many
sustainable land management practices are not widely adopted due to
insecure land tenure, lack of access to resources and agricultural advi-
sory services, insufficient and unequal private and public incentives, and
lack of knowledge and practical experience (IPCC, 2020). Soil man-
agement is only then sustainable when a green area whose natural or
artificial development (as a consequence of green operations) produces
wealth and/or does not cause any damage to people, animals, plants, soil
and movable and immovable objects (Raimondi et al., 2020).

In this context, the international 4 per 1000 initiative steps in by
supporting states and non-governmental stakeholders in their efforts
towards a better management of soil carbon stocks (Dignac et al., 2017).
The soil organic carbon abundance depends on soil C inputs and outputs.
Input, output, storing mechanisms and C-budget are a result of spatially
interconnected processes that are strongly influenced by human activ-
ities. To increase carbon sequestration and follow the main goal of this
initiative, changes in land use would be needed in many places. Such
changes are not only related to soil management but may also include
the restoration of soils to stabilise and even increase carbon sequestra-
tion. An increased and steady soil carbon/soil organic matter storage
would help to improve soil fertility and agricultural productivity (see
also the 4 per 1000 initiative; http://4p1000.0rg/).

Young natural or artificial soils accumulate organic carbon at high
rates (Egli et al., 2001; Egli et al., 2012; Gerwin et al., 2011; Elmer et al.,
2013; Vilmundardottir et al., 2015). Depending on climate, carbon and
nitrogen stocks in natural soils tend to reach a quasi-steady state after
about 4 to 10 kyr (Egli et al., 2012). In very young soils (age < 100
years), carbon sequestration rates vary between about 3 to 100 g m >
yr~!. In young soils having primary silicate minerals, chemical weath-
ering reactions consume a high amount of CO, (Urey reaction; Blattler
and Higgins, 2017). Furthermore, the absorption capacity of organic C is
in young soils not reached enabling them to bind organic matter at high
rates. Therefore, if weathering in agricultural soil is promoted, more
| | atmospheric CO; can be consumed or absorbed as organic matter in
soils. By adding rock material (or powder) to soils, weathering will be
enhanced. Untreated surfaces have weathered over many millennia and
available reaction partners are already consumed or relocated to deeper
soil horizons, where a direct exchange with the atmosphere is no longer
possible (Porder, 2019). Andrews and Taylor (2019) stated that
enhanced weathering of silicate rocks is a carbon dioxide removal
technology that may be capable of removing sizeable quantities of CO»
from the atmosphere relatively rapidly and, therefore, help mitigate
anthropogenic climate change. According to Kohler et al. (2010), Taylor
et al. (2017) or Andrews and Taylor (2019) enhanced weathering of
silicate and calcareous rock potentially could remove up to 30 Pg C
year! from the atmosphere (which would be equal to a global tem-
perature decrease of 0.2 °C-1.6 °C by the year 2100). However, the
current understanding of enhanced weathering is largely based on pre-
vious studies of long-timescale natural chemical weathering. The true
ability of enhanced weathering to sequester atmospheric COs still has to
be explored and depends on a multitude of weathering pathways and
biogeochemical interactions.

In several countries, soil amendment techniques are increasingly
being used owing to economic competition, degraded soils and to cope
with the higher demand on food. In several countries strict regulations
exist as to how soil amendments have to be done. The use of unweath-
ered material on top of an existing soil without the addition of a B- and
A-horizon and a clear soil stratigraphy is in some countries even not
allowed or difficult to be achieved (FSKB, 2021), because the focus is on
soil protection and prevention of compaction: — something that probably
should be reconsidered under a broader aspect in future. In the Medi-
terranean and particularly in Sicily and Puglia, soil transformations are
widely applied. Pedotechniques are currently used to generate soils
suitable for table grape cultivation in order to increase productivity and
grape quality, and, thus, to get substantial financial returns (Dazzi et al.,
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Fig. 1. Overview of the investigation areas and plots (GR = Grotta Rossa). Source: Wikimedia, Tschubby.

2019). Soil transformations are relatively costly. The higher productiv-
ity and the subsequently higher profitability of the cultivation often
amortise the start-up costs (Dazzi et al., 2019).

The main focus of this investigation lies on the estimation/quanti-
fication of atmospheric carbon that can be additionally sequestered with
transformed soils in a Mediterranean area (Sicily). Consequently, we
have the following research questions: i) How much organic carbon has
been stored after soil transformation?, ii) Which are the sequestration
rates and is a saturation reached after a certain time?, iii) How does the
soil structure (pores), relevant for water percolation and plant nutrition,
develop over time?, iv) Is silicate weathering detectable and was car-
bonate leached or secondary carbonates formed?

2. Sampling strategy and study sites
2.1. Sampling strategy

The time over which natural weathering and accumulation of soil
organic carbon occurs usually cannot be observed and reproduced by
experimental or laboratory studies (see White and Brantley, 2003). To
overcome this fundamental restriction the comparative space-for-time-
approach has been developed (see e.g. ‘soil-landscape chronograms’ in
Birkeland and Burke, 1988). Chronosequences are, thus, useful for
estimating field weathering rates with respect to elemental leaching,
mineral transformation or soil organic C accretion (e.g., Alvaro-Fuentes
et al., 2014). Consequently, we selected sites where soil transformation
having the same material was performed but at a different time. We
were able to find 10 sites covering a time span of about 5 decades (from
the most recent to the oldest soil transformation; Table 1). We tried to
keep the other soil-forming factors, except time, as similar as possible:
all sites had a comparable ’parent’ material (crushed rocks; arenitic

limestone), land use (mostly table grapes) and climate. The topography
(slope) showed some minor differences between the sites with some
being rather at a flat position and others at the upper part of a uniform
slope.

2.2. Study site

The investigated sites are located in central and western Sicily
(Canicatti and Mazara del Vallo; Fig. 1). Near the city of Canicatti
(province of Agrigento), eight sites with transformed soils were studied
and near Mazara del Vallo two transformed sites and one unaffected site.
Canicatti has a mean annual precipitation of 600 mm (Arnone et al.,
2013) and a mean annual temperature of 16 °C (Viola et al., 2014). The
Mazara del Vallo region has an annual precipitation of about 500 mm
(Arnone et al., 2013) and an 18 °C mean annual temperature (Viola
et al., 2014). The whole region has a Mediterranean climate type.

In Sicily, agricultural production started in the 1990's to shift in part
from vineyards to olive and almond plantations (Raimondi et al., 2020)
or legumes such as chickpeas, faba beans and cereal (wheat, barley).
Especially in the study regions, however, vineyards and table grapes are
cultivated (Table 1). In Sicily, an all-year cultivation is possible in areas
having greenhouses and irrigation.

In the area of Canicatti, the farmers normally start to irrigate the area
in April with a cycle of 5-9 days. Up to approximately 800-1000 m®
water m~2 yr~! is used until the harvest. With this, the total water input
(considering also precipitation) amounts up to about 1300-1600 mm
yr~. Today, irrigation is done via pumps or waterlines which are placed
within the grapevine and release water through small openings as drips
(Clemente, 1990). Table grapes are annually harvested. The soil is
harrowed once a year in March by using a motor hoe for smaller parcels
of land, while larger areas are being harrowed by using a tractor



032 18 W

Table 2
Chemical and physical characteristics of the investigated soil profiles.
Site Horizon  Depth Munsell Skeleton ~ Bulk Sand  Silt Clay pH LOI Corg  CaCO;  CaCOs(s) N 513C (bulk soil) 53¢ C/N 5'%0
colour density D (CaCo03) ratio (CaCo03)
cm moist wt-% gem™® % % % CaCl, % % % % % %o %0 %0

1) Canicatti area

Grotta Rossa 4al Ap 0-40 7.5YR2/3 7.2 1.13 17.0 53.5 29.5 7.50 10.27 2.03 12.6 25.3 0.17 —19.19 -7.01 12 —4.25

(undist.) Bt 40-80 7.5YR2/3 0.2 1.03 26.3 41.0 32.7 7.42 9.76 1.60 4.9 50.4 0.11 -23.11 —13.00 15 -5.69

Grotta Rossa 2al Ap 0-50 7.5YR3/4 49.3 1.41 28.1 48.7 23.1 7.50 6.26 0.83 63.1 12.3 0.08 -7.18 —-3.92 10 —3.54
AC 50-65 10YR4/4 72.3 1.52 38.7 42.6 18.8 7.50 4.48 0.34 72.6 10.2 0.04 —-5.27 —-3.44 8 —-3.54
C 65-75 2.5Y8/2 25.5 1.15 29.1 58.3 12.7 7.51 2.41 0.21 82.7 16.6 0 —5.12 —4.94 —4.04

Grotta Rossa 2a2 Ap 0-30 10YR4/4 35.5 1.39 23.4 50.0 26.5 7.50 7.18 0.97 60.5 13.5 0.13 -7.01 —4.20 8 -3.29
Bw 30-85 10YR4/4 32.7 1.31 25.9 49.3 24.8 7.51 7.31 1.14 57.2 15.4 0.07 —7.55 —4.67 18 -3.39
Ab 85-95 10YR4/4 19.2 1.28 22.5 50.8 26.7 7.50 6.67 1.15 47.3 19.3 0.09 —8.98 -5.59 13 -3.61

Cazzola 4 Apl 0-40 7.5YR4/4 11.9 1.13 16.8 48.1 35.0 7.5 8.10 0.48 35.1 35.9 0.05 —-12.75 —9.54 10 —4.24
Ap2 40-80 7.5YR4/4 11.2 1.26 16.1 48.9 35.0 7.4 7.46 0.64 33.8 37.3 0.09 —12.38 —-9.87 7 —4.35
Ap3 80-100 7.5YR5/6 25 1.21 23.3 41.0 35.8 7.5 7.22 0.00 34.5 36.7 0.02 —-12.29 —9.72 —4.22

C.Fazio Apl 0-50 10YR6/3 5.4 1.32 11.0 43.7 45.4 7.48 5.92 0.89 57.4 0.8 0.06 —4.81 -1.18 14 -0.79
Ap2 50-75 2.5Y5/3 14.9 1.38 10.4 37.9 51.7 7.39 7.97 0.76 25.0 7.5 0.06 —7.66 —2.80 12 -1.83
Ab 75-85 2.5Y5/4 0.0 1.46 17.2 31.3 51.5 7.37 8.50 0.68 11.9 21.5 0.07 —15.79 —6.11 9 -3.45

C.Fazio 2 Apl 0-40 2.5Y5/4 4.8 1.4 77.3 8.8 13.9 7.44 7.73 0.63 52.0 0.0 0.15 —5.64 —0.62 4 —0.16
Ap2 40-70 2.5Y7/3 2.8 1.41 11.7 44.9 43.4 7.51 4.58 0.02 71.5 0.0 0.04 -0.93 —0.20 0.15
Ap3/Ab 70-80 2.5Y7/4 28.8 1.34 7.7 42.3 50.0 7.57 6.67 0.02 42.1 0.0 0.04 —2.80 -0.77 —0.43

Lauria Pla AC 0-30 2.5Y5/3 19.6 1.42 47.6 37.7 14.7 7.71 3.31 0.34 82.4 8.8 0.02 —4.32 -3.10 18 -3.35
C 30-40 2.5Y8/3 14.9 1.72 54.9 38.2 6.9 7.71 1.24 0.00 92.2 2.2 0 -1.99 —1.51 —-3.45

Lauria P1 C 0-10 2.5Y8/2 36.8 1.46 62.2 35.1 2.7 7.80 0.74 0.00 96.6 8.1 0.01 -3.16 —2.92 -1.74

2) Mazara del Vallo area

Mazara del Vallo A 0-20 5YR2/4 3.9 1.30 37.5 49.0 13.5 7.35 9.88 2.80 22.6 5.6 0.2 —13.92 —-2.33 14 -3.35

Ferla (undist.) C 20-40 7.5YR5/8 0.0 1.70 63.5 26.1 10.4 7.37 3.08 0.46 83.1 15.0 0.01 —5.40 —4.57 —2.43

Mazara del Vallo Apl 0-20 5YR2/4 10.3 1.26 28.4 41.8 29.7 7.32 7.78 1.59 22.5 13.1 0.09 -11.71 —4.10 17 —2.69

P7 Ap2 20-75 5YR2/4 3.0 1.27 30.8 43.9 25.3 7.23 7.08 0.79 24.2 13.0 0.07 —11.08 —4.08 12 —2.56
C 75-110 5YR3/4 14.4 1.00 34.3 36.1 29.6 7.50 6.19 0.81 34.6 13.4 0.03 -8.19 —4.19 26 —2.45

Mazara del Vallo Ap 0-50 5YR3/6 20.5 1.26 44.6 35.6 19.9 7.20 5.73 1.74 69.1 13.2 0.11 -7.97 —4.15 16 -3.03

P4 C 50-90 10YR8/6 8.1 1.27 81.3 14.2 4.4 7.57 1.32 0.00 91.2 12.1 0 —4.10 -3.88 —2.83

D proportion of secondary carbonates on total carbonate content.
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Lauria

Mazarazdl Vallo

Fig. 2. Photos of the investigated profiles with horizon designations and land use of the area. At all sites, table grapes have been cultivated (since soil trans-
formation). At the undisturbed site Mazara dello Vallo Ferla, pasture is the dominant land use.
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Fig. 4. a) Stocks of organic carbon as a function of time after soil transformation. The triangle represents the unaffected soils at the site Mazara del Vallo Ferla and
Grotta Rossa 4al. The stocks significantly increase (when using a linear regression), b) derived org. C accumulation rates (=stocks/soil age). These rates remain at a

high level within the observed time span.

(Lombardo and Raimondi, 1991).

The research area in Canicatti is characterised by an Oligocene to
Pliocene geology (Trumpy et al., 2015), with the frequent occurrence of
“calcare di base” (limestone). At undisturbed sites Mollisols, Vertisols,
Entisols or Aridisols prevail. The soils evolved on typical sediments that
were deposited before and during the Messinian Crisis: clayey marine
sediments, diatom sediments, limestone (Calcare di Base), detritic de-
posits and gypsiferous sediments. The Messinian Crisis was responsible
for a huge accumulation of evaporites throughout the whole Mediter-
ranean domain (Caruso et al., 2015). Due to soil amendment, frequently
Anthrosols on top of former Vertisols can be found.

2.3. Soil sampling

In the Canicatti region, 7 profiles were investigated at sites where
new soils were constructed at different times on top of former soils by
using crushed rock material (Table 1). The soil constructions and
transformations took place between 1975 and 2020. Furthermore, an
unaffected soil profile (Grotta Rossa 4al) was also included. In addition,
two sites near Mazara de Vallo were sampled where a soil trans-
formation was performed in 1972. An unaffected profile in Mazara del
Vallo was also investigated. We therefore have the possibility to trace
how these soils developed over time (over almost 5 decades) and how
much carbon has been sequestered. As a further comparison, data of
previously in-detail investigated agricultural soils was available (Egli
et al., 2020).

At each site, soil pits were dug as deeply as possible either by hand or
by using an excavator and were described according to the WRB (IUSS
Working Group, 2015). Sampling was done following the horizon
sequence along the entire profile down to the underlying former soil (in
sites where it was possible). In order to cover soil variability, a large

amount (up to 5 kg per sample) of soil material was taken (cf. Hitz et al.,
2002).

To determine soil bulk density of each horizon, two — three replicates
of 100 cm® were taken by using a soil corer to take undisturbed samples.
Additional Al-tubes (100 ¢cm®) were used for the determination of the
macropores using X-ray computed tomography (CT).

3. Material and methods
3.1. Chemical analyses of soils

The sampled material was dried for 48 h at 70 °C. It was thereafter
gently crushed using a pestle and mortar and sieved to separate the
skeleton (>2 mm) from fine earth (<2 mm) fraction. To determine the
amount of coarse material, the skeleton was weighed.

Soil pH was determined using a soil-solution (0.01 M CaCly) ratio of
1:2.5. The oxalate-extractable Al, Fe and Mn content — that usually ex-
tracts weakly- and poorly-crystalline phases and some of the organic
phases (Mizota and van Reeuwijk, 1989) — was determined following the
standard method of McKeague et al. (1971). Element concentrations in
the extract were analysed using atomic absorption spectroscopy
(AAnalyst 700, Perkin Elmer). The total carbon (C) and nitrogen (N)
contents of the bulk soil and 5'3C and §'®0 of bulk soil and carbonates
were determined using elemental analysis isotope ratio mass spec-
trometry (EA-IRMS; Thermo Fisher Scientific Flash HT Plus elemental
analyser equipped with a thermal conductivity detector and coupled to a
ConFlo 1V to Delta V Plus isotope ratio mass spectrometer). The isotopic
values were calculated against working in-house standards (Caffeine
(Sigma), Chernozem (Black Carbon Reference Materials)), which were
themselves calibrated against international reference materials
(Caffeine (IAEA 600), Benzoic acid (IAEA 601), Cellulose (IAEA CH3),
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kg C m~2 as asymptote (average C-stocks on limestone in the area of Canicatti,
see Table 7; Egli et al, 2020), Model 3 uses 10 kg C m2as asymptote (see also
Scalenghe et al., 2015; Novara et al., 2017), Model 4 uses 5 kg C m 2 as
asymptote (see also Scalenghe et al., 2015; Novara et al., 2017) and Model 5
uses 27 kg C m~2 as asymptote (typically high stocks near Canicatti, see Table 7;
Egli et al, 2020); b) Accumulation rates of org. C obtained from the derivation
of the exponential decay functions.

ammonium sulphate (IAEA N1), Urea (IVA)). The carbonate content was
determined as described (slightly modified method) in Breitenbach and
Bernasconi (2011) using a GasBench-IRMS (Thermo Fisher Scientific
GasBench II coupled to Delta V Plus IRMS). Aliquots of samples and
standards containing 20-100 pg carbonate C were weighed into exe-
tainer vials, closed and automatically flushed with He for 10 min. 25-50
pl phosphoric acid was added. Samples were measured at least 60 min
after acid addition, which was sufficient to release all carbonate C from
calcium carbonate, aragonite and dolomite (Breitenbach and Bernas-
coni, 2011). The carbonate C content and 5!3C and §'%0 values were
calibrated against a secondary standard (Merck CaCO3) and interna-
tional reference material (IAEA NBS18 Calcite). Organic carbon was
obtained by the difference between the total and inorganic carbon. To
check the reliability of this procedure, the org. C content determined by
EA-IRMS was compared to the Walkley-Black method which is thought
to give similar results (Gessesse and Khamzina, 2018). Pedogenic car-
bonate was determined with a rule of three of the 5!°C carb measure-
ments and a corresponding typical 5!°C value of the region for the
biogenic material (—24.8 %o; Egli et al., 2020) and —1 %o for 100 %
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marine carbonate.

The determination of the loss on ignition (LOI; organic matter and
adsorbed water) was performed by igniting 2 g of oven-dried fine earth
at 550 °C for 6 hr.

The stocks of organic C were calculated using:

Sstock = chdlpz(l 7RM) @M
i=1

where Sy, denotes the abundance (kg m~2) of the corresponding
element and fraction, C the concentration of the element in the corre-
sponding fraction (kg t 1), d; the thickness of layer i (m), p; = soil density
(t m™3) and RM the mass proportion of rock fragments/soil skeleton.

The analysis of the total elemental content in the fine earth (major
and minor compounds) was done by means of X-ray fluorescence (XRF).
Soil material (c. 5 g) was milled to < 60 um and analysed as loose
powder in sample cups using an energy dispersive X-ray fluorescence
spectrometer (SPECTRO X-LAB 2000, SPECTRO Analytical Instruments,
Germany).

3.2. Soil mineralogy

The clay fraction of the soils was obtained after removal of organic
matter with diluted (3 %) and Na-acetate buffered HyO, (pH 5) and then
by dispersion with Calgon and sedimentation in water (Egli et al., 2001).

Orientated specimens on glass slides were analysed using a Rigaku
SmartLab Automated Multipurpose X-ray Diffractometer equipped with
a 3 kW sealed tube X-ray generator having a standard Cu target. Using
Cu-Ka radiation generated at 40 kV and 30 mA, the slides were scanned
in the range of 3-15° 20 with a step of 0.01° 26 and a speed of 2° 26 per
minute. Mg-saturation, ethylene glycol solvation (EG) and K-saturation
were performed prior to X-ray diffraction (XRD) scanning. In addition,
the K-saturated samples were heated for 2 h at 335 and 550 °C, and
rescanned after each heating step. The XRD data of oriented specimens
were corrected for Lorentz and polarisation factors (Moore and Rey-
nolds, 1997) following Egli et al. (2001). Peak separation and profile
analysis were carried out with Origin PFM™ following Lanson (1997)
and Egli et al. (2001).

For quantitative X-ray diffraction analyses of the fine earth,
randomly orientated (Zhang et al., 2003) Ca-exchanged samples were
scanned from 4 to 80° 20 using steps of 0.02° 20 at 2 s intervals using a
Bragg-Brentano X-ray diffractometer (Bruker AXS D8 Advance, Ger-
many). The instrument worked with CoKa radiation that was generated
at 35 kV and 40 mA and with dynamic beam optimisation (automatic
theta compensating divergence slit and motorised anti-scatter screen).
The diffractomter was equipped with primary and secondary soller slits,
and an energy dispersive LynxEye XE-T line detector. Qualitative phase
analysis was done with the software program DIFFRAC.EVA v4.3
(Bruker AXS). The minerals were identified by the positions and relative
intensities of the peaks in the X-ray diffraction pattern compared with
the PDF2 database (ICDD 1998). Quantitative mineral analyses were
performed using Rietveld analysis of the XRD patterns and using the
program Profex/BGMN V3.14.3 (Dobelin and Kleeberg, 2015).

3.3. Physical analyses: Grain size distribution and macropores

Prior to grain size analysis, 60 g of fine earth was dispersed in a 3%
H»0; solution to oxidise soil organic matter. The grain size distribution
was determined using a procedure consisting of wet-sieving of the
coarser particles (2000-32 pm) and X-ray granulometry (SediGraph
5100) measurements for the finer particles (32-1 pm).

Macropores freely drain water and are usually determined from soil
pore size classes that were obtained from soil water retention curves
(Amer et al., 2009). The use of these classes gave quite often rise to
divergent results. Macropores and in general soil porosity are increas-
ingly measured using X-ray CT and (macro)pores defined through the
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Fig. 6. Calculated mass losses (using Pb as immobile element) over time of CaO, MgO, Na,O and K,O.

Table 3

Calculated average element loss (Ca, Mg, Na) rates and accumulation rates of goethite (FeOOH) using three different immobile elements or compounds for the
estimation of losses. Based on equation (5) (var 1) and 8 (var 2) two scenarios of CO5 (mol m~2 yr’l) and C (g m~2 yr’l) consumption are calculated through the
weathering of Ca, Mg and Na. According to Schroeder et al. (2000), each mole of FeOOH produced corresponds to about 2—-3 moles of > (Ca, Mg, Na, K). K losses could

not be detected in the investigated soils.

Immobile element/ Element/ Loss (mol m 2 CO, var 1 (mol m 2 CO, var 2 (mol m 2 Cvarl(gm 2 yr B Cvar2(gm 2 yr D)
compound compound yr 1) yr h) yr 1)
Pb Mg 0.99 0.99 1.98 11.9 23.8

Ca 1.39 1.39 2.77 16.6 33.3

K 0.47 0.47 0.47 5.7 5.7

Na 0.79 0.79 0.79 9.5 9.5

sum 3.64 3.64 6.02 43.7 72.2
Th Mg 0.22 0.22 0.44 2.6 5.3

Ca 2.77 2.77 5.55 33.3 66.6

K 0.00 0.00 0.00 0.0 0.0

Na 0.72 0.72 0.72 8.6 8.6

sum 3.71 3.71 6.71 44.5 80.5
Non-carbonate Mg 0.83 0.83 1.65 9.9 19.9

Ca 4.36 4.36 8.72 52.3 104.6

K 0.00 0.00 0.00 0.0 0.0

Na 0.89 0.89 0.89 10.7 10.7

sum 6.08 6.08 11.26 72.9 135.1

FeOOH 0.78 1.55-2.33 3.10-4.65 18.8-27.9 37.2-55.8

pore diameters. The delimitations depend on the scan resolution and
image processing (Luo et al., 2010).

Nine soil samples (100 cm?; covering all ages of the sequence) were
inspected using X-ray computational tomography (CT) using a GE
Nanotom 180S device (GE Sensing & Inspection Technologies GmbH,
Wunstorf, Germany). The samples were taken from the uppermost soil
horizon (5), subsoil and/or parent material (4). The parameters of the X-
ray source were the following: voltage — 130 kV, cathode current — 200
pA and a 0.2 mm Cu exit filter used to avoid beam hardening effect. The
voxel size of the scan was 0.058 mm. During the scan, the samples were
rotated through a full angle and at each of the 1800 angular positions a
2D view — averaged from 10 X-ray shots for noise reduction — of the
sample were recorded. The next step after CT scanning was a 3D soil
sample image reconstruction based on the recorded 2D radiograms. The
reconstruction was done using the DatosX 2.0 software (GE Sensing &

Inspection Technologies GmbH, Wunstorf, Germany). Finally, 16 bit
grey-level 3D images of the scanned samples were generated. Subse-
quently, image analyses were done. Initially, from the whole 3D image
of the soil core, the cylindrical region of interest (ROI) including only
soil material was selected. The size of ROI was: 49.1 mm in diameter and
46.7 mm in height. The extracted ROI was then filtered three times by
using a median filter having the smallest possible 3px kernel size.
Thresholding was done using the IsoData algorithm (Ridler and Calvard,
1978) with thorough inspection of the thresholded images. After
thresholding, the pore space of the soil samples was distinguished from
soil material. The thresholded image of the soil material was then sub-
jected to labelling, to distinguish between individual pores and skeleton
analysis and to determine the pore network skeleton and its
characteristics.

For the purpose of pores labelling, the group of voxels that are
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Table 4
Mineralogical composition of the fine earth.
Site Horizon  Quartz K- Na- Aragonite  Calcite Goethite Rutile Anatase Kaolinite Mica Smectite Chlorite
Feldspar Plagioclase
wt.-% wt.-% wt.-% wt.-% wt.-% wt.-% wt.-% wt.-% wt.-% wt.-% wt.-% wt.-%
1) Canicatti area
Grotta Ap 19.3 + 3.9+ 3.7 £0.01 121 + 0.7 £ 0.5+ 0.7 + 6.6 + 8.0 + 43.0 + 1.5+
Rossa 4al 0.02 0.03 0.02 0.02 0.01 0.01 0.05 0.04 0.08 0.02
Bt 21.0 + 5.5+ 3.6 £0.01 3.4+ 0.8 + 0.5+ 0.6 + 6.8 + 9.2 + 44.9 + 1.6 +
0.02 0.03 0.02 0.02 0.01 0.01 0.05 0.04 0.09 0.02
Grotta Ap 6.8 + 2.1+ 1.5+ 0.01 1.0 + 62.1 £ 0.4 + 0.4 + 2.0+ 4.8 + 179 + 1.0 +
Rossa 2a2 0.02 0.04 0.02 0.04 0.01 0.01 0.03 0.04 0.07 0.02
Ab 9.0 + 21+ 1.9+ 0.01 1.1+ 53.3 + 0.5+ 0.3 + 2.9+ 4.4 + 23.4 + 1.1+
0.02 0.03 0.02 0.04 0.01 0.01 0.05 0.05 0.09 0.02
Cazzola 4 Apl 13.4 + 33+ 2.3+£0.01 0.7 + 355+ 0.4 + 0.1+ 0.5+ 4.7 £ 6.8 + 30.2 + 21+
0.02 0.03 0.02 0.02 0.02 0.01 0.01 0.05 0.04 0.09 0.02
Ap3 16.0 + 2.7 + 2.9+ 0.01 0.2+ 339+ 0.1 + 0.3+ 0.6 + 5.0 + 6.8 + 29.4 + 1.6 +
0.03 0.03 0.01 0.02 0.01 0.01 0.01 0.04 0.05 0.08 0.02
C.Fazio Apl 6.4 + 1.8 + 1.0 + 0.02 0.6 + 69.7 + 0.3 + 0.4 + 3.0+ 4.8 + 11.2 £ 09 +
0.02 0.03 0.02 0.04 0.01 0.01 0.03 0.04 0.06 0.02
Ab 239+ 3.5+ 3.5+ 0.02 10.0 + 1.2 + 0.4 + 0.7 + 10.8 + 9.4 + 339+ 2.7 +
0.03 0.04 0.02 0.02 0.01 0.01 0.05 0.05 0.09 0.02
C.Fazio 2 Apl 12.1 + 1.8+ 1.5+ 0.02 55.4 + 0.5+ 0.6 + 4.8 + 6.4 + 15.7 £ 1.2+
0.02 0.03 0.05 0.01 0.01 0.05 0.05 0.09 0.02
Ap3/Ab 14.6 + 2.0+ 1.6 + 0.01 44.5 + 0.6 + 0.6 + 7.7 £ 7.0 + 20 + 1.4+
0.02 0.03 0.03 0.02 0.01 0.05 0.05 0.09 0.02
Lauria Pla AC 2.0 + 0.5+ 0.4 £ 0.01 89.2 1.1+ 1.5+ 53+
0.01 0.01 0.05 0.04 0.02 0.05
C 0.7 + 96.8 + 0.2 + 23+
0.01 0.02 0.01 0.03
2) Mazara del Vallo area
Mazara del A 32.1 + 51+ 2.3 £ 0.02 0.8 + 17.5 £ 1.3+ 0.4 + 0.8 + 7.4 + 5.4 + 24.2 &+ 25+
Vallo 0.04 0.05 0.01 0.02 0.02 0.01 0.01 0.05 0.05 0.11 0.02
Ferla
C 09 + 4.0 + 90.4 + 1.2+ 1.9+ 1.6 +
0.02 0.02 0.06 0.05 0.09 0.02
Mazara del Apl 28.7 £ 4.0 + 1.8 £ 0.02 0.5+ 22.0 £ 1.0 + 0.5+ 0.9 + 6.9 + 5.3+ 26.7 + 1.7 +
Vallo P7 0.03 0.05 0.02 0.02 0.02 0.01 0.01 0.05 0.05 0.09 0.02
C 21.1 + 23+ 2.0 +0.02 0.9 + 33.6 = 1.5+ 0.3 + 0.8 + 7.0 + 53+ 23.2 + 2.0+
0.03 0.05 0.02 0.04 0.02 0.02 0.01 0.05 0.07 0.13 0.02
Mazara del Ap 8.7 + 0.5+ 1.4+ 80.7 + 0.6 + 0.4 + 1.6 + 1.5+ 2.6 + 2.0+
Vallo P4 0.02 0.02 0.02 0.07 0.02 0.01 0.05 0.05 0.11 0.02
C 1.3+ 98.0 + 0.4 + 0.3 £
0.02 0.02 0.02 0.01

connected by at least one voxel face were treated as individual pores.
Bigger pores were divided into sub-pores by cutting them automatically
in the narrow area. Subsequently, the pore surface (as sum of external
faces of pore voxels), pore volume (as sum of the voxel’s volume) and
the equivalent diameter (defined as the diameter of the ball having the
same volume as the pore) of the pores were determined. Thresholded
images were also subjected to the skeletonisation procedure. Technically
skeletonisation consists of two steps: distance map creation (where the
central areas of pores are determined) followed by thinning (which re-
sults in network creation). The final step is the analysis of the resulting
pore network.

Image analysis tasks were performed using the software Fiji - ROI
selection for filtering and thresholding (U.S. National Institutes of
Health, Bethesda, MA, USA) and Avizo 9 for labelling and skeletonisa-
tion (FEI, Hillsboro, Oregon, USA).

3.4. Chemical weathering

To trace alteration processes in the soil, chemical weathering indices
and a mass balance approach were applied. The CIA provides a quan-
titative measure of feldspar weathering (Nesbitt and Young, 1982;
Buggle et al., 2011):

A1203

CIA =100 2
ALOs; + CaO + Na,0O + K,0 2

Furthermore, the molar ratio of (K + Na)/Ti was used as weathering

10

index (Egli et al., 2020). In addition, the open-system mass transport
function a (Chadwick et al., 1990; Egli and Fitze, 2000) was used.
Relative elemental losses in the soil column were calculated using this
function:

o= (GG @)
Ci.w'Cj,p

where: i denotes the immobile element, C;, (g kg’l) is the concen-
tration of element j in the unweathered parent material, and C;,, is the
concentration of element j in the weathered product (g kg™1). Using the
concept of immobile elements, absolute gains and losses (M) were
calculated for n soil layers as:

- Tinw
M;,.(Az,) = C'.w< — )PWAZW 4

where 7;,, corresponds to the mass transport function and A z to the
weathered equivalent of the columnar height. The ’classically’-used
immobile elements such as Ti or Zr were replaced by other elements and
compounds that are less affected by chemical variability (such as the
non-carbonate fraction, Th in carbonates and Pb; see Egli and Fitze,
2001).

A further means to trace weathering is the profile development index
(PDL; Harden, 1982). To determine the PDI of a profile a number of
easily measurable parameters can be taken into consideration (Lybrand
and Rasmussen, 2015; Sauer, 2017). We used: horizon thickness, profile
depth, soil colour (dry, wet), grain size distribution, stickiness,
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Fig. 9. a) X-ray diffractograms of soils having a different age. The diffraction peaks associated with calcite (Cc), quartz (Q), K-feldspar (KF), plagioclase (P), mica
(M), smectite (Sm), kaolinite (K), chlorite (Chl) and goethite (Gt) are labelled. b) Rietveld plot of the sample Mazara del Vallo P7, Apl.

plasticity, soil structure, consistency and the pH-value.

3.5. CO; consumption by silicate or carbonate weathering Table 5
Average oxalate-extractable contents of Fe, Al and Mn in the soils.
With chemical weathering CO5 is consumed. Urey (1952) proposed Site Horizon Depth Al Fe Mn
that atmospheru.: CO5 combines with Ca sﬂlc.ates to produce carbogate.s. 1) Canicattl area
In the current literature an expanded version of the Urey reaction is Grotta Rossa 4al Ap 0-40 1358 857 424
given (Blattler and Higgins 2017; Kellogg et al., 2019). To include the Bt 40-80 1954 812 415
role of acid rain the Urey reaction takes the form Grotta Rossa 2al Ap 0-50 645 538 200
AC 50-65 509 288 143
CaSiO; +2C0, + H,0 = CaCO; + Si0, + CO, + H,0 5) C 65-75 193 193 56
Grotta Rossa 2a2 Ap 0-30 456 433 114
The carbonation takes place when carbon dioxide (carbonic acid) Bw 30-85 523 413 160
dissolves calcium silicate (wollastonite) sediments to give calcium, bi- Ab 85-95 738 487 162
carbonate, and silica (Kellogg et al., 2019). Cazzola 4 Apl 0-40 850 604 456
Different d st t leulate the CO tion b Ap2 40-80 747 555 430
ifferent procedures exist to calculate the COz consumption by Ap3 80-100 599 540 383
chemical weathering. Depending on the procedure, the results differ C.Fazio Apl 0-50 235 555 168
substantially. We used the approach of Hilley and Porder (2008) who Ap2 50-75 397 1101 249
assumed that each mole of Mg and Ca reacts with 1 mol of CO,. In an Ab 75-85 418 1261 245
. - - . C.Fazio 2 Apl 0-40 169 745 172
extended form the consumption of CO, is described as: Ap2 40.70 09 101 149
Nt + 2+ 2+ Ap3/Ab 70-80 151 718 167
COs iy = [Na"Jyy + (K ]y + €], + [M™']., ©® Lauria Pla AC 0-30 138 135 73
with sil = silicate. . C 30-40 67 28 46
Lauria P1 C 0-10 59 13 15

Another approach we applied follows Frondini et al. (2019) and
Jiang et al. (2020). The alteration of anorthite and muscovite to 2) Mazara del Vallo area

Kkaolinite is described as Mazara del Vallo Ferla A 0-20 1246 897 233
C 20-40 1060 769 0
CaAL,SirO5 + 2C0; + 3H,0 = ALS 05 (OH), + 2HCO; + Ca?* @ Mazara del Vallo b7 A2 oo e w2
C 75-110 956 955 313
Mazara del Vallo P4 Ap 0-50 1507 791 342
C 50-90 196 70 13

11
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contents of Fe, Al and Mn) and of b) goethite.

2KAL (SizAl)010(OH), + 5H,0 + 2CO,
= 3ALSi05(0OH), +2K* 4+ 2HCO; ®)

This means that per mol Ca, 2 mol of CO; are consumed and per mole
K, 1 mol of CO». As a consequence, the overall consumption of CO with
silicate weathering is:

CO;, () = [Na']; + K], +Z[C‘IHLH +2[M82+]si1 )]

According to Frondini et al. (2019) and Jiang et al. (2020), also the
dissolution of carbonates consumes atmospheric CO2. The congruent

dissolution of calcite follows:
CaCO; + H,0 + CO, = Ca** + 2HCO; 10

Thus, the consumption of CO; due to carbonate weathering would be
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CO;y (cay = [Ca®"],, + [Mg™"] an

carb carb

4. Results
4.1. General soil characteristics

All transformed sites have Anthrosols. The unaffected soils at Mazara
del Vallo Ferla and Grotta Rossa 4al are a Regosol and Luvisol,
respectively (Table 1). The thickness of the deposited unweathered and
artificial layer on top of the former soil was at all sites relatively similar
(approx. in the range of 80-100 cm; Table 2). Soil development on the
most recently transformed sites was (Lauria Pla, Lauria P1), as ex-
pected, very weak. With time, a soil formation on the crushed limestone
(that can be considered as new C horizon) started. The soil layer is
mostly characterised by an Ap horizon; at some sites also a B (Grotta
Rossa 2a2) or an AC (Lauria Pla) horizon developed. Soil thickness,
defined as A and B horizon (transition horizons such as AC may count
half; Sauer, 2010), steadily increases over time to attain a considerable
average of about 70 cm after 45 years (Fig. 2). The skeleton content in
the transformed soils varies considerably and reaches a maximum of
>70 wt-% in C. Fazio 2 and Mazara del Vallo P4 (Table 2). This reflects
that crushed rock material was added. With respect to the soil skeleton,
no decrease with time could be detected. Because the rock material
consists of crushed limestone, the carbonate content is high in all soils
and consequently also the pH value.

The applied crushed rock material (after deposition and levelling)
usually had a density in the range of 1.2-1.7 g cm > (Table 2). In gen-
eral, soil bulk density decreases with time slightly probably due to the
concomitant increase in organic matter (Table 2; Fig. 3). This trend is
more obvious in the layer where a soil is developing. The C-horizon can
be considered, in terms of soil evolution, as t = 0 because it reflects the
original and unweathered state of the material. The LOI content, an
indication for the organic matter content in the soil (Hoogsteen et al.,
2015), increases distinctly during the first 20 years after soil amendment
and then remains relatively constant in the soil with about 7 wt-%
(Table 2). With increasing weathering and age of the soil material, the
pH value decreases slightly, but still remains in a neutral to slightly-
alkaline range (7.2-7.8). A strong negative relationship between LOI
and pH was found (R = 0.615, p < 0.05), which is due to the H'
dissociation from organic matter.

The soils cover a wide range of textural classes; i.e., from loamy sand
to silty clay or clay (Table 2). The added crushed rock material is a
relatively sandy limestone. With time, the proportion of clay (Fig. 3) and
silt slightly increases and the sand content decreases. The Lauria and
Mazara del Vallo profiles have the highest amount of sand (coming from
the sandy limestone of the parent material) and the lowest amount of
clay. The oldest transformed profiles at Mazara del Vallo and Grotta
Rossa have a high silt content (up to almost 60%).

Table 6

Pore characteristics of the investigated samples (Canicatti area). The numbers related to a volume of 88.4 cm?®.
Site Horizon  Age" Total pore volume Max. graph length Total macroporosity Total surface area of Mean Max. graph

(yr) (rnm3) (mm) (%) pores (mmz) tortuosity number

Grotta Rossa 2al Ap 45 6174 61,522 7 61,320 1.16 100
Grotta Rossa 2al AC 17* 9785 108,737 11 94,557 1.13 50
Grotta Rossa 2al C 0 7381 65,318 8 62,280 1.15 89
Cazzola 4 Apl 35 3469 46,521 4 34,618 1.13 39
C.Fazio Apl 27 7279 49,264 8 62,011 117 54
C.Fazio Ab - 1387 4137 2 7964 1.19 21
Lauria Pla AC 17 8634 108,043 10 94,212 1.15 75
Lauria Pla C 11,101 176,475 13 118,565 1.12 43
Lauria P1 C 0 7268 107,283 8 83,461 1.14 64

* Age interpolated.
D Duration of weathering after site transformation.
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Organic carbon stocks of the transformed and natural soils of the region. The stocks are given for the entire soil profile and for 0 — 80 cm. The latter range is given,
because the added artificial layer (crushed limestone), and thus the new soil, typically has this thickness. The basic data of the sites Tripolil — Gessi are form Egli et al.
(2020). These sites are all near Canicatti (Fig. 1) and mostly have soils > 80 cm thickness.

Site Parent material Soil transformation Land use org. C stocks (total) kg m~2 org. C stocks (0-80 cm) kg m~2
Grotta Rossa 4al Limestone No Table grapes 15.07 15.07
Grotta Rossa 2al Limestone Yes Table grapes 3.81 3.45
Grotta Rossa 2a2 Limestone Yes Table grapes 7.98 7.75
Cazzola 4 Limestone Yes Table grapes 4.74 4.74
C.Fazio Limestone Yes Table grapes 7.77 7.77
C.Fazio 2 Limestone Yes Table grapes 3.46 3.46
Lauria Pla Limestone Yes Table grapes 1.15 1.15
Lauria P1 Limestone Yes Table grapes 0.00 0.00
Mazara del Vallo Ferla Limestone No Pasture 8.58 8.58
Mazara del Vallo P7 Limestone Yes Table grapes 11.37 9.28
Mazara del Vallo P4 Limestone Yes Table grapes 7.48 7.48
Tripoli 1 Laminated marl (diatomite) No Uncultivated area 19.91 13.65
Tripoli 2 Laminated marl (diatomite) No Uncultivated area 38.88 14.87
Detriti Limestone No Vineyard 31.89 18.25
Calcare Limestone No Pasture 28.30 28.30
Argille 5 Clays and marl No Pasture 12.92 10.58
Argille 6 Clays and marl No Fruit orchard 7.96 5.74
Argille 7 Crushed limestone over clays and marl Yes Vineyard 26.54 19.88
Gessi Gypsum No Pine forest 11.70 11.70

Average stocks in old (not transformed) soils on limestone: 22.1 kg m~2 (£9.3; whole soil), 18.3 kg C m~2 (£7.2; 0-80 cm).

4.2. Inorganic and organic carbon

The transformed soils Lauria P1 and Pla and Mazara del Vallo P4
contain the highest amount of total carbon (bound in carbonates), while
the oldest transformed soils (Mazara del Vallo P7) exhibits the lowest
(Table 2). In general, the carbonate content is quite high throughout all
soil profiles due to the carbonate-rich material that was added. The C-
horizons typically contain the highest carbonate concentrations; but,
also some horizons near the surface (C. Fazio Ap1) contain up to 57 wt-%
of CaCOs. The quite homogeneous carbonate depth distribution can be
explained by the mixing of the material during the construction. Organic
C distinctly decreases with depth in most of the transformed soils. The
oldest transformed soils contain the highest organic C content.

The organic carbon stocks increase rapidly and significantly with
time (Fig. 4). The maximum org. C stock is reached in the oldest trans-
formed soil with 11.4 kg m~2 (Mazara del Vallo P7). This stock is
considerably high. The org. C stocks seem to increase linearly with time.
However, such a trend does not follow normal pedogenesis and cannot
be extrapolated tel quel. With time, a quasi-steady state stock must be
reached. Unaffected agricultural and natural soils of this region have a
stock that varies within a wide range (Novara et al., 2017) and can be, if
the A and B horizons are considered, even very high (>40 g org. Cm ™2
Scalenghe et al., 2015; Egli et al., 2020). One usually surmises that a
quasi-state situation is reached with time (Egli et al., 2012). Logistic
functions that trace soil organic carbon stocks as a function of time and
having different asymptotic end-values are plotted in Fig. 5. It is also
interesting to note that the Regosol has, although being relatively
shallow, a high organic carbon stock with 8.6 kg m~2. In a similar range
is the untransformed soil Grotta Rossa 4al with an org. C stock of 15.1
kg m~2 (Table 7). The average sequestration rates of org. C of the
investigated transformed soils vary between 68 and 288 g m~2 yr 1,
Assuming a logistic function, the rates would remain high until about
50-100 years since start of the soil transformation and would strongly
decrease thereafter (Fig. 5).

Using the isotopic composition of the carbonates measured in the
soils and the endmembers -513C = —1%, for carbonates and —23.8%. for
biogenic matter (Egli et al., 2020) of the region — the proportion of
pedogenic carbonates was estimated. This proportion steadily increases
with increasing age of the artificial soils pointing to the dissolution and
reprecipitation of carbonates or to chemical weathering of primary sil-
icates (Table 2). The proportion of secondary carbonates on total inor-
ganic carbon reaches about 50% at the site Grotta Rossa 4al.
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4.3. Chemical weathering

All samples contain carbonates; in some cases, up to >90 % (Lauria
P1, Lauria P1a, Mazara del Vallo P4; Table 2). Due to the high carbonate
content and related dilution effect, particularly Zr exhibited partially
very low contents and showed a high variability along the profiles
(Table S1). When using them as immobile elements it resulted in unre-
alistic chemical weathering losses or gains (Eq. (4)). Therefore, Th was
additionally used as an immobile element because it occurs in insoluble
form also in carbonates (Bailey and Ragnarsdottir, 1994). A further
immobile element in such environments is Pb.

Only a slight weathering of silicates is detectable with time (Fig. 6).
Weathering of silicate components (CaO, Na0, K20, MgO) is dominated
by CaO and, to a lesser extent, by NagO. The highest CaO + NaO + K20
+ MgO (silicate compounds) leaching was found at the site Mazara del
Vallo P4 (Fig. 6). The average weathering rate of silicate compounds
was, depending on the calculation scenario, about 170-280 g m~2 yr!
(or about 3.7-5.5 mol m~2 yr’l, Table 3). It was not possible to detect a
significant loss of carbonates over the considered time span of approx.
50 years seem, because primary carbonates were dissolved, moved and
re-crystallised as pedogenic carbonates. In general, changes and
weathering losses are difficult to recognise during the first 30 years of
weathering and soil formation. Thereafter, it seems, however, that sili-
cate weathering becomes more evident (Figs. 6 and 7).

With time the molar ratio of (K + Na)/Ti tends to decrease pointing
to increasing weathering conditions (Fig. 7). This decrease might be
partially linear, but would not be plausible in the long-term. The CIA-
values shows no trend. The most distinct changes over time, indi-
cating weathering, can be seen with the PDI (Fig. 7). The values
significantly and distinctly increase over time indicating that profile
development and weathering indeed occurs. The observational period is
short. Also here, the trend is not linear and would follow most likely an
exponential decay model with an asymptotic value.

4.4. Soil and clay minerals

The samples of the youngest site and the original material used for
soil transformation exhibit major peaks at the positions of 0.72, 1.0 and
1.43 nm in the textured XRD patter of the clay fraction. With ethylene
glycol saturation, the peak centred at 1.43 nm moves to 1.67 nm, indi-
cating the presence of smectite (Fig. 8; particularly well pronounced at
Lauria P1 and Lauria P1a). As no primary chlorite can be traced in the
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Fig. 11. a) Visualisation of the macropores (voxel size > 0.058 mm) and their evolution over time obtained from microtomographic scanning, b) frequency dis-

tribution of the pore volumes.

clay fraction, the peak at 0.72 nm indicates kaolinite. With K-saturation,
the relative proportion of the peak at 1.00 nm increases. Consequently,
also some vermiculite is present in the samples. A part of the peak at
around 1.43 nm resists to K-saturation but collapses with heating at 335
°C to 1.00 nm. Therefore, some hydroxy-interlayered smectite or
vermiculite is present (HIS or HIV). This general pattern remains more
or less unaffected over time (except that the increasing content of hy-
droxides starts to disturb the XRD pattern). More interstratified minerals
(mica/vermiculite or mica/HIV) start to develop over time, indicated by
an increasing proportion of peaks between 1.00 and 1.43 nm; mostly
near 1.24 nm; Fig. 8; C. Fazio and Cazzola 4).

The total mineral fraction revealed that calcite is, not surprisingly,
the most abundant mineral in the measured profiles (3-98 wt-%) fol-
lowed by quartz and smectite (Table 4, Fig. 9). Mica, kaolinite, K-feld-
spar and plagioclase were detected in all soils. In most samples, also
some goethite could be measured. The measured X-ray diffractogram
patterns could be best modelled (Fig. 9) using the minerals given in
Table 4. With time, the content of calcite is decreasing giving rise to a
relative increase of all other minerals. If the relative content of all non-
carbonate minerals is considered, then a significant decrease in mica and
a trend to a slight decrease in plagioclase and smectite can be figured
out. At the same, chloritic compounds (e.g., HIV) increase. This indicates
that some weathering of primary silicates is taking place.

The content and stocks of oxalate-extractable Al, Fe and Mn
(Table 5), and thus weakly and poorly crystalline weathering products,
distinctly increase over time (Fig. 10). Furthermore, also the amount of
goethite significantly increases over time. This again supports the
finding that active weathering occurs at a relatively high rate.

4.5. Evolution of macropores

The macro-porosity was in the range of 1.5 to about 13 % of the total
volume. In general, these are rather low values. Usually, the C- or AC-
horizons, and thus the added crushed material, have a higher macro-
porosity than the A or Ap horizons (Table 6). Although the number of
observations is low, it seems that the macro-porosity in the topsoil de-
creases with time after soil transformation (Fig. 11). The total surface
area of the macropores was higher in the C and AC horizons compared to
the A or Ap horizons (Table 6).
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The pore length (maximum graph length) of the macropores nor-
mally decreased from the C and AC horizons to the A and Ap horizons
and, thus, also with time (Table 6; Lauria P1a, Grotta Rossa 2al). The
temporal trend of the macro-porosity and pore length of macropores
indicates that over time the volume of larger pores was reduced. It ap-
pears however that the tortuosity slightly increased from the C to the A
horizons and thus also with time.

The pore graph represents the topology of the pore space (Table 6;
Musso et al., 2019). Its edges connect the pores and store the diameter of
the largest particle that can move along this edge (Mehlhorn et al.,
2009). The number of pore networks slightly increases from the C to the
A horizon whereas the graph length significantly decreases with time
and from the C to the A horizons (Table 6). This indicates that the more
networks appear, the shorter they are. Consequently, with time the
porosity (Fig. 12), pore surface and pore length are reduced (Table 6).
Something similar seems to happen with the temporal evolution of the
pores and related network. With time, both bulk density (due to the
increase in organic carbon content; Fig. 3) and — rather unusually - the
proportion of macropores decreases. Simultaneously, the pore length
(max. graph length) of the macropores decreases. A lower bulk density
with time means therefore that less macropores are present. The
remaining macropores have furthermore a shorter pore length (Fig. 12).
With time, more organic matter is incorporated in the soil that probably
gives rise to the disruption of the macropore length.

5. Discussion
5.1. Inorganic C

The 5'®0 values of carbonate vary between —5.8 and + 0.2 %o
(Fig. 13a). These values principally suggest that the carbonate has been
formed in an ocean regularly influenced by freshwater (Oehlert and
Swart, 2014; Caruso et al., 2015; Egli et al., 2020). However, during
weathering, rainwater additionally impacts the 8 80 composition of
particularly secondary carbonates (Egli et al., 2020) and drives the
signal to more negative values. The present-day rainwater composition
in Sicily has for an altitude of 100-300 m a.s.1. a §!%0 of about —6.2 to
—6.4%o (Liotta et al., 2013). The 5'3C value of marine carbonate should
be typically near zero. With an increasing carbonate content, also the
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Fig. 12. a) Evolution of the macroporosity in the transformed soils. The mac-
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b) bulk density and c¢) max. graph length (pore length).

513C values in the carbonates (overall signal of the marine and pedo-
genic carbonates) themselves and bulk soil (mixed signal between
organic and inorganic carbon) become less negative (Fig. 13b,c). This is
reflected in the positive relationship between the CaCO3 content and
813C of both bulk soil and carbonates. The variability of §'3C at high
carbonate contents is much less compared to low carbonate contents.
This means that a distinct part of the CaCO3 was dissolved and repre-
cipitated (secondary carbonates) having the imprint of respired CO»-C
from the vegetation. As previously shown, the proportion of secondary
carbonates on the total carbonate content increased continuously with
the age of the soils. Under arid to semi-humid climatic conditions,
dissolution of primary carbonate and recrystallisation with carbon (C)
from soil COy leads to the accumulation of significant amounts of
pedogenic (secondary) carbonate (Gocke et al., 2012). In addition, the
pedogenic carbonate slightly increased with increasing soil depth. This
is probably due to leaching from the upper part followed by a repreci-
pitation in the lower part of the soil.
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Typically, the 5'3C ratio of the bulk soil tends to more negative
values with an increasing organic carbon content (Fig. 13d,e; Egli et al.,
2020; Khedim et al., 2020) owing to the vegetation and its corre-
sponding organic decay products having a different isotopic C signal.

5.2. Organic C and sequestration

The sequestration rates of organic C of the investigated transformed
soils are very high with 68 and 288 g m 2 yr~! and comparable to or
even higher than very young alpine, natural soils that are known to be
very reactive. In such soils, the rates were in the range of 3 to about 100
g Cm 2 yr! (Egli et al., 2012). Consequently, the accumulation and
sequestration of organic C in the transformed Mediterranean soils pro-
ceeds very quickly. Similar to young (alpine) soils, the C accumulation
rates of transformed soils are high at the beginning and tend to reach a
quasi-steady state after about 100-200 years (Fig. 5). The temporal
trend of the accumulation rates also depends on the asymptotic end
value. Usually, the thickness of the added layer of crushed limestone
rocks comprises about 80 cm. A comparison with untransformed but
agriculturally used soils on limestone shows that in average about 15 kg
C m~2 can be stored in the layer 0-80 cm (Table 7). The temporal trends
of organic C accumulation rates seem therefore most likely for model 1
and 2 (Fig. 5) where an asymptote in the range of 11 to about 18 kg m~2
and transformed soil thickness of 80 cm is reached. In general, these soils
are capable to store a high amount of organic C in the entire, often deep
profile (26-39 kg org. C m~2, Table 7). Some of these natural profiles
may have a thickness of >270 cm and still contain organic C in that
depth (Egli et al., 2020). Although a high amount of sequestered C is
often stored in the topsoil, the subsoil contained a substantial stock.
Usually, the topsoil has a higher proportion of the labile organic C pool
which is frequently replaced by new organic matter or respired (Jackson
et al., 2017). For a long-term sequestration, organic C should also be
stored in the subsoil (Luo et al., 2010; Aguilera et al., 2013; Angst et al.,
2018; Laban et al., 2018).

The organic C sequestration potential in transformed Mediterranean
soils thus seems, provided with good agricultural practice, enormous.
While the observed time span seems to be too small to see distinct effects
of silicate weathering, the carbon sequestration rates are considered to
be high (Vicente-Vicente et al., 2016), because they tend to be very fast
during the first years after a change of the management and progres-
sively slow down. Aguilera et al. (2013) report very high sequestration
rates of C in soils under organic amendment treatments with 144 g m ™2
yr’l or27 g m2 yr’1 in cover crops in Mediterranean areas. Novara
et al. (2017) found that the abandonment of cropland in the Mediter-
ranean leads to an increase in the soil organic carbon stocks by an
average of 9.03 Mg C ha™! in 20 years (=45 g m~2 yr ). Other studies
from the Mediterranean region showed similar or far lower carbon
sequestration rates with0to 46 g m 2 yr’1 (Alvaro-Fuentes et al., 2009).
In a 50-yr field experiment with soils having initially no organic C, Kauer
et al. (2019) measured organic C accumulation rates, depending on the
type of cultivation, of 11-50 org. C m~2 yr!. The values we measured
are very high, also because we did not only look at the carbon accu-
mulation in the topsoil, but considered the whole profile. Over a period
of maybe 50-100 years, the goals of the ’4 per mille’ initiative can be
easily achieved in areas where soils are transformed. Minasny et al.
(2017) come to a similar conclusion. Based on an investigation and data
evaluation of 20 regions in the world, high C sequestration rates (up to
10 per mille) can be achieved for soils with low initial SOC stocks
(topsoil <3 kg Cm™2) and at the first twenty years after implementation
of best management practices (reduced tillage in combination with
legume cover crops). Other authors (Valkama et al., 2020) showed that
the type of land use is crucial if the goal of the *4 per 1000’ initiative can
be reached or not. According to these authors there is in principle no
alternative solution to that of conservation agriculture. However, the
extent to which organic C is stored depends on the soil type, its char-
acteristics and climate.
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5.3. Chemical weathering and C consumption

The PDI is one of the most widely-used soil development index based
on field and laboratory data (Sauer, 2017). This index has been applied
on a wide range of environments. The PDI distinctly increases with soil
age indicating fast weathering processes. Compared to soil chro-
nosequences of other sites having a Mediterranean type of climate (e.g.,
California; Busacca, 1987; McFadden and Weldon, 1987) or glacial de-
posits of alpine regions (Goodman et al., 2001; Dahms, 2002), similar
values were calculated for soils having an age of several kyr. At our
investigated sites, however, high values are reached much earlier.

Other chemical weathering indices are less sensitive. The CIA and
particularly the (K + Na)/Ti ratio indicate some modest weathering,
however by far not so clear as one can usually detect on long-term ob-
servations (Sauer et al., 2010).

Silicate weathering is difficult to be correctly quantified over the
considered time span (Fig. 6). The losses or gains are small. Depending
on the immobile element used for the calculation of gains or losses,
about 5.8-12.5 kg > (CaO, Naz0, K20, Mg0) m~2 were leached in 45
years. The average leaching rates (although the variability is large and
the time trends are not so clear and only for CaO statistically significant)
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were estimated to about 3.5-10 kg m~2 for CaO, 0.5-1.4 kg m~2 for
MgO, 0.9-1.25 kg m 2 for Na,O and 0-1.7 kg m~2 for K0 in 45 years
(Table 3; Fig. 6). These trends might have been affected by the fact that
some sites had a higher slope angle causing some erosion (although no
visible erosional features were detectable) which influences chemical
weathering (Hilley and Porder, 2008). In terms of consumed atmo-
spheric C due to weathering, the rates are between 44 and 73 (based on
equation (6)) and 72-135g C m 2 yr’1 (based on equation (9); Table 3).
These results are surprising: the rates of atmospheric C consumption by
chemical weathering do not seem to be that much lower than the
sequestration of organic C. However, we must clearly note that these
calculations are bound to relatively large uncertainties. With time, we
see a distinct accumulation of newly formed goethite (Fig. 10). Goethite
is a weathering product and normally derives from the weathering of
hornblende, epidote and/or biotite. With the formation of FeOOH no
CO», is directly sequestered. However, when hornblende, epidote and/or
biotite weather, they release not only Fe but also Ca, Mg, K and Na.
Therefore, the formation of FeOOH may be an indicator of the release of
Ca, Mg, K and Na and thus CO, consumption with weathering. Ac-
cording to Schroeder et al. (2000), each mole of Fe that is released from
primary minerals (biotite, hornblende, epidote) corresponds to about
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2-3 mol of > (Ca, Na, K, Mg). The formation rate of goethite can
therefore be used as a cross-check of silicate weathering and CO2 con-
sumption (Table 3). Although the average leaching rates of Ca, Na, K, Mg
are bound to a high uncertainty, they correlate very well with the values
estimated by using FeOOH. This cross-check shows that the calculated
CO4 consumption rates by silicate weathering might therefore be in a
reasonable range. It seems (see chapter 5.4) that mica weathering is one
of the most important processes. Biotite often is the primary source of Fe
incorporation into secondary goethite (White et al., 2017).

According to the equations (10) and (11) carbonate dissolution also
contributes to the consumption of atmospheric COy (Frondini et al.,
2019; Jiang et al., 2020). Over 45 years, about 200-400 kg CaCO3 m™2
would have been leached. This would be enormous. In terms of C con-
sumption this would give rise to a rate of about 500 to about 1000 g m ™2
yr~L. This does not seem to be realistic (particularly the highest value).
In addition, dissolved carbonates do not remain eternally in the
groundwater. Sooner or later, they precipitate and the process will be
reversed. It is therefore questionable if the dissolution of carbonates
really contributes to atmospheric CO, consumption.

The high C consumption values calculated when using equation (9)
for silicate weathering and the carbonate weathering do not take into
account that CO; is only temporarily stored as HCO3 in the soil and
groundwater because it will degas later. Thus, the calculated silicate
weathering and CO, consumption using equation (6) gives more plau-
sible results. This means that atmospheric carbon is consumed at a rate
of 44-72 g Cm 2 yr L,

The amount of oxalate-extractable Al, Fe and Mn increased distinctly
with time. The oxalate-extractable contents are about 30-50% lower
when compared to non-transformed and well-developed soils of the
region (Egli et al., 2020). However, soil formation and pedogenic
transformations are still ongoing at high rates. Fe and particularly Al
correlated significantly (R? = 0.28 and 0.53, respectively; p < 0.05) with
the organic matter content. It is commonly known that oxyhydroxides
can bind strongly organic matter (Wiesmeier et al., 2019).

Such high chemical weathering and transformation rates do not exist
in natural soils of this region. Agricultural use and related irrigation
accelerated these processes.

5.4. Soil and clay minerals

The undisturbed and, thus, oldest soils have a lower calcite content in
the A and B horizon than the transformed sites (Table 4). Although the
variability is relatively large, the calcite content in the topsoil generally
decreased with time (R2 = 0.51; p < 0.05). As a concomitant effect
(normalised to 100%), the other minerals are passively enriched
(Table 4). Mica seems to decrease whereas chlorite components increase
over time. With weathering, mica can be transformed to HIV or HIS
(both having the characteristics of chloritic components; Ezzaim et al.,
1999; Tolpeshta and Sokolova, 2018). Over time, more interstratified
minerals were formed indicating an active weathering environment (e.
g., Carnicelli et al., 1997). Most of the detected (clay) minerals must
therefore originate from the crushed rock material and do not change
greatly in their relative proportion.

The amount of goethite increases distinctly over time (Fig. 10). In
soils, hematite and goethite are usually formed in the presence of clay
minerals or primary minerals. Their formation pathway however can be
complex (Schwertmann et al., 2000; Wilson, 2004).

5.5. Macropores

The rather sandy soil (high carbonate content) at the start of the soil
evolution suggests that the soil pores have a comparably large soil pore
volume (macroporosity) (Singh et al., 2018). Sandy soils have however
only a small relevance in protecting SOC from mineralisation because of
the lack of smaller pore sizes stabilising organic material (Chivenge
et al., 2007). The distribution of soil pores therefore influences the soil
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organic carbon cycle. Likewise, as particles usually decrease in size due
to weathering (Taylor et al., 2017), the pore size distribution and water
permeability also change (Andrews and Taylor, 2019). Hirmas et al.
(2018) mentioned that macropores often represent <1 % of the soil
volume, but can contribute to >70 % of the total soil water infiltration.

The macroporosity of the investigated soils significantly decreased
over time. Similar to results of Musso et al. (2019), the number of small
pore volumes increased and the relative proportion of large pore vol-
umes decreased with time (Fig. 11). The macroporosity is at the
beginning of the soil transformation (after addition of the crushed ma-
terial) about 10% and after 45 years only half of it, i.e., about 5 %
(Fig. 12). These volumes (based on a similar or moderately similar voxel
size), are often measured in agricultural or natural soils (Kochiieru et al.,
2018; Yang et al., 2018).

In terms of organic carbon conservation, the investigated soils
develop in a favourable direction. The development of macropores is
finally dependent on several factors such as SOC content, grain size
distribution (Nemes et al., 2005), agricultural techniques (ploughing,
heavy machinery, etc) and soil biology (Jarvis, 2007). Macroporosity
and the max. graph length indeed correlate positively (R? = 0.82; p <
0.05; Fig. 12), indicating that macropores tend to extend the soil pore
network. With a decrease in macroporosity, macropore length is shorter
(Fig. 12). Together with a smaller proportion of macropores and smaller
lengths, meso- and microporosity is hypothesised to increase (no data
available) giving rise to a better water retention. This can be beneficial
for plants; however, with a too high water supply the contrary will
happen owing to the development of redoximorph conditions.

The sandy limestone material had, according to the information of
the local farmer and according to Crescimanno et al. (1987), Lombardo
and Raimondi (1991) and Raimondi and Sarno (1999) a positive influ-
ence on the grape quality. The presence of carbonates renders the peel of
the grapes more crispy and more resistant for the transport to the Eu-
ropean market. The addition of sandy limestone, however, also bears the
risk that calcretes may form deeper in the profile affecting the water
infiltration and penetration of roots (Wright and Tucker, 1991). The
challenge now remains in maintaining the favourable soil properties in
order to keep the positive influence.

If these soil transformations are not well done, they could trigger
deterioration of both soil ecosystem services and environmental quality
(Dazzi et al., 2019).

6. Conclusion

Transformed soils containing crushed carbonates seem to have a
huge potential for absorbing and sequestering organic carbon from the
atmosphere. By using a chronosequence (from 0 to 48 years), soil
changes since the surface transformation could be quantified with
respect to atmospheric COy consumption. Irrigated and transformed
soils that are used for table grapes showed organic carbon sequestration
rates in the range of 68 to 288 gm ™2 yr . As a consequence, up to about
12 kg C m~2 could be stored in the soils since transformation. Chemical
weathering proceeded fast with the formation of soils exhibiting well
developed horizons. The profile development index traced the devel-
opment well. Within 48 years, a substantial amount of carbonate was
weathered and in part transformed into secondary carbonates. Because
carbonate weathering consumes in a first step atmospheric CO, and
releases it after reprecipitation, its contribution to CO5 consumption
does not seem to be relevant. The quantification of silicate weathering
and related consumption of COy was difficult, because the variability
and thus the error range were substantial. The atmospheric carbon
consumption by silicate weathering was estimated to lie in the range of
44-72 ¢ C m 2 yr~l. Summed up, the transformed soils have the po-
tential to sequester or consume CO; in the range of about 110-360 g C
m~2 yr 1. Such high rates are only possible with irrigation of the
transformed soils to keep plant growth at a high pace. With time the
macroporosity and the size of the macropore networks decreased to
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about half of its original value. Due to the rather sandy character of the
applied crushed material, the soils were able to maintain their positive
characteristics for agricultural use. Although soil transformations may
exert positive effects on plant growth and carbon sequestration, caution
is needed to prevent soil compaction or other damages to soils that
trigger deterioration of both soil ecosystem services and soil quality.
Furthermore, it should be kept in mind that soil transformation is only a
symptomatic measure and the problem of excess CO, emission still
remains.
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