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Abstract: Exposure of soil constituents to elevated temperatures during wildfire can significantly affect their properties
and consequently, increase the mobility of the bound contaminants. To estimate the potential of wildfires to influence
metal remobilization from the burned soil due to the changes in cation exchange capacity (CEC) after organic matter
combustion and mineral alteration and degradation, changes in soil properties after exposure to different temperatures
was investigated. This was accomplished through analysis of geochemical, mineralogical and surface physicochemical
properties of a soil sample exposed to different temperatures in a laboratory. Heating the soil sample at 200 °C, 500 °C
and 850 °C resulted in an increase in pH (from 5.9 to 12.3), decrease in cation exchange capacity (from 47.2 to 7.3
cmol:kg™) and changes in the specific surface area (observed only at 500 °C), that are associated with structural
modifications of clay minerals and ferromagnetic minerals. Extraction analysis showed the increase in the concentration
of almost all analysed elements (Al, Cd, Co, Cr, Fe, Mn and Zn) in soil eluates. The observed increase, following high—
temperature heating (500 °C and 850 °C), was as much as 15 times higher (e.g., Al), compared to the native soil sample

(25 °C). This strongly indicates that wildfire can act as a trigger for remobilization of heavy metals.
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INTRODUCTION

Over 48,000 forest fires are recorded in Europe annually and
most of them occur in the Mediterranean region (Dupuy et al.,
2020; Moreno, 2014), especially during summer months. The
year 2019 was the worst-ever year for forest fires around the
world in recent history with burned area of natural land in
Europe over 400,000 ha (Commission report, 2020), and the
years that followed were not much better. By Joint Research
Centre (JRC) in the 2021 was recorded 1 113 464 ha burned
area (San-Miguel-Ayanz et al.,, 2022). According to some
wildfire regime concepts defined by pattern, frequency, and
intensity of the wildfires over long periods of time it is
predicted that fire activity will increase to the end of the
century (Duane et al., 2019), while Moriondo et al. (2006) are
expecting that the intensity of wildfires, duration of the fire
seasons, the number of days in each season facing extreme fire
risk, as well as the areas burned by wildfires per year will
increase in the future.

Fire, whether prescribed or wildfire, affects many different
properties of soil, as described by many authors (Alcaiiiz et al.,
2018; Fernandez-Marcos, 2022; Francos et al., 2018; Santin
and Doerr, 2016). It is also important to emphasise that
contaminants, i.e., potentially toxic elements, are often
constituents of a soil that can become immobile over time,
although the possibility of redistribution exists. Such
immobilisation can occur as a result of the ion binding capacity
of the soil, i.e., the cation exchange capacity (CEC). The
presence of clay minerals and OM in soils increases the CEC
and consequently the mobility of potentially toxic elements
tends to be lower (Palansooriya et al., 2020). Changes or
degradation of the mentioned soil components are of extreme

importance when thinking about remobilisation, and such
remobilisation can occur when the soil is exposed to fire.

A review paper by Santin and Doerr (2016) defines three
main directions of influence of fire: Influence of heating and
combustion processes (i); indirect influence through changes in
vegetation cover (ii); and redistribution of soil through post-fire
erosion. A review of the research regarding the effects of the
prescribed fires on the physical, chemical, and biological soil
properties by Alcaiiiz et al. (2018) emphasized that the physical
and biological properties are more significantly affected than
the chemical ones, particularly for low intensity fires. Francos
et al. (2018) showed that high-intensity fires also alter the soil
chemical properties. Mineral particles and soil organic matter
(SOM) control the cation exchange capacity and the available
surface area of soil (Deng and Dixon, 2002; Schulze, 2002).
Mineralization of organic matter, as a consequence of wildfires,
was already associated with elevated concentrations of metals
in water bodies (Abraham et al., 2017; Ignatavicius et al., 2006)
and is considered as the main source of metals in the post-fire
environment. Phyllosilicates, an omnipresent group of minerals
in soils and sediments, due to their generally small particle size,
large surface areas and affinities for exchange of cations with
the surroundings, exhibit a strong influence on the soil
properties.

Changes of these constituents can affect the mobility of
metals stored in soil, which can, in consequence, combined
with the post-fire rain runoff and wind erosion, seriously affect
the water resources associated with the burned area (Abraham
et al,, 2017; Campos et al., 2016 and references therein).
Roughly, at temperatures close to 100 °C most living organisms
and nutrient cycling processes are affected, when the
temperature reaches 400 °C organic matter is destroyed, while
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at even higher temperatures (>450 °C) the structure and
properties of mineral particles, especially clay minerals, begin
to alter (Neary et al., 2005). It was shown that in soils with
increased content of clay minerals and organic matter, the
mobility of metals is low (Abraham et al., 2017; Yoon et al.,
2006), suggesting that alterations of these soil constituents, as
in the case of wildfires, has an inevitable impact on the soil
properties (Reynard-Callanan et al., 2010) and could increase
the mobility of heavy metals. The important contribution of
wildfires on the levels of major and trace elements in the
burned soil and ash and their potential mobilization were
already suggested (Campos et al., 2016; Costa et al., 2014;
Ignatavicius et al., 2006; Odigie et al., 2016; Pereira and
Ubeda, 2010). In a recent review on post-fire metal
concentrations in soil, Abraham et al. (2017) highlight the lack
of information regarding behaviour of metals in soils affected
by wildfires, especially considering Co, Cu, Cr, Cd, Ni, Zn and
As. The temperatures achieved during the fire and duration of
the fire itself are two of the main parameters influencing the
extent to which the soil properties are affected (Certini, 2005;
Santin and Doerr, 2016). Along with field investigations on the
fire affected areas (Ulery et al., 2017) laboratory studies are
often applied in investigation of fire-induced changes in soil
properties (Araya et al., 2016; Marcos et al., 2007; Pape et al.,
2015). When observing soil changes caused by fires, one finds
that some changes occur shortly after the fire event, while
others occur in the long term, as described in a review by
Fernandez-Marcos (2022). From the point of view of this
research, the research interest lies in short-term changes that
occur after the fire and could be the result of the redistribution
of potential toxic elements previously immobilised by organic
matter and some minerals.

A laboratory investigation of the effect that different
temperatures have on soil properties allows an assessment of
alterations that low-, medium- and high-intensity fires, could
exhibit on the mineral composition of a soil sample and its
surface physicochemical properties. Analysis of major and trace
metals released from the soil sample at different heating
temperatures, allows assessment of the potential mobility of
major and trace metals at different heating temperatures and its
linkage with the determined alterations of soil constituents.
This study aims to broaden the knowledge on the effect of
heating on the surface physicochemical (the specific surface
area and the cation exchange capacity), geochemical and
mineralogical properties of a soil sample, and evaluate the
influence this exhibits on the release of the associated trace
metals. By comparing the amount of leachable chemical
elements from soil heated at different temperatures, in parallel
with a detailed geochemical and mineralogical analysis of the
heated soil, it will be possible to better understand and separate
the influence of fire on the remobilisation of formerly
immobilised elements due to degradation and/or changes in
mineral structure and organic matter.

In general, it contributes knowledge on the potential severity
of wildfires impact on the surrounding environment through
release of potential contaminants. The sampled soil represents a
typical Croatian forest soil, that is most frequently affected by
wildfires and as such provides information important for envi-
ronmental protection on a regional scale due to better under-
standing of system. Since the pollution of water and the aqui-
fers has already been associated with the fires (Burke et al.,
2013; Ubeda and Sarricolea, 2016), the emphasis on such sce-
narios is of crucial importance in the karstic areas, prevailing in
the Croatian coastal area, due to the aquifer position and the
possible high rate of pollutants transfer.

MATERIALS AND METHODS
Study area, sampling and sample preparation

As in the other Mediterranean countries, the summer months
in Croatia are characterized by long, dry periods with high
temperatures and droughts. The coastal areas are under addi-
tional fire risk due to frequent winds that easily change speed
and direction and the terrain that is mostly covered with easily
flammable vegetation (dry grass, bushes and Mediterranean
shrubland-maquis) or coniferous forests of Aleppo pine (Pinus
halepensis Mill.) and Evergreen oak (Quercus ilex L.) (Pavlek
et al., 2016). Furthermore, the concentration of a large number
of people in the coastal areas due to touristic activities increases
the possibility of fire occurrence. According to the EFFIS (Eu-
ropean Forest Fire Information System) annual fire reports, 113
forest fires were registered by satellite imagery in Croatia in the
year 2021, with 3 779 ha of burned forest area (out of the total
burned area of 10 074 ha), mostly in southern Dalmatia, the
region most frequently exposed to fires (Siljkovi¢ and Mamut,
2016).

A typical forest soil from northern Dalmatia (Croatia), char-
acterized by a mild Mediterranean climate and a dominant
vegetation of Aleppo pine (Pinus halepensis Mill) (Teki¢ et al.,
2014), was sampled (location coordinates: N43°55'43.62" and
E15°2927.83"), defined as Csa climate type according to the
Koppen-Geiger climate classification (Nimac and Tadi¢, 2016).
The Aleppo pine is among the most important species in the
Mediterranean, covering an area of more than 25,000 km?
(Siljkovi¢ and Mamut, 2016). The sampled soil was classified
as ferra rossa, shallow and medium deep (Bogunovic et al.,
2011), not affected by wildfires in the recent years before sam-
pling. Since the downward heat transfer during the fire is not as
effective, especially in dry soils (Neary et al., 2005), only the
surficial soil layer (0-2.5 cm) was collected with a plastic trow-
el, afterwords air-dried at room temperature and homogenized.

Soil heating

Heating of the soil in a muffle furnace is a well-known la-
boratory technique used to imitate the direct impact of a wild-
fire in a sense to observe changes that different temperatures
and the exposure time, the so-called contact time, could induce
on the soil sample (Albalasmeh et al., 2013; Garcia-Corona et
al., 2004; Soto et al., 1991; Thomas and Fachin, 2014). Various
contact times can be found in the literature, from 20 minutes to
18 h, while the heating temperatures range from 20 °C to 1093
°C. For the purposes of this study, a homogenized soil sample
from the location described in previous section was divided into
four sub-samples, and each sub-sample was investigated in
parallel. The prepared sub-samples were heated for 2 h at 200
°C, 500 °C and 850 °C. Defined heated temperatures should
indicate and include changes related with the CEC: structural
changes of some Fe (oxy)hidroxides that occures in a lower
temperature range starting from 200 °C (i); organic matter de-
composition that at 500 °C should be removed (ii); alteration
and changes in structure of some clay minerals and Fe
(oxy)hidroxides that should be finished at 850 °C (iii). The na-
tive soil sample is henceforth referred to as treated at 25 °C. The
selected contact time, e.g., 2 h, is in accordance with the investi-
gations of Gray and Dighton (2009) and Ubeda et al. (2009) and
based on the possibility that some changes could be undetected in
a shorter time period, like in several other methodologies (Arce-
negui et al., 2007; Mataix-Solera et al., 2014). The heating tem-
peratures were also selected in accordance with the observed
changes and the results of previously mentioned studies.
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Granulometric and physicochemical (SSA, CEC, pH, Corg,
CaCQO:s) characteristics of soil

The granulometric characterization was performed on soil
sub-samples using the laser diffraction on LS 13320 (Beckman
Coulter, USA). The particle size was determined according to the
modified Wentworth (1922) grade scale with the clay-silt bound-
ary at 2 um. Prior to measurements, the soil samples were soaked
in deionized water overnight and treated with an ultrasound for
5 min. All measurements were performed in triplicates.

The soil pH was determined using a glass electrode pH me-
ter according to the standard methods (Kalra, 1995). The spe-
cific surface area (SSA) triplicates were determined by a single-
point nitrogen adsorption using the BET method, on a Flow-
Sorb II 2 300 instrument (Micromeritics, USA). The cation
exchange capacity (CEC) measurements were performed using
the ammonia selective electrode, according to the method de-
scribed by Busenberg and Clemency (1973). All measurements
were performed in duplicates.

The soil organic carbon (Corg) determination and the car-
bonate content (CaCOs3) was performed only on untreated (25
°C) homogenized subsamples, due to the organic matter com-
bustion and carbonates decomposition at the higher tempera-
ture. Soil organic carbon (Corg) was determined by the loss-on-
ignition procedure according to Wang et al. (2012) on 1 g of
homogenized soil, in triplicates. The carbonate content analyses
were performed on homogenized subsamples according to the
EN ISO 10693 (2014) using Scheibler calcimeter. The mass of
the analysed samples was ~500 mg, and analyses were per-
formed in triplicates.

Mineralogical analysis of soil samples

The mineral composition was determined using a Philips
X’pert powder diffractometer with CuKo radiation from the
tube operating at 40 kV and 45 mA, with the X-ray diffraction
data set collected from 4° to 63° 20. The mineralogical analysis
was performed on the bulk soil sub-sample, on the clay fraction
and on the ferromagnetic fraction, after each heating. A detailed
analysis of clay minerals was performed according to Moore
and Reynolds (1997). After the separation, the clay fraction (<2
pm) was air-dried, treated with ethylene glycol, and heated at
400 °C and 550 °C for 30 minutes. For the analysis of the fer-
romagnetic fraction the ferromagnetic minerals were separated
from a water suspension of an equal amount of the bulk sub-
sample using a magnet, from each sample after heating.

Fourier transform infrared (FTIR) spectra were carried out on a
Bruker Tensor 27 in the region from 4004000 cm™!, on the clay
fraction (<2 um) separated from the heated samples and on the
separated ferromagnetic minerals. The measurements were per-
formed on the KBr pellets, prepared by the hydraulic press.

Geochemical analysis of soil samples

The geochemical analyses ware carried out with the goal to
determine if different contact time will influence the concentra-
tion of the mobile fraction of chemical elements. The mobile
fraction of elements was obtained from the first step of the
modified BCR sequential analysis (Rauret et al., 1999). The
first step of the BCR procedure uses 0.11 mol L' CH;COOH to
extract the exchangeable phase and phase bound to carbonates.
Production of the extracts was performed on 1 g of soil, and the
extracts separation was achieved by centrifuging at 3000 rpm
for 30 min and the supernatant was filtered through membranes
with the 0.45 pm pore size. The concentrations of the selected

chemical elements (Al, Cd, Co, Cr, Cu, Mn, Fe, Zn) in the
extracts were determined by the inductively coupled plasma
optical emission spectroscopy (ICP-OES) using Teledyne Lee-
man Labs (Hudson, NH, USA) Prodigy High Dispersion ICP.
The geochemical analyses were performed on all sub-samples
(25 °C -850 °C), in duplicates.

RESULTS
Granulometric and physicochemical (SSA, CEC, pH, Corg,
CaCO:s) characteristics of soil

The investigated untreated soil sample (25 °C) contained
mostly silt (46%) and sand (40%) sized particles with 14% of
clay fraction. Two distinct trends can be observed from the
exposure of the soil sample to high temperatures (Fig. 1a): (i)
lowering of the particle mean size (Mz) at 200 °C and 500 °C,
due to an increase in silt fraction and a decrease in the sand
content (minor increase in the share of clayey particles occurred
at 200 °C), and (ii) coarsening of the soil texture at 850 °C due
to an increase in the sand fraction and a decrease in the content
of silt-sized and clayey particles. It can be observed from the
particle size distribution (PSD) curves, that at temperatures
above 500 °C, the modes observed in the untreated sample (25
°C) and the sample heated at 200 °C disappear, and unimodal
curves prevail. All samples were classified as sandy silt (Shep-
ard, 1954) as presented in a ternary diagram (Fig. 1b).

The heat-induced changes in pH, CEC and SSA are shown
in Figure 2. Duplicate measurements were performed, and
results were reported as the mean values with the standard
deviation (£). An increase in the soil pH, from slightly acid
(5.9£0.2) at 25 °C to alkaline (12.3+£0.1) at 850 °C was ob-
served with heating. While the initial heating (200 °C) exhibit-
ed no effect on the pH, at 500 °C the pH increased to 7.3+£0.2
and the highest pH (12.3£0.1) was determined in the sample
heated at 850 °C. Similarly, the CEC values remained un-
changed after the initial heating at 200 °C (from 47.2+4.24
cmol+kg™ at 25 °C to 46.9+3.02 cmol:kg™! at 200 °C). Howev-
er, further heating caused lowering of CEC to 26+1.69
cmol+kg™! at 500 °C, and even lower value was determined in
the sample heated at 850 °C, 7.3 cmol+kg™'. The results showed
similar SSA values in the samples treated at 25 °C, 200 °C and
850 °C (18.7+0.43 m* g!, 20.9£0.48 m? g' and 18.5+0.53
m? g!, respectively), while over 3 times higher value, 71£1.17
m? g!, was obtained for the sample heated at 500 °C.

Corg and CaCO; were measured only on an untreated soil
sample (25 °C). Triplicate experiments were performed, and
results were reported as the mean values with the standard
deviation (+). The measured values were 139.94 + 5.6 g kg'!
and 4.54 + 0.1 % for Corg and CaCOs, respectively.

XRD and FTIR analysis

XRD analysis of all bulk soil sub-samples produces similar
diffraction patterns, with the quartz (20 at 26.63°, 20.84° and
50.12°) established as the prevailing mineral phase (Fig. S1), and
some additional peaks (20 at 19.97°, 28.05° and 35.07°), proba-
bly from the mica and clay group of minerals. Due to the low
share of the mica group in bulk sub-samples some uncertainties
in determination are present. The XRD analysis of the clay frac-
tion (<2 um) presents similar diffraction patterns for all analysed
sub-samples but with the several differences among analysed
samples. It refers as an increase in peak intensity and appearance
of additional peaks at temperatures above 200 °C associated with
the clay minerals from the kaolinite group, mainly halloysite (2@
at 19.98, 26.58 and 29.45) (Fig. S1).
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Fig. 2. The heat-induced changes in the specific surface area (SSA), the cation exchange capacity (CEC) and the pH of the investigated soil

sample.

The ferromagnetic minerals for XRD and FTIR analysis
were isolated from the same amount of the bulk sample. It was
observed that the amount of ferromagnetic minerals varied in
samples heated at different temperatures: their content was low
in the unheated sample (25 °C), slight higher in the sample
heated at 200 °C, significantly increased at 500 °C, while at 850
°C they were hardly present in the sample (Fig. S2). The dif-
fraction patterns of the ferromagnetic minerals collected from
the unheated sample, at 25 °C, showed magnetite and /or ma-

ghemite as the main Fe-bearing mineral phase (Fig. S1). Heat-
ing caused appearance of additional peaks on the diffraction
patterns, as well as changes in the peak intensity. The peak
(20) at 31.68° is present only at 25 °C and 850 °C. The peak
(20) at 33.25° at 850 °C indicates the transformation of mag-
netite/maghemite minerals to hematite.

FTIR spectres of the analysed clay fraction (<2 pm) and fer-
romagnetic minerals, shown in Figure 3, are recorded in the
region 400-4000 cm'. The spectres of the clay fraction

424



Heat—induced changes in soil properties: fires as cause for remobilization of chemical elements
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Fig. 3. Results of the FTIR analysis of the ferromagnetic minerals (left) and the clay fraction (right) isolated from the bulk soil samples

treated at different temperatures.

Table 1. The weight fraction of analysed elements by first step of BCR sequential analysis (mean + standard deviation).

Al Ba Cd Co Cr Cu Mn Fe Zn
w (mgkg")
25°C 59.39+5.28 37.11+1.67 045+0.018 1.14+0.05 LoD * 1.06 +0.06  283.58+9.93 7.61 £0.41 LoD
200 °C 108.50£7.70  33.93+132 0.59+0.027 3.57+£0.14 0.29+0.02 LoD 491.81 £23.60 11.19+ 040 5.43+0.65
500 °C | 894.82+56.36 3038+1.46 0.49=+0.03 3.70+0.17  0.72+0.04 LoD 458.04+21.53 117.78+3.65 26.29+1.7
850°C | 666.84 +£45.01 13.92+136 0.20+0.016 049+0.02 1626+049 182+0.13 26.65+1.31 21.10+ 1.01 --- KX
* LoD Under limit of detection, --- lost of sample
3500-1500 cm™!, while changes were observed in the region
2 55 — from 1500400 cm™ (Fig. 3). Similar absorption bands in all
s samples were observed at 3425 cm™!, 2923 cm’1 2853 cm! and
’ o 1800 1634 cm™!. A shift of several bands (1384 cm! and 1031 cm™)
16 p— was observed in samples heated at different temperatures, while
e . several bands changed intensity (538 cm! and 469 cm™). In the
1 1400 79 sample heated at 500 °C new vibration bands were detected (at
12 1200 874 cm™, 713 cm™, 539 cm™ and 477 cm™).
20
-Z i 1000 Changes in concentrations of major and trace elements with
E o8 15 - heating
z
06 10 %] The results of the geochemical analysis are presented in Ta-
04 P ble 1 and Figure 4. Similar changes in concentrations with
o2 s heating were observed for Al, Co and Fe, their concentrations
’ 200 in extracts increased up to 500°C, where the maximum concen-
oL 0l ol l trations in extracts were attained. The most significant changes
Cd Co Cr Cu Zn* Al Mn Fe in concentrations were observed at 500 °C for Al and Fe, and at
25°C W200°C W500°C M 850°C 200 °C for Co. Lower concentrations of these metals were

* measurement failure of the sample treated at 850°C

Fig. 4. Distributions of the analysed elements in soil heated at
different temperatures, determined by the first step of the BCR
extraction procedures.

(<2 pum) from the untreated sample (25 °C) and the sample
heated at 200 °C were similar, overlapping in most of the spec-
trum. Disappearance of the absorption bands in the samples
heated at 500 °C (3697 cm™ and 3621 cm™) and 850 °C (1420
cm!) were observed. Vibrational bands match the one for hal-
loysite. The FTIR analysis of the ferromagnetic minerals
showed similar pattern of the absorption bands in the region

attained in extracts after heating at 850 °C, even though in the
case of Al and Fe the released concentrations were still higher
than at 200 °C, while for Co the extracted concentration was
lower than in the unheated sample. Similar was observed for
Mn and Cd, but the maximum concentration in the extracts was
attained at 200 °C. The concentrations in the extracts at 500 °C
did not change significantly, while at 850 °C they decreased to
values even lower than in the unheated sample. While the con-
centration of Cu in the extract generally lowered with heating, a
slight increase occurred at 850 °C. The extracted concentrations
of Cr increased continuously with heating, reaching a maxi-
mum, and the highest increase, at 850 °C. Similar was observed
for Zn, even though the measurement at 850 °C is missing.
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DISCUSSION

In order to assess the possible effects of wildfires on the soil
geochemistry, hydrogeology and physicochemical properties, a
sample of a representative forest soil was heated at different
temperatures in the laboratory, with contact time set on 2 h. The
results showed important changes in soil properties and geo-
chemistry occurring at specific temperatures that can be related
to transformations of mineral phases in the soil.

Quartz, the most abundant mineral in the analysed soil sam-
ples, changes its structure with heating into different SiO:
polymorphs. According to Hajpal and Tordk (2004), in the
explored temperature range, from 25 °C — 850 °C, quartz
should transform from o-quartz to f-quartz at 580 °C — 595 °C,
and transformation is also associated with the volume increase,
whereas tridymite is formed at 873 °C. Described volume trans-
formation could contribute to observed change in the granulo-
metric composition (Fig. 1.) with the temperature, also de-
scribed by some authors (Aasly et al., 2007; Zobnin et al.,
2018). The transformation from o to B-quartz is fast and re-
versed during cooling (Ringdalen, 2015).

Halloysite and kaolinite are more thermally instable com-
pared to quartz. Their thermal reactions can be divided into four
steps, namely a low-temperature reaction at < 400 °C, interme-
diate-temperature reactions, mainly between 400-650 °C, high-
temperature reactions at > 700 °C and oxidation reactions (Liu
et al., 2015). By Liu et al. (2015) kaolinite will be transformed
to metakaolin at heating up to 600 °C and the peak temperature
of the dehydroxylation is at ~ 600 °C. The metakaolin trans-
formed into y-alumina, or aluminium-silicon spinel and amor-
phous silica after decomposition at 900 °C, followed by mullite
at 1200 °C and a-cristobalite at 1400 °C. The mentioned tem-
peratures should be taken with caution for each specific sample
since the transformation is influenced by the type and the
amount of impurities and phase disorder of the minerals.
During the heating process the surface area (SSA) increases by
10 %, in the temperature range from 500 °C to 850 °C, after
which it starts to drop to the value lower than that of the un-
treated sample (Sennett, 1990). In analysed samples the value
of SSA first increased at the temperatures of 200 °C and 500
°C, and afterwords SSA decrease for the temperature of 850 °C.
As described, the particle aggregation and transformation to
metakaolin will occur with the temperature rise, from 500 °C
up to 1000 °C. This can also influence the results of the granu-
lometric analysis and the observed sand increase at 850 °C. The
reaction mechanism under heating of halloysite has been postu-
lated to be analogous to that of kaolinite due to their chemical
and structural similarities (Yuan et al. 2012). According to the
same author some differences occur, such as dihydroxylation at
the lower temperatures from ~500 °C to ~900 °C. Maghemite is
a ferromagnetic mineral with the same chemical composition as
hematite but with the structure similar to magnetite, and due to
their similar crystal structure, maghemite and magnetite have
the similar magnetic property (Liu et al., 2010). The reported
transition temperatures of maghemite vary widely, from 250 °C
to 900 °C and it is usually described as thermally unstable, with
conversion to hematite above 250 °C (Liu et al., 2010), accom-
panied by a surface area reduction (Sidhu, 1988). Type of mag-
netism is also significantly different among Fe oxides, ma-
ghemite and magnetite on the one hand, and hematite on the
other. The first minerals are ferrimagnetic, while hematite is
weakly ferromagnetic or antiferromagnetic (Mammucari,
2008). In analysed samples transformation from magnet-
ite/maghemite to hematite is observed (Fig. S1) together with
the decrease of the amount of ferromagnetic particles (Fig. S2)

which is associated with the changes in magnetism. Changes of
SSA, more accurately major increase of SSA value at 850 °C,
can also be explained by observed mineral transformation.
According to the results high-temperature burns (500 °C and
850 °C) induced changes in the soil texture and structure, that
can be related to organic matter removal, dehydration of clays
and mineral transformation (Fig. 1). Coarsening of the soil
particles, e.g. increase in the sand fraction, as observed at 850
°C, was found to occur in studies involving temperatures above
600 °C (Ketterings et al., 2000) and even lower temperature
ranges (Pape et al., 2015). Removal of SOM, a cementing agent
in organo-mineral aggregates, strongly affected their stability.
According to Garcia-Corona et al. (2004), the loss of SOM can
be already noticed at 220 °C, 55-63% of carbon is lost at 380
°C, and the complete removal of SOM occurs at 500 °C. In-
deed, a change in granulometric characteristics, e.g., increase in
silty fraction on account of clayey particles, was observed after
heating at 500 °C, that can be related to the SOM removal. This
was even more intensified after heating at 850 °C, where clayey
and silty fraction is reduced on account of sand. At this temper-
ature all SOM is removed, and particles can re-aggregate and
formation of strong mineral aggregates occurs, causing the
observed redistribution of particle size in the high-temperature
sample. Heat induced recrystallization of aluminosilicates and
metal oxides can also cause strong aggregation of clayey parti-
cles and induce higher share of coarse particles (Mataix-Solera
et al., 2014). The observed increase in pH (Fig. 2) was already
associated with soil heating (Certini, 2005; Kettering et al.,
2000; Pape et al., 2015) and related to the SOM destruction,
formation of oxides, hydroxides and carbonates. The initially
similar values in the unheated sample and sample heated at 200
°C are in agreement with other obtained results, suggesting
little or no change in the sample composition and properties at
this temperature. This is in accordance with Pereira et al.
(2019), suggesting that the increase in pH is not expected to
occur at temperatures lower than 300 °C. Increase in pH values
at 500 °C can be related to the mineralization of SOM, and the
associated release of basic cations (Neary et al., 2005), and the
formation of oxide, hydroxide and carbonates. The most signif-
icant increase in pH, observed at 850 °C, can be related to the
ash formation and the additional increase in the cation content,
during which alkalinity can be achieved (Neary et al., 2005).
CEC is a soil property that defines the capacity of a soil to store
charged ions. The soil CEC is associated with the SOM and
clay minerals, while heating affects both components (Ulery et
al., 2017). The temperatures at which changes in soil properties
begin to occur are expected in the range of 250 °C and 450 °C,
depending on the initial changes in the SOM, since mineral
alterations occur at higher temperatures. However, different
temperatures are reported in the literature. For example, Pape et
al. (2015) found significant loss of CEC and SOM from topsoil
already at temperature of 250 °C, while Inbar et al. (2014)
reported decrease of CEC at temperature of 300 °C and as-
signed it to loss of SOM and dehydration of clay minerals 2:1,
while Soto and Diaz-Fierros (1993) found moss significant loss
of CEC at 380 °C.

In this study, the initial heating (at 200 °C) exhibited no ef-
fect on the investigated soil properties (Fig. 2). A significant
lowering of CEC observed at 500 °C, by 45%, is in accordance
with the finding of Araya et al., (2016) who found statistically
significant changes in CEC after heating at 450 °C. This can be
related mostly to the SOM destruction and partially to the de-
hydration of clay minerals, seen as a disappearance of bands in
a high-frequency region (4000 — 3000 cm™) and decomposition
of kaolinite which, according to Ulery et al. (2017) occurs
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from 420 °C to 550 °C, and results in appearance of amorphous
alumosilicates. These particles, in addition, can be responsible
for the aggregation of mineral particles (Ulery et al., 2017)
which is supported by the changes in PSD curves and the ob-
served coarsening of the grain size occurring between 500 °C
and 850 °C (Fig. 2). The final and the most notable decrease in
CEC, by 73%, observed at 850 °C (Fig. 2), can be related to the
collapse of structure of clay minerals, and their subsequent
inability to retain cations (Fig S2). Similar was observed by
Soto and Diaz-Fierros (1993), where the change in CEC after
heating at 170 °C was insignificant, most significant loss in
CEC occurred after heating at 380 °C and after heating at 700
°C complete loss of CEC occurred. It seems that most of the
CEC loss was related to collapse of mineral structure, which
has longer effect on the topsoil surface properties (Ulery et al.,
2017). The CEC of iron oxides is low (Ulery et al., 2017) and
its contribution is not significant in soil CEC. The CEC of
kaolinite is not high, but halloysite can have higher CEC
(Ivani¢ et al., 2015; Kabata-Pendias, 2010). The results show
that heating of soil modifies its capacity to exchange cations.
The effect of heating on the SSA, a property of solids de-
fined as the total surface area per unit of mass, was only visible
in the sample treated at 500 °C, where over 3 times higher SSA
values were obtained (Fig. 2). This increase is even more con-
spicuous given the fact that the SSA decreased to its initial
values after heating at 850 °C (Fig. 2). A possible explanation
could be found in the content of ferromagnetic minerals, which
was highest at 500 °C, after which, at temperature of 850 °C,
their share was negligible (Fig. S2). The observed could be
related to the appearance of secondary magnetic minerals,
mostly hematite. Magnetic susceptibility of maghemite is much
higher than that of hematite, and it is a temperature- depended
on value with the Curie temperature around 635 °C (Gehring et
al., 2009; Liu et al., 2010). The transformation to ferromagnetic
minerals with higher magnetic susceptibility starts to occur at
lower temperatures, but is most notable at temperatures above
500 °C (Gedye et al., 2000). According to Guo and Barnard
(2013), hematite nanoparticles formed during wildfires can
have smaller sizes compared to the low-temperature formed
hematite, which could also contribute to the increased SSA
observed at 500 °C. Araya et al. (2016) found that the heat-
induced changes in SSA below 500 °C are related to physical
disintegration and charring of SOM, and not soil mineralogy.
This may be the case in some soil samples, and the fact that
Araya et al. (2016) had more heating steps in the temperature
range up to 450 °C, however we found no changes in SSA and
the only change at 500 °C can be related to the changes in min-
eralogy. The results of the more detailed XRD investigation
(Fig. S1) on the ferromagnetic fraction suggest the presence of
hematite or aggregates of maghemite and hematite (Bigham et
al., 2002; Boski and Herbillon, 1988). More information was
obtained from the FTIR absorption spectra of the separated
ferromagnetic minerals (Fig. 3). According to Namduri and
Nasrazadani (2008), maghemite has absorption bands at 630
cm™, 590 cm™' and 430 cm™!, with possible bands at 700 cm™,
630-660 cm™! and 620 cm™!, while those of hematite are posi-
tioned at 540 cm™', 470 cm™' and 352 cm™'. The absorption
bands at 538 cm™ and 469 cm™ in samples 25 °C and 200 °C
were assigned to hematite. The appearance of the same bands in
the FTIR investigation of the ferromagnetic fraction, as in that
of the clay fraction (Fig. 3), suggests their common occurrence
in the soil in form of micro-aggregates. The new vibration
bands (874 cm™, 713 ecm™', 539 cm™! and 477 cm™') appearing
at 500 °C indicate occurrence of new phases that are no longer
present at the temperature of 850 °C. These results are in good

accordance with the observed changes in SSA (Fig. 2). The
absorption band at 700 cm™! in samples treated at 500 °C and
850 °C and 647 cm ' at 850 °C were assigned to maghemite.
Since hematite is thermally inert, some changes can be associ-
ated with the water evaporation at 500 °C, making the absorp-
tion band clearer (Vassiliadou et al., 2009). A detailed XRD
analysis of the clay fraction (<2 pum) showed changes in the
mineralogical composition that occurred with heating (Fig. S1).
The disappearance of the peak (2@) at 8.84° (10 A) at 850°C
(small intensity at 25 °C-500 °C), could be attributed to the
alteration of halloysite. Two of the most common polymorphs
of halloysite have the basal distance around 10 A (hydrated
form) and 7 A, ie. (20) at 12.64° (dehydrated form). When
heated above 60°C, dehydration of halloysite occurs, shifting
the peak from 10 A to 7 A (Li et al., 2017). New peaks ob-
served in the sample heated at 850 °C, positioned (20) at
29.38°, 33.23° and 39.61°, and in the samples treated at 500 °C
and 850 °C, (2@) at 29.38°, were attributed to the appearance of
a new phase. The majority of the observed absorption bands of
the infrared spectra obtained by FTIR (Fig. 3), were attributed
to the halloysite/kaolinite mineral phase. The presence of kao-
linite was indicated by the absence of a stronger band at 756
cm! than the one at 793 cm'. Additionally, these minerals
rarely appear as pure phases, but rather as mixtures. Mixed
phase of halloysite and kaolinite was determined due to the
observed absorption peaks, and the fact that the absorption peak
at 756 cm™! was not stronger than the one at 793 cm™ (Li et al.,
2017).

From the results of the geochemical analyses by BCR proce-
dure it can be concluded that the heating of soil induced release
of major and trace metals. Aluminium is the most commonly
observed substituent in pedogenic Fe oxides, due to their co-
mobilisation during weathering and the abundance in nature.
The extent of substitution of Al for Fe in hematite and ma-
ghemite ranges from 15 to 18 mole % (Bigham et al., 2002).
Since the amount of Al in the analysed samples surpasses that
of Fe (Table 1), it is more likely that it originates from the
kaolinite group of minerals, namely kaolinite and halloysite,
AlLSi:05(OH)4. Dehydroxylation of these minerals occurs from
approximately 500 °C to 900 °C, leading to the loss of long-
range order and increasing the disconnection of silica and alu-
mina originally in the tetrahedral and octahedral sheets (Yuan
et al., 2012). The observed finding is in accordance with the
observed decrease of CEC (Fig. 2) and the increased concentra-
tion of Al extracted from the soil (Table 1). Namely, the con-
centration of Al increased for over 15 and 11 times in the sam-
ples treated at 500 °C and 850 °C, respectively, compared with
the untreated sample (25 °C). Further, the complete organic
matter decomposition occurs at 500 °C. At this temperature, the
elements associated with OM are expected to be in a free form,
which is probably observed as the increase in their concentra-
tions at the temperatures of 500 °C and 850 °C (Fig. 4). A
similar increase in concentration was observed for Co, Cr and
Mn with elevated temperatures (Fig. 4). Even though the meas-
urement for Zn in the sample treated at 850 °C is missing, the
mentioned trend can be still observed at 500 °C. Extractability
upgrowth was observed for all analysed elements, except Cu,
from the untreated soil (25 °C) to the soil heated at 200°C, and
even more for those heated at 500 °C and 850 °C. The maxi-
mum extractability growth was observed for Al. Due to a se-
vere decrease in the content of ferromagnetic minerals in the
sample treated at 850 °C, an increase of extracted Fe was ex-
pected to occur. Hence, the absence of higher concentration of
Fe can relate to the transformation from maghemite to hematite.
An important observation can be made from this analysis, con-
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cerning the heating temperature. The concentrations of the
chemical elements extracted in the first step of the mentioned
procedures increased with the temperature rise. This suggests
that heating, and consequently the specific temperature range
developed in a wildfire, can have a more profound influence on
the environment, especially on karst aquifers due to the specific
path of possible contaminants. Furtheron, most of the models
concerning the influence of pollutants on the environment are
performed on the unheated sample as the untreated sample
(25 °C), while the impact on the environment can be over 15
times higher, as shown for Al, when the sample is heated to
500 °C or 850 °C, as occurring during the fires.

CONCLUSION

The results of this laboratory work exhibit the effects of
heating, simulating a wildfire, on the geochemical and physico-
chemical characteristics of the soil. Following heating, the
changes in concentrations of elements (Al, Cd, Co, Cr, Cu, Fe,
Mn and Zn), pH, granulometric characteristics, specific surface
area (SSA) and cation exchange capacity (CEC) were analysed
and changes were observed. The changes in the mineralogical
composition were assessed by means of a combined approach
using the X-ray powder diffraction and the Fourier transform
infrared (FTIR) spectroscopy. The main mineralogical changes
were transformation of magnetite/maghemite minerals to hema-
tite, and some structural changes of halloysite. The physico-
chemical characterization of the soil samples showed similar
behavior in the untreated (25 °C) and the low-temperature (200
°C) samples. Only at the temperatures above 200 °C notable
changes in the investigated physicochemical parameters
occurred. The increase in the temperature above 200 °C was
followed by an increase in the pH values, and a decrease in
CEC, both related to the organic matter destruction and the
halloysite structure collapse. The samples heated at 500 °C and
850 °C, though granulometrically similar, showed different
trends concerning the specific surface area, with a sharp
increase in SSA observed at the 500 °C sample, followed by a
decrease to the previous value at 850 °C. This was in accord-
ance with the amount of the collected ferromagnetic minerals,
reaching the maximum at 500 °C and the minimum at 850 °C.
The observed structural changes within ferromagnetic minerals
should be considered as a preliminary observation, but the
observed is an indication suggesting that changes in iron oxide
particles could be correlated with the observed SSA changes. A
detailed analysis of the clay mineral fraction also suggested the
structural changes occurring in the determined halloysite and
kaolinite, with the temperature increase.

The geochemical analysis showed the increase in concentra-
tions of Al, Cd, Co, Cr, Fe, Mn and Zn, in the exchangeable
fraction, associated with the temperature rise. The maximum
increase (15 times) was determined for Al, observed after heat-
ing the sample at 500 °C, compared to the untreated soil sample
(25 °C). The increase in concentrations of all analysed ele-
ments, except Cu, with soil heating, strongly indicates that
wildfire can act as a trigger for remobilization of the chemical
elements.

This finding emphasizes the necessity of including the soil
analysis in the wildfire-landscape relationship and the post-fire
management, especially in the karstic areas with numerous
fractures, where the soil cover can be as thin as a few c¢cm, and
where nothing is to prevent the migration of the mobilized
elements, possible pollutants, into the aquifer.
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Fig. S2. The ferromagnetic minerals isolated from the bulk samples treated at different temperatures.
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