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Abstract  
 
Pedogenic carbonates are secondary carbonate deposits and are a constitutional part of many soils. We analysed a 95 
cm deep Calcocambisol soil profile at a location in the Dinaric part of Croatia. Here, pedogenic carbonates are more 
abundant in the deeper part of the profile  (>23 cm), and their amount and size increase with depth corresponding to 
soil properties along the profile. These pedogenic carbonates are spherical to irregular in shape and can be classified 
as nodules. Microscopical analysis of these nodules shows that dissolution and re-precipitation of carbonate take place 
in situ, without considerable movement through the soil profile. The growth of the nodules starts from multiple centres 
of nucleation, and their internal structure is a result of spatial and temporal environmental conditions in the soil matrix 
during carbonate precipitation. The inclusion of noncarbonate particles and preservation of the original soil structure 
confirm the replacive nature of nodule growth. Furthermore, the internal structure of nodules reveals multiple stages of 
calcite precipitation, indicating seasonal or event-based precipitation of carbonate. 
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INTRODUCTION  
 
Pedogenic carbonates (PC) are secondary 
carbonate precipitates in soils and are most 
commonly a result of chemical weathering 
processes of carbonate rocks. They are a 
constitutional part of many soils (West et al., 
1988; Chesworth, 2008), with a direct impact 
on the soils hydraulic properties (Castellini et 
al., 2019) and erodibility (Panagos et al., 2014), 
and have a high potential of carbon 
sequestration (Egli et al., 2021).  
The formation of PC depends on different 
abiotic and biotic factors but is predominantly 
controlled by environmental factors 
temperature and the amount of precipitation 
(Borchardt & Lienkaemper, 1999), as well as 
soil moisture and carbon dioxide concentration. 
PC can be formed in a wide range of climates 
(Amit et al., 2011) but are more characteristic 
for soils in areas with higher temperatures 
where evapotranspiration exceeds precipitation 
(Royer, 1999). Thus, PC are commonly found 
in many soils in Mediterranean climates 
(Jiménez-Ballesta et al., 2023), such as Terra 
rosa (Domínguez-Villar et al., 2022), Calcic 

luvisols (Rovira & Vallejo, 2008), Cambisols 
and Regosols (Jiménez-Ballesta et al., 2023).  
Pedogenic carbonates are formed in soils from 
geogenic (i.e. from soil parent material or 
allogenic particles), biogenic (i.e. from 
carbonates formed within or released by 
animals and plants), or older PC (Zamanian et 
al., 2016). They differ in morphology, shape, 
size, density, porosity and amount of 
incorporated impurities. Thus, according to the 
size of the carbonate crystals forming them, PC 
can be classified as micrite (<5 μm-long 
carbonate crystals), microsparite (between 5 
and 20 μm long), and sparite (>20 μm long) 
(Becze-Deàk et al., 1997). As well, PC can 
form different morphologies, such as: 
earthworm biospherolits, rhizoliths, 
hypocoatings (pseudomycels), nodules, 
coatings on clasts, calcretes, and laminar caps 
(Zamanian et al., 2016). 
Studies of PC have been conducted worldwide, 
especially in carbonate areas (e.g. Cerling & 
Bowman, 1989; Driese & Mora, 1993; Naiman 
et al., 2000; Wagner et al., 2012; Jiménez-
Ballesta et al., 2023; Bayat et al., 2023; Fu et 
al., 2024), but there is still a limited number of 
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studies on this topic done in Dinaric karst area 
(Brlek & Glumac, 2014; Bensa et al., 2021; 
Domínguez-Villar et al., 2022).  
Calcocambisol is one of the most common soil 
types developed over carbonates in Dinaric 
karst area (Pilaš et al., 2016; Hasan et al., 
2020). Here, Calcocambisols mainly form by 
weathering and transformation processes 
observed in carbonate rocks of different ages 
(Škorić et al., 1985; Husnjak, 2014). 
Furthermore, Calcocambisol formation is as 
well influenced by relief characteristics, 
resulting in its high spatial variability (Vrbek & 
Pilaš, 2007a; 2007b) and resulting in the 
development of soils of various depths 
(Bogunović et al., 2009).  
Calcocambisols are silty clayey to clayey soils 
having favourable soil-water relations due to 
stable granular and angular structure (Husnjak, 
2014; Švob et al., 2021). Furthermore, it has an 
acidic (Škorić et al., 1985; Miloš & Maleš, 
1998) to an alkaline reaction (Bogunović et al., 
2009; Miloš & Bensa, 2014) depending on the 
presence of the carbonates. The production 
potential of these soils varies and is influenced 
by numerous factors, including rockiness, 
skelet content, slope, elevation, and soil depth. 
If present in the soil, PC can present a problem, 
affecting soil properties and potentially 
impacting plant growth.  
North Dalmatian Plain is a vast levelled 
carbonate surface located in the Dinaric karst 
region (Figure 1). It is dominantly built up by 
carbonate Upper Cretaceous to the Oligocene 
lithologies intercalated with marly sediments 
and occasional bauxites and coal beds 
(Mamužić, 1971; Ivanović et al., 1978; Velić 
and Vlahović, 2009). Here, Calcocambisols are 
a common soil type (Čolak & Martinović, 
1973), occasionally characterized by the 
presence of PC within the soil profile. Thus, the 
aim of this study is to characterize PC 
developed in Calcocambisol soil profile at a 
location within the North Dalmatian Plain. 
 
MATERIALS AND METHODS  
 
The study site (43°47’39'' N, 16°00'08'' E; 200 
m asl) is located in the southeast part of the 
North Dalmatian Plain (Croatia) within the 
southern part of Krka National Park (Figure 1 
A). The carbonate bedrock at the study site is 

composed of Eocene foraminiferal limestones 
and carbonate conglomerates (i.e. Promina 
Beds) (Ivanović et al., 1977; Brlek et al., 2014), 
intensively faulted and folded forming 
structures having Dinaric orientation (i.e., NW-
SE) (Figure 1 B). Study site is characterised by 
discontinuous Calcocambisol soil, typically up 
to < 0.3 meter thick, with rock exposures 
covering up to 50% of the terrain (Švob et al., 
2021; Bensa et al., 2021). Although, regionally 
Calcocambisols form shallow soil cover (Vrbek 
& Pilaš, 2007a), locally in areas where rock 
fissures occur (as a result of the karstification 
process) soil depth may extend up to 1 meter 
(Bogunović et al., 2009; Švob et al., 2021). The 
study area is characterized by a Mediterranean 
(Csa) type of climate with dry and hot summers 
and mild, rainy winters (Filipčić, 1998), and 
local meteorological conditions are being 
recorded since 2019 in a station installed in a 
proximity of study site. Here the mean annual 
temperature during 2019-2023 period was 
14.9°C, while the annual amount of 
precipitation during this period was 1060 mm 
with both having clear seasonal pattern.  
 

 
Figure 1. Location of the studied site: A. Location of the 
study site in the Adriatic part of Croatia; B. Geological 

map of the study area (after CGI, 2009); 58a: Quaternary 
sediments, 41: Eocene-Oligocene detrital carbonates 
(including conglomerates) 39: Eocene foraminiferal 

limestones, 34: Cretaceous limestones; C. and D. Natural 
vegetation and soil cover at study site 

 
Vegetation of study site is characterised by 
fragmented evergreen oak (Quercus ilex) and 
flowering ash forest (Fraxino orni-Quercetum 
ilicis H-ić/1956/1958) (Medak & Perić, 2007) 
degraded to the garrigue state (Figure 1 C, 1 
D). Due to reduced amount of biomass 
production, this type of vegetation has a 
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minimum impact on soil morphology (Vrbek & 
Pilaš, 2007a). 
To investigate soil properties, a 95 cm deep soil 
profile was dug out and soil sampling was 
performed along vertical axis of the profile, at  
5 cm intervals. Sampling comprised of 
collection of soil samples in a non-disturbed 
state using 100 cm3 cylinders, as well as of 
collection of bulk soil samples. Soil properties 
were investigated and described following FAO 
recommendations (2006). Field capacity (FC) 
was determined by the gravimetric method with 
core samples, (ISO 11461:2001). Subsequently, 
the same samples were used for gravimetric 
determination of bulk density (BD) post-drying 
at 105°C, adhering to the methods (ISO 
11272:2017). According to ISO 11508:2017, 
the particle density (PD) was measured in water 
using a 100-mL pycnometer, and according to 
Danielson & Sutherland (1986), total porosity 
(TP) and air porosity (AP) were calculated.  
Bulk soil samples were air-dried, followed by 
separation of carbonate particles (i.e. skelet and 
pedogenic particles), while the rest of the 
sample was ground and sieved using a sieve 
with a 2 mm mesh size (ISO 11464:2006). 
Particle size distribution analysis was done 
using the pipette method, with wet sieving and 
sedimentation after dispersion with sodium-
pyrophosphate (Na4P2O7, c = 0.4 M) (ISO 
11277:2009). 
Soil pH values were measured using a 
combined glass electrode in a 1:5 (v/v) 
suspension of soil in water and soil in KCl 
solution (c=1M) according to ISO 10390:2005. 
The humus content was analyzed by acid 
potassium-dichromate (K2Cr2O7, c=0.4M) 
digestion, following the method of Tjurin 
(JDPZ, 1966), and soil organic carbon (SOC) 
content was calculated by dividing the content 
of humus by 1.724 (the Van Bemmelen factor). 
Total carbonate content was determined by 
applying the modified volumetric method (ISO 
10693:1995). All soil analyses were performed 
in the Laboratory of the Department of Soil 
Science, at the Faculty of Agriculture, 
University of Zagreb. 
The analysis of PC within soil samples 
comprised of particle classification, 
morphometry, and microscopic analyses. PC 
were examined using binocular lenses, 
polarizing petrographic microscope and 

Scanning Electron Microscope (SEM) at 
CENIEH (Burgos, Spain). Thus, in order to 
eliminate the surrounding clay, PC were briefly 
rinsed in tap water (using an ultrasonic bath). 
Those to be inspected using SEM were dried 
overnight in an oven at 50 ˚C and let to cool 
down in a desiccator until they were gold 
coated before their analysis, while others were 
embedded in epoxy resin before being cut and 
mounted in thin sections to be observed using a 
polarizing petrographic microscope. 
 
RESULTS AND DISCUSSIONS 
 
The studied soil profile consists of the 
following mineral horizons: A-Bw-Bk-R 
(Figure 2). The A horizon (0-7 cm) is 
characterized by dark brown colour (7.5 YR 
4/4) indicating organic matter accumulation. It 
features a granular structure and common plant 
roots. The underlying cambic Bw horizon (7-23 
cm) is reddish brown (5 YR 4/4) characterized 
by the increased clay content, noticed by the 
feel. It has an angular blocky structure and very 
few to few plant roots. The Bk horizon (23-95 
cm) is characterized by the accumulation of 
PC, mostly in the form of nodules. 
Furthermore, rock fragments ranging in size 
from fine gravel (2-6 mm) to gravel (6-20 mm) 
also occur, Figure 2. Their abundance can be 
classified as many (15-40%) according to FAO 
(2006). The R horizon at the bottom of the soil 
profile refers to the hard, non-weathered rock 
underlying the soil profile - parent material.  
Bulk density (BD) values of the studied soil 
increased with depth from 1.11 g cm-3 to 1.67 g 
cm-3 (Table 1). The lowest BD value was 
measured in topsoil (0-5 cm) and can be 
attributed to the highest SOC content of 4.70% 
(Table 3) and granular structure (Hakånsson & 
Lipiec, 2000). The increase of BD values with 
depth suggests soil compaction occurring in the 
Bw and Bk horizons, which implies restrictions 
in water movement and root growth. This 
compaction is linked to higher clay content and 
an angular blocky structure (FAO, 2006). 
Particle density (PD) values varied across the 
profile (2.44-2.62 g cm-3), Table 1, with the 
lowest values measured within the first 10 cm 
of depth. The individual values of PD point to 
differences in SOC content and mineralogy 
(Hollis et al., 2012). 
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The highest field capacity (FC) values (42.70% 
and 41.75%; Table 1), were measured in topsoil 
horizon (up to a depth of 10 cm) and can be 
attributed to the accumulation of humified 
organic matter (Bensa et al., 2021). Across the 
soil profile, the average FC value was 35.02%, 
while the lowest values were measured in the 
deeper parts of the profile (28.86% at 75-80 cm 
and 29.13% at 50-55 cm depth). These low 
values can be attributed to the high content of 
sand particles (Švob et al., 2021), as indicated 
in Table 2.  
Total porosity (TP) values show variation 
throughout the soil profile, with an average 
value of 43.43%. Air capacity (AC) values also 
varied across the soil profile, from 1.03% 
recorded at a depth of 85–90 cm to 14.03% at a 
depth of 10-15 cm (Table 1). Very low AC 
values at the bottom of the soil profile (> 70 
cm) are linked to low TP values and high BD 
values. The measured physical properties of the 
studied soil are consistent with the previous 
findings for Calcocambisol in this area (Čolak 
& Martinović, 1973; Miloš & Maleš, 1998; 
Švob et al., 2021).  

 

 
Figure 2. Studied soil profile with indicated soil horizons 
 

Table 1. Basic physical properties of the investigated soil profile 

Soil depth  
(cm) 

Bulk density  
(g cm-3) 

Particle density 
(g cm-3) 

Field capacity 
(%) 

Total porosity 
(%) 

Air capacity 
(%) 

0-5 1.11 2.44 42.70 54.41 11.71 
5-10 1.18 2.44 41.75 51.50 9.75 

10-15 1.13 2.48 40.37 54.40 14.03 
15-20 1.23 2.51 39.48 51.05 11.57 
20-25 1.23 2.54 39.65 51.41 11.76 
25-30 1.39 2.56 33.92 45.66 11.74 
30-35 1.41 2.56 35.46 44.79 9.33 
35-40 1.48 2.58 33.42 42.48 9.06 
40-45 1.48 2.58 33.32 42.84 9.52 
45-50 1.48 2.58 32.97 42.83 9.86 
50-55 1.55 2.62 29.13 40.61 11.48 
55-60 1.60 2.59 30.59 38.11 7.52 
60-65 1.58 2.61 31.29 39.55 8.26 
65-70 1.55 2.60 32.00 40.27 8.27 
70-75 1.63 2.58 34.88 36.88 2.00 
75-80 1.67 2.60 28.86 35.79 6.93 
80-85 1.66 2.57 31.73 35.53 3.80 
85-90 1.58 2.56 37.43 38.46 1.03 
90-95 1.58 2.57 36.35 38.56 2.21 

 
Results of particle size distribution analysis 
(Table 2) show that clay particles are the most 
abundant soil fraction throughout the entire soil 
profile, having the highest values in the Bw 
horizon (5-30 cm). The average clay content 
throughout the profile is 48.3%. This is 

followed by the silt fraction, with an average 
value of 35.8 %, with a predominance of fine 
silt in the upper part of the soil profile (0-30 
cm), while the coarse silt fraction dominates in 
the lower part of the soil profile. The sand 
fraction has the lowest proportion, with an 
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average of 18.9%, and increases with depth, 
especially coarse sand at the bottom of the soil 
profile (> 75 cm).  
These data are comparable to previous results 
for Calcocambisols in this area (Čolak & 
Martinović, 1973; Miloš & Maleš, 1998; Švob 
et al., 2021).  

Soil texture varies through the profile: silty clay 
in topsoil (0-5 cm), clay at depths 5-50 and 65-
95 cm, and clay loam at depths 50-60 cm, 
affecting soil water content (Figure 3). 
Determined textural classes are typical for 
Calcocambisol (Škorić et al., 1985; Husnjak, 
2014). 

 
Table 2. Basic physical properties of the investigated soil profile 

Depth (cm) Coarse sand 
2.0-0.2 mm 

Fine sand 
0.2-0.063 mm 

Coarse silt 
0.063-0.02 mm 

Fine silt 
0.02-0.002 mm 

Clay 
< 0.002 mm 

0-5 3.9 7.2 15.5 28.8 44.6 
5-10 2.4 5.0 14.5 24.5 53.6 

10-15 3.2 5.5 12.0 23.4 55.9 
15-20 2.4 5.2 10.9 20.0 61.5 
20-25 2.0 5.3 14.6 19.9 58.2 
25-30 3.9 5.1 15.9 17.4 57.7 
30-35 6.5 6.8 20.5 14.5 51.7 
35-40 8.3 7.0 20.5 16.3 47.9 
40-45 7.5 8.8 21.7 16.3 45.7 
45-50 9.8 8.7 23.3 18.2 40.0 
50-55 7.2 14.5 23.7 16.9 37.7 
55-60 7.2 16.3 24.4 16.1 36.0 
60-65 7.5 15.4 21.2 15.4 40.5 
65-70 7.5 8.3 19.1 14.7 50.4 
70-75 10.5 7.1 19.2 14.3 48.9 
75-80 16.4 7.3 18.6 13.6 44.1 
80-85 13.8 7.1 17.0 15.8 46.3 
85-90 13.2 6.9 16.6 15.8 47.5 
90-95 13.2 8.1 14.8 15.1 48.8 

 

 
Figure 3. Distribution of soil samples on texture triangle 

(FAO, 2006) 
 

The analysis of soil chemical properties reveals 
the lowest pH(KCl) values (Table 3) at the top of 
the soil profile that gradually increase with 
depth. The soil reaction is acidic in the A and 
Bw horizons (up to a depth of 25 cm) as a 
result of organic matter decomposition and the 

presence of humic acids, and is alkaline in the 
Bk horizon (> 25 cm), due to the presence of 
carbonates. Carbonates appear at a depth 15-20 
cm (1.68%) and their amount increases with 
depth up to 37.38% measured at the 55-60 cm, 
followed by decrease up to 26.04% at the 
bottom of the soil profile, Table 3. The 
accumulation of organic matter in the topsoil 
(0-15 cm) leads to an increased SOC content 
(3.60-4.70%) reinforcing the dissolution of 
carbonate particles and consequently resulting 
in the absence of carbonates. With depth, SOC 
content decreases, reaching a minimum of 0.47 
% at the depth of 90-95 cm (Table 2).  
At the same time, pH values increase indicating 
that the acidic environment has been 
neutralized by the dissolution of carbonates, 
allowing the formation of PC. Measured 
chemical soil properties are in accordance with 
the results of previous studies of Calcocambisol 
in the area (Miloš & Maleš, 1998; Švob et al., 
2021; Bensa et al., 2021).  
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Table 3. Chemical properties of the investigated soil 

profile 

Soil 
depth 
(cm) 

pH 
(H2O) 

pH  
(KCl) 

Total 
carbonates 

(%) 

SOC 
(%) 

0-5 6.61 5.80 - 4.70 
5-10 6.49 5.62 - 3.69 

10-15 6.40 5.45 - 3.60 
15-20 7.14 6.47 1.68 2.55 
20-25 7.59 6.94 4.20 2.09 
25-30 7.73 7.12 4.03 1.97 
30-35 7.82 7.25 11.76 1.61 
35-40 7.93 7.35 19.74 1.46 
40-45 7.81 7.37 20.16 1.61 
45-50 7.94 7.47 29.82 0.98 
50-55 8.08 7.42 36.12 0.80 
55-60 8.12 7.54 37.38 0.66 
60-65 8.13 7.43 30.24 0.66 
65-70 8.14 7.42 25.20 0.65 
70-75 8.20 7.40 28.14 0.68 
75-80 8.24 7.42 31.08 0.60 
80-85 8.11 7.45 29.82 0.59 
85-90 8.23 7.42 28.14 0.59 
90-95 8.19 7.39 26.04 0.47 

 
Understanding of the morphology and 
formation process of secondary carbonate 
deposits (i.e. pedogenic carbonates) is essential 
to address various aspects related to soil 
formation in arid and semiarid regions 
(Zamanian et al., 2016). The final morphology 
of these deposits is a result of the interaction of 
various factors: soil texture, hydrological 
regime, salt concentration, soil erosion, and 
concentration of soil CO2 (Wieder & Yaalon, 
1982; Sobecki & Wilding, 1983; Domínguez-
Villar et al., 2022). 
Analysis of the studied soil profile shows that 
PC are more abundant in the deeper part of the 
profile (>23 cm), and their amount and size 
increase with depth (Figure 2 and Table 3) 
corresponding to soil properties along the 
profile. The upper part of the soil profile (< 20 
cm) is characterized by rich biological 
production leading to higher SOC content, and 
more acidic environment (i.e. lower pH values; 
Table 3) favouring carbonate dissolution and 
resulting in the absence of PC. This 
corresponds to “perdescendum” model of PC 
formation (Zamanian et al., 2016) where 
carbonate in the topsoil is dissolved, leached to 
the subsoil and re-precipitated; and is 
commonly considered to be one of the main 
processes of PC redistribution and 
accumulation in soil horizons (Machette, 1985; 

Royer, 1999). On the other hand, results of soil 
analyses showed that physical soil properties 
vary along the soil profile (Table 1 and Table 
2), and in combination with temperature and 
amount of precipitation certainly affect curren-
tly active dissolution and re-precipitation of PC 
along the soil profile. Thus, this corresponds to 
in situ model of PC formation (Zamanian et al., 
2016) where dissolution and re-precipitation of 
carbonate takes place without considerable 
movement through the soil profile and 
redistributes carbonates within the horizon 
(Monger & Adams, 1996; Rabenhorst & 
Wilding, 1986; West et al., 1988). 
 

 
Figure 4. Pedogenic carbonate nodules from the studied 
soil profile analysed using binocular lenses: A. Typical 

semispherical calcite nodule formed by agglomeration of 
several nodules (indicated by red arrows); B. Irregular 

calcite nodule. Red arrows indicate to different 
constitutional parts of the nodule; C. Surface of the 

nodule. Red arrows indicate layers - coatings of sparite 
calcite attached to the nodule surface, indicating event 

based or seasonal carbonate accumulation due to 
different environmental conditions; D. Detail of pitted 
and hummocky nodule surface. Red arrows indicate 

dissolution features 
 
Pedogenic carbonate particles from the studied 
soil profile are mostly spherical to irregular in 
shape, with diameters up to 64 mm (Figure 4), 
and can be classified as nodules (Barta, 2011). 
Nodules are commonly defined as roughly 
equidimensional pedofeatures that are not 
related to natural surfaces or voids and do not 
consist of single crystals (Stoops, 2003) and are 
usually formed in situ by impregnation of soil 
matrix with CaCO3 (Durand et al., 2010), 
reworked to varying degrees, or inherited from 
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the parent material (Verrecchia & Trombino, 
2021).  
The majority of studied nodules from this 
location have sharp outer boundaries (Figure 4) 
and their morphology is often characterized by 
bulbous protrusions (Figures 4 A and 4 B) that 
indicate the agglomerative nature of their 
formation (i.e. inclusion of surrounding 
particles during nodule growth).  
 

 
Figure 5. Pedogenic carbonate nodules from the studied 

soil profile analyzed using a scanning electron 
microscope: A. Microrunnel (i.e. dissolutional channel) 

on the surface of the nodule; B. Areas with micritic 
(black arrow) and microsparitic (red arrow) calcite; C. 
Casts at the surface formed by detachment of nodule 

components; D. Detail of the surface of carbonate nodule 
showing incorporated clay particles (red arrows); E. 
Pitted surface of the nodule indicating dissolution 

process; F. Edge of the carbonate nodule having surface 
flattened by displacive growth  

 
Analyses of nodules using binocular lenses 
(Figure 4) and SEM (Figure 5) showed that 
surfaces of the nodules often display pitted and 
hummocky morphologies and features charac-
teristic of the carbonate dissolution process. 
Thus, features such as dissolution pits (Figures 
4 D and 5 E) and microrunnels (i.e. dissolu-
tional channels; Figures 4 D and 5 A) are 
commonly observed. The carbonate dissolution 

process takes place not only at the surface of 
the nodule, but as well along voids and cavities 
(Krklec et al., 2013), causing the decrease of 
nodule cohesion and can result in detachment 
and removal of its components, as can be 
observed in Figure 5C. Furthermore, closer 
inspection of calcite grains surfaces reveals a 
lack of sharp crystal edges, reinforcing the 
presence of an active dissolutional process, 
characteristic for carbonate areas (Krklec et al., 
2016; 2018; 2021; 2022; 2024).  
 

 
Figure 6. Pedogenic carbonate nodules from the studied 

soil profile analysed using polarizing petrographic 
microscope: A. Irregular nodule showing incorporation 
of various surrounding soil and carbonate particles; B. 

Edge of nodule showing incorporated particle with 
multiple stages of micrite and microsparite precipitation; 

C. Internal nodule structure showing the transition 
between micrite and microsparite calcite. Red arrow 
indicates larger sparite crystals formed within empty 

pore space; D. Detail of carbonate nodule showing the 
inclusion of different particles. Red arrows indicate 
grains surrounded by calcite that possibly served as 

centers of nucleation  
 
On the other hand, analysis of nodules cross 
sections using polarizing petrographic 
microscope (Figure 6) shows internal structure 
of the nodules and provides additional 
information on carbonate precipitation and 
formation of these PC particles. Studied 
carbonate nodules are composed of calcite 
(micrite, microsparite and sparite) and contain 
inclusions of other particles (e.g., quartz 
crystals or soil particles). Their internal 
structure shows that there is no unique center of 
nodule nucleation, but rather carbonate 
precipitation starts around multiple nucleuses 
and progresses outwards in all directions 
(Figures 6 A and 6 D). The transition between 
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zones dominated by micrite to those dominated 
by microsparite is commonly gradual (Figures 
6 C and 6 D), although in some cases opposite 
can be observed (Figures 6 A and 6 B). This 
distribution of micrite and microsparite crystals 
within nodules is a result of spatial and 
temporal environmental conditions in the soil 
matrix during carbonate precipitation. Larger 
sparite crystals are commonly developed in cracks 
or occur as larger pore infillings.  
Furthermore, some nodules have features such 
as carbonate coatings (Figures 4 C and 6 B) 
where layers of micrite and microsparite inter-
change, usually parallel to the surface, indica-
ting different stages of calcite precipitation. 
Thus, these coatings and the internal structure 
of nodules (interchange of micrite and 
microsparite) shows that studied nodules do not 
grow continuously but are formed in multiple 
stages and/or generations, indicating different 
pedogenetic phases (Durand et al., 2010; 
Verrecchia & Trombino, 2021). This episodic 
carbonate precipitation is driven by seasonal 
variations in soil moisture and CO2 levels 
(Domínguez-Villar et al., 2022), highlighting 
the role of environmental fluctuations in nodule 
growth dynamics. 
As previously mentioned, carbonate nodules 
contain inclusions of particles (e.g., quartz 
grains) inherited from adjacent soil matrix 
(Figure 5 D, 6 A and 6 D). Some of those 
particles serve as centres of nodules nucleation, 
while others are included in nodule structure 
during its growth. Thus, the internal structure 
of the nodule preserves the original structure of 
the soil, even though it has been replaced by 
calcite. This replacive nodule growth (Colinson 
& Mountney, 2019) can be as well observed at 
the edges of the nodules where reaction rims 
show that the process of replacement has not 
reached completion (Figure 6 A, 6 B and 6 D). 
On the other hand, in rare cases, some nodules 
show evidence of displacive growth (Figures 5 
E and 5 F). In this case during nodule growth 
host sediment is pushed aside and little or none 
is incorporated into within the nodule 
(Colinson & Mountney, 2019). Thus, displaced 
clay particles at the edge of the nodule prevent 
growth of calcite crystals in that direction, 
resulting in the formation of flat surfaces at the 
edge of nodule. (Figures 5 E and 5 F). It should 
be pointed out that although there is evidence 

of both, replacive and displacive growth of 
nodules, the replacive type of nodule growth is 
the dominant one, confirming in situ formation 
of these PC.  
 
CONCLUSIONS  
 
We studied a 0.95 m deep Calcocambisol soil 
profile located in the southeast part of the 
North Dalmatian Plain (Croatia). It consists of 
A-Bw-Bk-R mineral horizons, containing PC 
particles in deeper parts (> 23 cm). According 
to morphology (i.e. spherical to irregular in 
shape), these PC are classified as nodules. 
Microscopical analysis of these nodules 
showed that their formation takes place in situ, 
starting from multiple centres of nucleation, 
while inclusion of noncarbonate particles and 
preservation of the original soil structure 
confirms replacive nature of nodule growth. 
The final morphology and structure of a nodule 
is a result of multiple stages of precipitation 
and dissolution, indicating seasonal or event-
based precipitation of carbonate. 
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