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Abstract: Physical and chemical weathering, together with biological and biochemical processes,
form soil from bedrock and strongly influence the chemical composition of natural waters. Erosive
processes, primarily through the agents of running water and wind, remove the products of weath-
ering from catchments. The aim was to determine the chemical weathering of minerals because
of changes in land-use and natural forestation in two small neighboring catchments of the rivers
Argilla and Bazuja. Agricultural land-use practice is very intense in the Argilla catchment, while
the Bazuja catchment’s arable land is mostly abandoned, with progressive forestation. Chemical
weathering in soils and sediments was evaluated with the aid of bulk chemistry analysis focused
on major elements, trace elements, and zirconium. Weathering indices, mass balance, and strain
were calculated. The abandonment of arable land and intense forestation in the Bazuja catchment
caused increased chemical weathering with the loss of base cations (Ca and Mg) and enrichment of
conservative elements (Zr and Ti) in surface horizons. EIC and MTF values are positive (enrichment)
in areas with agricultural activities, while forested areas show negative values (loss). A comparison
of the oldest and youngest parts of the overbank sediment profiles in the swallow hole zone and
stream sediments shows that chemical and mechanical weathering in the Bazuja catchment was
similar to present weathering in the Argilla catchment, while agriculture was active in the Bazuja
catchment. The integrated knowledge gained in small catchment studies can be broadly applicable to
larger systems.

Keywords: chemical weathering; small catchment; land-use change; weathering index; mass balance;
strain; forestation

1. Introduction

Abandoning arable land and natural forestation has a significant effect on weathering.
Two catchments in the Dragonja watershed were selected as representative sites to study
the effects of natural reforestation and agriculture on chemical weathering and physical
erosion. This watershed was selected because, in the short period of approximately ten
years after World War II, significant changes in reforestation occurred [1,2]. Due to political
but also economic conditions, there was an exodus of the local population, which caused
abandonment or a change in the use of the land. The reforestation has led to a decrease
in suspended sediment supply to the lower reaches of the Dragonja catchment [2–4].
Deforestation is an ongoing land cover change process in Europe [5] with the effects of
soil erosion, degradation of soil properties, and nutrient losses [6–9]. The impacts of soil
erosion go beyond the denudation of topsoil and reduction of soil fertility [6,10]. It results
in major land and environmental degradation, and can lead to increased pollution and
sedimentation in streams and rivers, causing declines in the ecosystem [10,11]. Erosion
can create an increased sediment load, which directly impacts the flood-carrying capacity
of streams and rivers and can eventually lead to flooding [11,12]. Since 1990, an opposite
process, similar to the one in the Dragonja catchment, has been taking place in the EU, where
forests increased by 10% between 1990 and 2020 [13]. Industrialized countries increased the
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amount of arable land and successively cut down forests and other natural habitats [14,15].
Extensive European deforestation is considered to have started in 1000 BC [16,17]. The
spread of vegetation cover is a crucial factor governing physical erosion [18,19] and chemical
weathering [20,21].

The weathering processes of marls and sandstones (flysch deposits of Istria) have been
intensively studied in terms of physical erosion since the intense denudation processes lead
to the formation of badlands [3,22–25]. Studies in the Slovenian part of the Dragonja flysch
basin [2,26] found that most of the suspended sediments were sourced from the flysch
badland hillslopes. Chemical weathering and soil formation on the flysch deposits have
not been studied as extensively. The available data is related to regional soil geochemical
surveys [27–30] and provenance analysis related to the formation of terra rossa soils on
neighboring karst [31–33]. Due to the strong dynamism involved in the process of rapid
erosion and the mixing of fresh parent material with the already formed regolith, soils
that evolved on flysch (mostly rendzinas) are typically “immature”, that is, incipient and
undeveloped [30]. This process is well recognized on the Istrian Peninsula [34,35]. When
compared with “mature” soils that have evolved over carbonate bedrock, undeveloped
(flysch-derived) soils typically have stable or even depleted concentrations of trace elements
and higher levels of carbonate minerals as a result of poor drainage and leaching [30].

Chemical weathering and physical erosion are related processes that control soil
development, deliver sediments and solutes to the riparian zone and streamwater,
and form the landscape [36–41]. Various approaches to chemical weathering estima-
tions are commonly used through the analysis of the bulk chemistry of weathered
catena. Weathering indices can be based on the approach used by monitoring the de-
composition of an unstable mineral or tracing the mass transfer of a labile element.
The most common weathering indexes used are CIA = (Al2O3 × 100/(Al2O3 + CaO
+ Na2O + K2O)) [42], PIA = (Al2O3 − K2O) × 100/(Al2O3 + CaO + Na2O − K2O) [43],
CIW = Al2O3 × 100/(Al2O3 + CaO + Na2O) [44], and WIP = 100 [(2 Na2O/0.35)
+ (MgO/0.9) + (2 K2O/0.25) + (CaO/0.7)] [45]. Labile element mobility during weath-
ering can be characterized by the mass transfer coefficient (eluvial-illuvial coefficient,
EIC [36,46,47]) and mass-transport function (τ) [47–49], assuming Zr as the conservative
component and the saprolite-rock boundary samples as the least weathered [36,47,50–52].
The importance of parent materials in the early stages of soil formation is stressed by [53]
while other processes influenced by vegetation and hydrology become the main factors
of chemical weathering.

This article represents an attempt to quantify the weathering of two catchments
with the same heterogeneous lithology, comprising an alternation of marl and calcareous
sandstones (flysch) and different land cover and land-use practices. Changes in long-
term weathering rates were evaluated through a comparison of the molar ratios of major
elements [49,54,55] in recent stream sediments, overbank sediment profiles in swallow hole
zones, and soil profiles.

The elemental ratios show that stream sediments derived after storm events are mainly
derived from less weathered material and plot close to calcarenite/marl composition. Molar
ratios of the youngest and oldest parts of the ≈5 m high overbank sediment profile in the
swallow hole zone of the river Bazuja showed that the oldest deposited sediments are simi-
lar to present-day Argilla catchment soils. The younger overbank sediments geochemically
correspond with the soils of the eastern part of the Bazuja catchment. Natural forestation
and the abandonment of arable lands have a critical effect on chemical weathering rates
in these catchments, causing a loss of base cations Ca and Mg from the top 50 cm of soil
profiles and increasing the overall acidification. Rock and mineral weathering, as well as
soil formation, are strongly affected by biomass elemental uptake, significantly increas-
ing weathering [21]. Results show higher losses in the river Bazuja catchment, and even
enrichment in some parts of the river Argilla catchment compared with c–horizon.
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2. Investigation Area

The studied area is located in the northern part of the Istrian peninsula (Republic of
Croatia), as seen in Figure 1a. The area of interest is the Dragonja River catchment, or
more accurately, the small catchments of the river Argilla and sinking river Bazuja, with a
total area of approximately 35 km2 (Figure 1b). River Argilla is the tributary of the river
Dragonja and river Bazuja is an influent river with allogenic recharge and a wide floodplain
in the swallow hole (ponor) zone. Dragonja is a borderline river, with a catchment area of
approximately 100 km2. One-quarter of that area is in Croatia and the rest is in Slovenia.
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Figure 1. (a) General location of the study area; (b) rivers Argilla and Bazuja, with their catchments
and marked sampling sites of soil profiles (red circles) and stream sediments, overbank sediments,
and water (blue circles).
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Catchments differ by the intensity of agricultural activity: the Argilla catchment
is characterized by intensive cultivation, while the Bazuja River catchment is predomi-
nantly abandoned. The catchments are a part of the accumulation-denudation type of
morpho-structure characterized by rapid denudation processes developed on Eocene fly-
sch deposits [22,23,56]. The flysch bedrock comprises turbidite deposits with alternating
layers of marls and arenites that are individually and frequently thinner than 30 cm. The
calcarenites contain quartz, feldspar, mica grains, and lithoclasts of both carbonate and
silicate rocks (chert, quartzite, and schist). Carbonate nummulite breccia beds within the
marls and sandstone are also found. The arenite to marl thickness ratio (A/M) in the flysch
deposits ranges from 1: 2 to 1: 50 [57,58]. Soils in the Argilla catchment are developed
predominantly on Upper Eocene bedrock, while soils in the Bazuja catchment overlay
Middle Eocene sedimentary rocks.

The investigated catchments are covered with three dominant soil types: regosol
(sirozem), rendzina on flysch, or rigosol (anthropogenic soil).

The climate of the Istrian peninsula is affected by the north Adriatic Sea and the
Mediterranean in general, but also by the European interior, especially the Alps, the
Dinarides, and the River Po valley. According to Köppen classification, the peninsula has a
Cfa climate type. In Thorntwaite’s classification, the climate is perihumid to locally humid.
During the summer, the Istrian peninsula is under the influence of the Azores cyclone, and
during the winter, the effect of the Siberian anticyclone prevails. The Island anticyclone
and frontal disturbances connected with it affect weather conditions throughout the whole
year, especially during the winter [59]. Istria is characterized by a warm and dry summer
and a cold and moist winter, typical of a sub-Mediterranean climate.

3. Materials and Methods
3.1. Sampling Strategy

In this study, soils, stream sediments, overbank sediments, and river water were
sampled. Soil material was collected from 32 excavated profile pits. Samples were taken at
depths of 0–5 cm (O and A horizons), 5–20 cm (B-horizons), and 40–50 cm (B/C horizons).
Sampling depth intervals were based on standard methods of soil sampling for the changes
of organic carbon stock in mineral soils [60] and the Geochemical Atlas of Croatia [27].
Approximately 3 kg of soil materials/samples were collected per soil horizon. If the bedrock
was not reached, samples from horizons deeper than 50 cm were taken. Samples from
deeper horizons were then collected at 20-cm intervals (e.g., 50–70 cm, 70–90 cm, etc.). At
specific locations, parent rocks (marls and sandstones) were sampled, fresh and weathered.
Soils were sampled, taking the land-use into account. Due to this, profiles were made
in meadows, vineyards, and forests (deciduous and conifers). Soil color was determined
using the Munsell color chart (1984). Colors vary (Supplement Table S1) from 10 YR to 5 Y,
with dominant 2.5 Y colors (brown, grayish brown, and olive brown).

Stream sediments were sampled in all active streams in 15 locations. Overbank sediments
were sampled in four locations: on the inlet of Argilla with Dragonja (site 37, Figure 1), on
the location of the periodically flooded area of the Argilla River (site 400, Figure 1), and the
swallow hole near the village of Marušići and Bazuja River (sites 009 and 402, Figure 1) [61].
Sediments were sampled in profile pits at 10 cm intervals. Samples in the Bazuja River swallow
hole were taken from the ~15 m high overbank sediment profile.

3.2. Soil Geochemistry

Chemical analyses of the soil samples were determined by ICP-AES (major elements,
Ba, Ni, S) and ICP-MS (Co, Hf, Rb, Sr, Ta, Th, U, V, W, Zr, REE, Mo, Cu, Pb, Zn, Ni, As,
Cd, Ag, Au, Hg). Air-dried samples were dissolved using LiBO2 at 400 ◦C or a mixture
of HCl-HNO3-H2O at 95 ◦C. Total C and S were determined using the Elemental analyzer
LECO CNS-2000 (LECO Corporation, St. Joseph, MI, USA). Soil pH was determined from
air-dried samples using a soil/solution ratio of 1:2.5. Major element composition, pH, and
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color of samples are presented in Supplement Table S1. Bulk density was determined from
selected soil samples using the clod method [62].

3.3. Theoretical Background

Analysis of bulk soil chemistry (major elements and trace elements) is the most
common method of determining rates of chemical weathering [47,63]. The mobility of
elements during weathering is influenced by three main factors: pH, ion potential, and
redox soil conditions. Evaluation of the degree of weathering in the soil profile is possible
in several ways. To calculate the mass change of an element, it is necessary to compare its
change in concentration with the concentration of an immobile element. Usually, Zr and
Ti are considered elements that are not mobile during weathering [37,64,65]. In this study,
Zr is used as an immobile element. Almost all Zr in flysch occurs in the mineral zircon
(ZrSiO4), which is resistant to low-temperature near-to-surface weathering.

The basic approach in calculating mass changes includes the comparison of ratios of
weatherable (mobile) and conservative (immobile) constituents in the soil horizons with
the ratio of the same elements in the parent sedimentary deposit or least weathered horizon.
In this study, the calculations were made based on the assumption that the initial material
was the least weathered, containing unweathered rock fragments (usually a mixture of
fine-grained marl and coarse fragments of calcareous sandstone). The advantage of using
the individual C-horizon as a satisfactory parent composition source is that the variation
of the marls and calcarenites is incorporated directly into the calculation, although a bias
is also introduced if the C-horizons are weathered to varying degrees, which must not
be neglected.

Two methods were used in calculating weathering rates: the eluvial-illuvial index [36,46,47]
and the mass-transport function [47,48]. The equation for calculating EIC is:

EIC (%) =
(XA/SA)

(Xm/Sm)
−1 × 100

where X = observed element oxide, S = stable element oxide, A = observed horizon,
m = parent rock or C-horizon.

Negative values represent a loss of the element observed and positive values represent
a gain compared with the parent rock or C-horizon. The amount of the element that
remains in the soil was calculated for each profile at two depths. The fractional mass of
non-conservative elements was calculated based on Zr as the conservative element.

The second method used for calculating weathering rates was the mass-transport
function, which is calculated as [66,67]:

τA =

(
δAXA
δmXm

(εA + 1)
)
− 1

where δ = bulk density, X = concentration of the observed element, A = observed horizon,
m = parent rock or C-horizon, ε = strain.

Calculated values show if the element is immobile (τA = 0), if there is enrichment
in the observed element (τA > 0), or if there is a loss of it (τA < 0). The value τA = −1
represents a complete removal of the element in the observed horizon.

To calculate the volumetric strain of an immobile element, it can be assumed that,
since it is immobile, τ = 0. In that case, volumetric strain can be calculated as [67]:

εA =
δm Im

δA IA
− 1

where δ = bulk density, I = concentration of an immobile element, A = observed horizon,
m = parent rock or C-horizon, ε = volumetric strain.
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Positive strain values denote dilations and negative strain values denote collapse. Bulk
density was measured on 55 samples. Each value was calculated as the average of three
measured samples.

After calculating weathering rates by these two methods, the obtained results were
identical for all the samples that bulk density was measured on. Therefore, to make data
presentation simpler, only EIC values will be mentioned in this paper, and the EIC and
MTF values are shown in Supplementary Table S1.

Weathering rates may also be calculated as a comparison of the molar ratios of the
oxides of major elements [49,68], comparing recent stream sediments, overbank sediment
profiles, and soil profiles. Usually, ratios (i) SiO2/Al2O3, (ii) SiO2/Fe2O3, (iii) SiO2/(Fe2O3
+ Al2O3), (iv) SiO2/(Fe2O3 + Al2O3 + TiO2), (v) (K2O + Na2O + CaO + MgO)/Al2O3,
(vi) (K2O + Na2O + CaO + MgO)/(Fe2O3 + Al2O3 + TiO2), (vii) Na2O/K2O, (viii) Ba/Sr
are used [68]. The values of indices (i) through (iv) should generally be lower with the
increase in weathering. Ratios (v) and (vi) present an estimate of cation loss, while the
index (i) estimates the formation of clay minerals [47]. Ratio (ii) represents the degree of
formation of pedogenetic Fe-oxides and hydroxides. Changes in the ratio (vii) can point
to cation substitution and their fixation on clay minerals [69]. The molar ratio (viii) is an
estimate of leaching and can point out the time of soil formation [68]. All ratios can be used
for parent rocks, weathered rocks, and soils.

3.4. Construction of Graphs and Maps

Mathematical and statistical computations were performed using the Agisoft STA-
TISTICA version 7 Graphs were created in STATISTICA version 7 and MS Excel version
2016. Spatial analyses and maps were generated using ESRI ArcGIS 10.2.1. Interpolation of
data was carried out in the ArcGIS extension Geostatistical Analyst using the Empirical
Bayesian Kriging method with a grid of 15 m × 15 m.

4. Results
4.1. Chemical Soil Composition of the Catchments and Their Comparison

Weathering indices in the Argilla catchment show a visible increase in proportions of
SiO2/Al2O3, SiO2/Fe2O3, and SiO2/(Fe2O3 + Al2O3 + TiO2) (Figure 2, Table 1) towards the
surface. Ratio Ba/Sr decreases with depth, while ratios (K2O + Na2O + CaO + MgO)/Al2O3
and (K2O + Na2O + CaO + MgO)/(Fe2O3 + Al2O3 + TiO2) (Figure 2, Table 1) increase.
Differences in the Na2O/K2O ratio are minor (Table 1). EIC in the Argilla catchment shows
enrichment of SiO2 (Figure 3, Table 2) and Na2O (Figure 4, Table 2) in samples closer to
the surface. EIC of Al2O3 and MgO (Figure 5, Table 2) shows depletion compared with the
c-horizon, which is larger in the b-horizon. CaO shows minor enrichment in the b-horizon
and is slightly depleted in the a-horizon. (Figure 6, Table 2). EIC Fe2O3 (Figure 7, Table 2)
shows enrichment compared with the c-horizon.

Table 1. Mean weathering index values in soil profiles (a, b, c, and d horizons), stream sediments (sa),
and not weathered marls (ar-lp) and sandstones (ar-ps) in the river Argilla catchment.

Argilla Catchment/Horizon a b c d sa ar-ps ar-lp

SiO2/Al2O3 8.90 8.90 8.78 7.58 10.87 10.89 6.91
SiO2/Fe2O3 6.93 6.91 6.80 5.96 8.44 8.46 5.59

SiO2/(Fe2O3 + Al2O3 + TiO2) 6.53 6.52 6.41 5.64 7.90 8.00 5.31
(K2O + Na2O + CaO + MgO)/Al2O3 2.80 3.03 2.94 4.88 3.69 8.80 5.75

(K2O + Na2O + CaO + MgO)/(Fe2O3 + Al2O3 + TiO2) 2.07 2.23 2.15 3.71 2.69 6.45 4.42
Na2O/K2O 0.52 0.54 0.53 0.43 0.66 0.81 0.37

Ba/Sr 2.20 2.26 2.07 1.50 1.45 0.66 0.66
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Table 2. Mean EIC values of major elements in soil profiles in river Argilla and river Bazuja.

Argilla Bazuja

EIC Index a-Horizon b-Horizon a-Horizon b-Horizon

SiO2 0.66 0.16 −10.76 −8.90
Al2O3 −0.19 −0.48 −28.31 −22.99
CaO −3.73 4.71 −27.05 −33.40
MgO −0.46 −2.84 −35.79 −31.91
K2O 4.72 −1.06 −28.25 −26.67

Na2O 2.59 1.01 −15.74 −14.42
Fe2O3 1.12 2.18 −24.68 −20.11
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In the Bazuja River catchment, values of weathering indices in the a, b, and c horizons
are higher towards the surface in ratios SiO2/Al2O3, SiO2/Fe2O3, and SiO2/(Fe2O3 + Al2O3
+ TiO2), while the values of ratios (K2O + Na2O + CaO + MgO)/(Fe2O3 + Al2O3 + TiO2)
increase in the lower horizons (Figure 2, Table 3). The Ba/Sr (Figure 2c, Table 3) ratio is
somewhat diminished in sample d and is similar in the rest of the profile. R. Bazuja profiles
show a loss of all calculated EIC values compared with c-horizons (Figures 3–7, Table 2).
Depletion of CaO (Figure 6, Table 2) is greater in the b-horizon, while other base cations are
more depleted closer to the surface.

Table 3. Mean weathering index values in soil profiles (a, b, c, and d horizons), stream sediments (sb),
older (bs) and younger (bm) ponor (swallow hole) overbank sediments, and not weathered marls
(ar-lp) and sandstones (ar-ps) in the river Bazuja catchment.

Bazuja/Horizon a b c d sb bs bm br-ps br-lp

SiO2/Al2O3 11.70 10.96 9.33 10.57 10.56 11.61 10.31 12.56 6.62
SiO2/Fe2O3 9.10 8.54 7.26 8.29 7.99 9.05 8.13 9.37 5.47

SiO2/(Fe2O3 + Al2O3 + TiO2) 8.41 7.92 6.78 7.68 7.46 8.45 7.54 8.87 5.18
(K2O + Na2O + CaO + MgO)/Al2O3 1.18 1.10 1.45 0.52 2.65 2.52 0.90 12.99 7.06

(K2O + Na2O + CaO + MgO)/ (Fe2O3 + Al2O3 + TiO2) 0.85 0.80 1.07 0.38 1.87 1.83 0.66 9.17 5.52
Na2O/K2O 0.68 0.67 0.57 0.64 0.69 0.71 0.76 0.90 0.35

Ba/Sr 3.76 3.85 3.74 4.94 1.59 1.40 3.22 0.34 0.49

As is visible in Figure 8, the ratios SiO2/Al2O3, SiO2/Fe2O3, SiO2/(Fe2O3 + Al2O3
+ TiO2), Ba/Sr, and K2O/Na2O show higher values in the Bazuja River catchment. Ra-
tios (K2O + Na2O + CaO + MgO)/(Fe2O3 + Al2O3 + TiO2) and (K2O + Na2O + CaO
+ MgO)/Al2O3 have higher values in the agriculturally active river Argilla catchment. EIC
calculations show enrichment in the a-horizon in both catchments in areas with active
agriculture, while areas covered with forest show losses in shallower horizons. Since the
river Bazuja catchment is generally covered with forest and is abandoned, soils sampled in
that catchment generally show a loss in EIC values in the a and b-horizons.

4.2. Chemical Composition of Stream Sediments in the Catchment and Their Comparison

By comparing the weathering indices in both catchments, it is clear that the values of
the ratios (K2O + Na2O + CaO + MgO)/Al2O3 and (K2O + Na2O + CaO + MgO)/(Fe2O3
+ Al2O3 + TiO2) (Figure 8, Tables 1 and 3) are higher in the Argilla river catchment. Ratios
SiO2/Al2O3, SiO2/(Al2O3 + Fe2O3), SiO2/(Fe2O3 + Al2O3 + TiO2), Na2O/K2O, and Ba/Sr
(Figure 8, Tables 1 and 3) are higher in the Bazuja river catchment.

All weathering indices show higher chemical weathering in the Bazuja River catch-
ment. The range of values of weathering indices for stream sediments is visibly smaller
than the range of indices for soil sediments (Figure 8).

4.3. Analysis of the Overbank Sediment Profiles in the River Bazuja Swallow Hole

If the values of the base cations of older and younger overbank sediments in location
402 in the Bazuja River swallow hole are compared (Figure 1, Tables 3 and 4), it is visible
that younger sediments (marked as 402A) have lower values of SiO2, Al2O3, Fe2O3, MgO,
K2O, Na2O, TiO2, Cu, Ba, Ni, and Sc, and have significantly higher values of CaO and
total C. The same trend can be seen in the base cation ratios of stream sediments from
the rivers Argilla and Bazuja. The composition of base cations in stream sediments of
older overbank sediments is similar to the composition of base cations in Argilla River
sediments (sample 009). Sediments of the river Bazuja catchment, on the other hand, have
a composition very similar to more recent overbank sediments.
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Table 4. The average content of major elements in older (402A) and younger (402B) overbank
sediments in the river Bazuja swallow hole area compared with the average overbank sediment
composition at point 009 in the river Argilla catchment.

Location SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O TiO2 P2O5 MnO Ba Ni Sc Tot. C Tot. S

% % % % % % % % % % mg/kg mg/kg mg/kg % %

402A 61.1 8.93 3.95 0.97 9.58 0.66 1.41 0.63 0.06 0.13 232.6 78.0 8.60 2.53 0.01
402B 67.2 11.06 4.66 1.05 2.33 0.79 1.57 0.85 0.08 0.13 271.2 93.8 11.00 1.84 0.03
009 47.8 8.40 4.30 1.04 17.09 0.55 1.39 0.52 0.08 0.15 208.9 86.5 8.42 4.24 0.02
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Values of the weathering indices SiO2/Al2O3, SiO2/(Al2O3 + Fe2O3), SiO2/(Fe2O3
+ Al2O3 + TiO2), (K2O + Na2O + CaO + MgO)/Al2O3 and (K2O + Na2O + CaO + MgO)/(Fe2O3
+ Al2O3 + TiO2) are higher in samples of profile 402A, i.e., older overbank sediments
(Table 3). Indices Na2O/K2O and Ba/Sr have higher values in younger overbank sediments
(402B) (Table 3).

5. Discussion

Comparing the weathering index values in both catchments, it can be observed that
the values of SiO2/Al2O3, SiO2/Fe2O3, SiO2/(Fe2O3 + Al2O3 + TiO2) (Tables 1 and 3,
Figure 2) and Ba/Sr (Figure 2) are significantly higher in the Bazuja River catchment.
Values of (K2O + Na2O + CaO + MgO)/Al2O3 and (K2O + Na2O + CaO + MgO)/(Fe2O3
+ Al2O3 + TiO2) are significantly higher in the Argilla River catchment (Tables 1 and 3,
Figure 2). EIC values in the Bazuja River catchment are visibly lower compared with
the c-horizon, while the difference in the Argilla River is much smaller; even a- and
b-horizons have higher values than the c-horizon. Enrichment of a- and b-horizons in
the Argilla River catchment (Figures 4–7) is probably caused by agricultural activities.
Agricultural activities cause an increase in the amount of fine parent rock particles
in the soil that leads to mass balance values that are approximately equal to zero or
even positive at horizons of 0–5 cm and 20–40 cm. This observation differs from the
interpretation in [70], where they explain the relationships between eroding processes
and chemical weathering in the sense that erosion constantly supplies fresh weatherable
minerals from below the surface and that weathering reactions disintegrate bedrock
to sustain physical processes of material production and erosion. In their modeling
approach, [71] showed that faster erosion rates do not have to lead to faster rates of
chemical denudation. Slope orientation and exposure, as demonstrated by [72], can
also influence the rates of chemical weathering, but such differences were not observed
in the studied catchments. At the same time, in the forested Bazuja River catchment,
losses in the same horizons are high because of higher soil acidity (Figure 9), so cations
are “washed out” of the catchment by water. The methods proposed by [73] i.e., solute-
based watershed geochemical mass-balance methods, should be a powerful and accurate
technique for quantifying mineral weathering rates in the field and will be applied in the
future. Data on base cation distribution, trace elements, and weathering indices in two
catchments and their comparison point out that the abandonment of arable lands and
natural forest progression over abandoned olive groves, gardens, and fields in the Bazuja
River catchment have a significant influence on the rate of chemical weathering [21].
This resulted in the leaching of Ca and Mg and the enrichment of conservative elements
Zr and Ti in horizons in topsoils and surface horizons. Base cation loss also causes a
soil pH decrease, as seen in Figure 9, where the Bazuja River catchment stands out with
lower pH values. Plants also have a large effect on pH lowering in soils by producing
humic acids [74,75]. The influence of vegetation cover induced a higher production of
organic and chelating ligands in the soil solution, which can cause significant changes in
weathering rates within short periods of approximately 100 years [76].

Copper concentrations are increased in the Argilla River catchment, which could
be expected because of intensive grapevine cultivation and its treatment with copper-
based solutions, which, after spraying, easily get into the ground. With depth, the
copper concentration decreases. In the SE part of the Bazuja River catchment, at a depth
of 40–50 cm, there is also a visible copper anomaly. Such a local anomaly could be
explained by the growth of grapevines in the past before the abandonment of the area.
Lead concentrations are increased in the Bazuja River catchment as a consequence of
atmospheric and anthropogenic factors. Forests can act as a filter that retains a significant
amount of atmospheric particles, a large portion of which are anthropogenic. During
rainfall, particles are washed out and concentrated on the ground [77].
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It is visible in Table 5 that EIC values are positive (enrichment) in agricultural areas,
while forested areas show a loss in EIC values. Therefore, reforestation will reduce erosion
rates and the formation of badlands [23], and enhance chemical weathering in the Argilla
River catchment. According to [78], significant changes can occur within a period of
approximately 100 years. The authors [79] documented, however, that even after only a
few decades, there can be changes to the vegetation community and effects on soil organic
matter in the planar zone that cause increased chemical weathering [53,79]. The mean EIC
values show losses compared with the c-horizon in all base cations in the Bazuja River
catchment, while they are enriched in the Argilla River catchment, or they are depleted, but
not as much as in the Bazuja River. It can be concluded that chemical weathering is higher
in forested areas, while in areas with intensive agricultural activities, chemical weathering
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is much lower, or there may even be enrichment. The elemental uptake by biomass is
stressed in [21], where the authors point out that weathering rates are considerably affected
by botanical uptake. Plant roots and their symbionts can speed up the weathering of rocks
by chemically attacking them with a variety of organic acid compounds [80]. This can lower
the pH of soil water around roots by up to two units [75]. In addition, organic acids can
also form complexes with metals, which can help transfer them from minerals to plants [80].
The effect of plant uptake varies depending on the mineral. For example, the effect is slight
for plagioclase but is much greater for mica [21]. Cluster roots can release bursts of exuded
carboxylates in soils to free phosphorus or iron from goethite, a mineral that is very slow to
weather in the soil environment [81]. Weathering rates in feldspars calculated with included
botanical uptake in forested ecosystems are up to five times faster than rates calculated
without accounting for the effects of plants [82]. The enrichment of major elements is due
to the physical processes that result from losses of topsoil in agricultural soils, which have
similar compositions to the parent bedrock in the most weathered parts of the soil.

Table 5. Differences in weathering indices in cultivated areas and forested areas.

a Horizons b Horizons

EIC Index Cultivated Old Forest Young Forest Cultivated Old Forest Young Forest

SiO2 7.95 −4.98 −7.93 2.69 −6.10 −3.03
Al2O3 7.50 −15.20 −16.25 0.21 −14.48 −7.66
CaO 44.18 −12.40 −36.90 62.64 −20.11 −32.58
MgO 14.39 −20.96 −21.56 2.70 −22.19 −13.56
K2O 21.50 −14.53 −15.24 3.47 −17.92 −9.78

Na2O 12.97 −2.64 −17.15 6.98 −6.84 −11.41
Fe2O3 6.36 −14.69 −10.58 0.35 −13.91 −1.61

A comparison of overbank sediments in the river Bazuja swallow hole and stream
sediments from the rivers Argilla and Bazuja shows that younger overbank sediments are
similar in their composition to the river Bazuja stream sediments. However, overbank
sediments sampled in the deeper part of the swallow hole, which were sedimented in the
past, show more similarities with recent stream sediments sampled in the river Argilla. This
points to the conclusion that older overbank sediments were sedimented in a period when
conditions were similar to present-day conditions in the Argilla River catchment, before
the Bazuja River catchment was abandoned and sustained intensive agriculture. A small
variation in the range of values of the weathering indices of stream sediments, compared
with soil sediments, may be due to mineralogical sorting and homogenization during
the hydrodynamic and sedimentation processes related to sediment transport. Since the
lithologies of the bedrock govern the composition of soils and stream sediments, the small
ranges for stream sediment weathering indices may be related to source apportionment.
Alternatively, the soils themselves are the primary source for the composition of stream
sediment, driven by erosion processes.

6. Conclusions

This research is focused on the chemical weathering of minerals as a result of the
changes in land-use and vegetation in the Dragonja River catchment area. Two neighboring
catchments were studied: the river Argilla, which is the tributary of the river Dragonja, and
the river Bazuja, which is an influent river with allogenic recharge and a wide floodplain in
the swallow hole (ponor) zone. Agricultural land-use practice is very intense in the Argilla
catchment, while the Bazuja catchment’s arable land is mostly abandoned, with progressive
forestation. The main objective was to determine the changes in the environment (soil,
sediments, and water) in the Dragonja watershed due to natural forestation. Increased
forestation causes changes in the hydrological regime, which, in turn, causes changes in soil
weathering. Present-day chemical weathering was evaluated with the aid of weathering
indices, mass balance (eluvial-illuvial coefficient (EIC) and mass transfer function (MTF)),
and strain. By comparing the data calculated by EIC and MTF, it is safe to conclude that
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there is no difference in the calculated values. Therefore, it is recommended to use EIC
since this method is simpler and faster to use. The abandonment of arable land and intense
forestation in the Bazuja catchment caused increased chemical weathering with the loss
of base cations (Ca and Mg) and the enrichment of conservative elements (Zr and Ti) in
surface horizons. Zn concentrations are lower in the Bazuja catchment, probably due to
the increased acidity of water and soil. Increased acidity is caused by base cation loss,
induced mainly by plant growth and the production of humic acids. Lead concentration is
increased in the Bazuja catchment. It is caused by atmospheric or anthropogenic impact,
which has a larger effect on forested areas. Soils in the Argilla River catchment show
increased copper concentrations due to vineyard cultivation. Changes in the weathering
degree since the formation of the Bazuja River swallow hole until the present show that
the oldest overbank sediments are similar to the present-day Argilla River catchment soils.
The younger overbank sediments correspond geochemically to the soils of the Bazuja River
catchment. This means that chemical and mechanical weathering in the Bazuja catchment
is like present-day weathering in the Argilla River catchment, while agriculture is active in
the Bazuja River catchment.
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//www.mdpi.com/article/10.3390/land12040913/s1, Table S1: Major element composition and color
of samples.
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