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A B S T R A C T   

We investigated changes in geochemical soil properties in response to deposition age and land use management 
over 30 – 50 years on tropical volcanic soils. Our purpose was to find out how weathering stage and land use 
interactively affect soil properties and organic carbon, and to check if phenoforms (management-related soil 
subtypes) exist within the genoforms (genetic soil types). Soil samples were taken at land uses that have been 
converted (pine forest and agricultural land) and a natural forest as the original land use. The results showed that 
pine forest soil displayed more intense weathering as indicated by higher values of three weathering indices. 
Intensive agricultural practices also improved soil chemical properties such as pH, exchangeable base cations, 
base saturation, and organic carbon stock leading to WRB-qualifier of “eutric” in cultivated soils, whereas the 
average of bulk density was relatively similar between forests and cultivated soils. Positive correlations were 
found between amorphous materials and Alo, specific surface area, and micropore volume. Correlations between 
the content of short-range order Al (hydr-) oxides (indicated by Alo) and organic carbon were found in pine forest 
and agricultural soils, particularly in subsoils. Our results clearly indicate the increase of base cations retention 
due to less acidification and an increase of organic carbon stock under agricultural land use, likely due to sta
bilization with non-crystalline materials.   

1. Introduction 

Soil weathering is an essential process in order to understand soil 
formation and its interaction with the environment (Birkeland, 1999). 
This process can affect physical and chemical soil properties, storage of 
nutrients, and carbon. Volcanic ash soils generally weather following a 
sequence from primary minerals to short-range order (SRO) minerals, 
halloysite, and kaolinite (Parfitt et al., 1983). The rates of weathering 
from primary to secondary minerals depend on environmental condi
tions. Humid climate can enhance desilication and loss of base cations 
(Chadwick et al., 2003). Land use can modify the fate of weatherable 
minerals by serving as H+ sink (Acid Neutralizing Capacity; Van Bree
men et al., 1983) and by physical weathering, such as tillage (Wei et al., 
2006). 

Volcanic soils are susceptible to land use change, especially con
version to cultivated land, due to their inherent good chemical fertility. 
In cropland management, soil tillage creates a warmer and dryer soil 

climate and disrupts aggregates, which increases organic matter (OM) 
turnover (Bandyopadhyay, 2019) and enhances the chemical weath
ering (Li et al., 2021). Converting forest area to cropland in which tillage 
is practiced may affect Andosols, and thus deserves attention because of 
their fertility and intense agricultural use. Several studies reported 
negative effects such as disturbance of the geochemical cycle and less 
Organic Carbon (OC) storage (Lemenih et al., 2005; Sosnowska, 2012). 
However, manure application under agricultural management can in
crease soil OC stocks (Maillard and Angers, 2014). The conversion to 
cropland was reported to improve soil chemical properties such as the 
increase of K, Ca, Mg (Asio et al., 1999), but in contrast net acidification 
may also occur if nutrient export by harvesting is not compensated (Van 
Breemen et al., 1983). 

The formation of SRO aluminosilicate materials, Fe oxide, and 
accumulation of OM are the main pedogenic processes in allophanic 
Andosols (Shoji et al., 1993). Interactions between nano-sized SRO 
minerals and soil OM play a significant role in the retention and 
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stabilization of carbon (Basile-Doelsch et al., 2015; Kleber et al., 2015; 
Lehmann and Kleber, 2015; Tamrat et al., 2019). Their presence also 
contribute to unique chemical and physical soil properties in Andosols, 
such as variable charge, low bulk density, high water holding capacity, 
and formation of stable soil aggregates. There is still no decisive infor
mation related to how weathering and geochemical properties are 
driven by land use in these soils. 

Here, we investigated the change of geochemical soil properties as 
impacted by land use in Andosols from the Sunda volcanic arc region 
(Mt. Tangkuban Parahu and Mt. Burangrang), West Java, Indonesia. In 
particular, we tested the assumption that phenoforms (management- 
related soil subtypes) exist within the more general genoforms (genetic 
soil types; Droogers and Bouma, 1997; Rossiter and Bouma, 2018) of 
these specific Andosols. By analyzing their weathering statuses both 
geochemically and mineralogically, and OC contents, we aim at testing 
our assumption about age and parent materials, relating weathering, 
land use, and OC status. 

2. Materials and methods 

2.1. Environmental setting 

The study areas were situated in the Mount Tangkuban Perahu and 
Mount Burangrang regions, which are part of the Sunda Volcanic 
Complex (SVC) in West Java, Indonesia (Fig. 1). Mt. Tangkuban Perahu 
is an active stratovolcano that was formed in the eastern rim caldera of 
ancient Mt. Sunda. Over the last 10,000 years, the dominant type of 
Tangkuban Perahu eruption is small scale phreatic. Only in 1910 there 
was a magmatic eruption affecting a small area with ejected volcanic ash 
and scoria rock. Mt. Burangrang is also part of the remaining Mt. Sunda, 
but is situated in the western part of the caldera rim and has older 
volcanic edifices (Silitonga, 1973). Soils in these areas were derived 
from similar parent material (basaltic-andesitic (ash) tuff), which orig
inated from Holocene to Late Pleistocene activity (Dam et al., 1996; 
BBSDLP, 2017). The soil type was classified as Typic hapludands based 
on the soil map scale 1:50,000 (BBSDLP, 2017). The areas have a mean 
annual precipitation of 2000 – 3000 mm year− 1 and mean annual 

Fig. 1. Location of the study area and sampling sites.  
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temperature around 19–21 ◦C. 
The study areas were located in deposits of different lithology and 

age i.e. Qyd (young deposition age), Qyt (intermediate deposition age), 
Qvu (old deposition age) (Silitonga, 1973) (Table 1; Fig. 2). Soil samples 
taken from Qyd and Qyt were located in Lembang district near Mt. 
Tangkuban Perahu. The radiocarbon dating of buried organic horizon in 
the Lembang district yielded age 8700 ± 200 and 14500 ± 300 yrs BP 
for 2A and 3A horizons, respectively (Chartres and Van Reuler, 1985). 
Soil samples from Qvu were located near Mt. Burangrang, in the border 
of Cisarua district. The maximum age of volcanic ash in this area was 
expected to be 10,000 yrs (Utami et al., 2019). 

Most of the areas were under forest before 1900 but have been 

gradually opened since 18th century and subjected to high anthropic 
pressures. Currently, the primary forest occupies only the upper slopes 
within a distance of around 1 km surrounding the crater of Mt. Tang
kuban Perahu. Other land uses such as pine forest is a secondary forest 
planted in 1962 for restoration purposes (Perhutani, 2014). Agricultural 
practices date back 30 – 50 years and involve mainly rotations of hor
ticultural crops. The history of land use and management was obtained 
by collecting data from historical land use maps, queries to government 
institutions, and interviews with landowners (Table 1). 

Table 1 
Location of sampling sites, land use, slope, altitude, and age of soils.  

Coordinates Slope 
(̊) 

Elevation 
(m) 

Present vegetation and management Land use history Parent material      

Lithologyb) Approximate 
age (yrs)c) 

Primary forest (NF-y)a      

6̊46′15.69′′S 
107̊37′21.98′′E 

15  1710 Altingia excels, Schima wallichii, Astronia 
spectabilis, Castanopsis argenta, Quercus spp, 

Natural forest Qyd 
(phase C- 
young 
eruption) 

Holocene 
max. 8700 ±
200 

Agricultural land (AG-y)      
6̊48′9.00′′S 

107̊35′47.60′′E 
15  1313  - Annual crops: tomatoes, cabbage, 

broccoli, chilly 
Three crops rotation per year 
Intensive tillage 
Fertilizer: (1) mix of chicken, cow 

manure and rice husk = ±76 Mg/ha/ 
year (2) inorganic fertilizer = 307 kg N 
ha− 1, 307 kg P ha− 1, 307 kg K ha− 1  

- 1909–1917: degraded forest (shrub) 
(Topographical Service Batavia, 1941) 

Ca. 1940–1950: Unmanaged plantation 
(possibly coffee).Ca. 1970: Intensive 
cultivation 

(horticulture) 

Qyd 
(phase C- 
young 
eruption) 

Holocene 
max. 8700 ±
200 

Pine forest (PF-i)      
6̊47′54.80′′S 

107̊37′21.50′′E 
18  1343  - Pinus merkusii 

No fertilizer  
- < 1900: Degraded (Dutch colonial era: wood 

production)Ca. 1960: Pine forest (production 
forest, pine sap/resin capture, locally coffee; 
agro forestry) 

. 
Ca. 2007: protected forest 

Qyt 
(phase A-old 
eruption) 

Holocene 
max. 8700 ±
200 

Agricultural land (AG-i)      
6̊48′48.60′′S 

107̊38′30.30′′E 
16  1163  - Annual crops: potatoes, broccoli, 

cabbage 
Max. three crops rotation per year 
Intensive tillage 
Fertilizer: (1) mix of chicken manure 

and rice husk = ± 20 Mg/ha/year (2) 
inorganic fertilizer = 144 kg N ha− 1, 
144 kg P ha− 1, 144 kg K ha− 1 as NPK 
fertilizer  

- 1909–1917: Bamboo forest (Topographical 
Service Batavia, 1941)1940-ca.1980: 
unmanaged plantation, possibly 

coffee.Ca. 1980: Intensive cultivation 
(horticulture) 

Qyt 
(phase A-old 
eruption) 

Holocene 
max. 8700 ±
200 

Pine forest (PF-o)      
6̊45′38.50′′S 

107̊31′3.00′′E 
18  1128  - Pinus merkusii 

No fertilizer  
- < 1900: Degraded (Dutch colonial era: wood 

production) 
Ca. 1960: conversion to pine forest. 

Previously and locally, pine trees with 
horticulture for 5 years, then agroforestry of 
pine trees with coffee, but because of low 
production, change to protected forest locally 
for tourism. 

Qvu Holocene 
10,000 

Agricultural land (AG-o)      
6̊46′26.80′′S 

107̊31′20.30′′E 
14  1132  - Annual crops: chayote, cabbage, green 

bean 
One or two crops rotation per year 
Fertilizer: (1) mix of chicken manure 

and rice husk = ± 18 Mg/ha/year (2) 
inorganic fertilizer = 90 kg N ha− 1, 90 
kg P ha− 1, 90 kg K ha− 1  

- 1909–1917: Degraded forest (Topographical 
Service Batavia, 1941)1940-ca.1988: 
Conversion to unmanaged coffee 

plantation.Ca.1988: Cultivation 
(horticulture) 

Qvu Holocene 
10,000 

a) -y: young soil age; -i: intermediate soil age; -o: old soil age. 
b) Based on Silitonga (1973). Qyd is defined as brownish sandy tuff from Mt. Dano and Mt. Tangkuban Parahu (eruption “C”; Van Bemmelen (1934)), which is very 

porous and contains very coarse hornblende crystals as well as lahar deposit, lapilli layers, and breccia; Qyt is tuffaceous sand with lapilli, bombs, scoriaceous lava, 
angular fragments of dense andesite-basalt, and many pumice fragments, mostly from Mt. Tangkuban Perahu (eruption “A”; Van Bemmelen (1934)) and Mt. Tam
pomas; Qvu is undifferentiated old volcanic product consist of volcanic breccia, lahar deposit and repeated interlayer lava. The eruption of phase A has older formation 
than the eruption of phase C (Arifin, 1994; Van Bemmelen, 1949). 

c) Based on (Chartres and Van Reuler, 1985; Kartadinata et al., 2002; Sunardy and Kimura, 1998; Utami et al., 2019). 
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2.2. Site description and soil sampling 

We sampled an anthropo-chronosequence of volcanic soils in the Mt. 
Tangkuban Perahu and Mt. Burangrang, representing deposition mate
rials age and land use histories as known from geological and historical 
land use maps. Six sites representing different land use (i.e. primary 
forest, pine forest, agricultural land) and lithology (i.e. Qyd, Qyt, Qvu) 
were selected. In Qyd, land use encompasses primary forest (NF-y) and 
agricultural fields (AG-y). The sites of Qyt and Qvu age both involve pine 
forest (PF-i, PF-o) and agricultural plots (AG-i, AG-o). All the sampling 
sites were situated on slopes near ± 17̊ and the agricultural sites were 
under terrace. Bulk undisturbed and disturbed core samples were taken 
from the topsoils (at 0 – 20, 20 – 40 cm) and the subsoils (±60 – 80 cm) 
in all sites. At each depth, the bulk samples were mixed thoroughly into 
composite samples. 

2.3. Physico-chemical analyses 

Selected physical and chemical soil analyses were used to compare 
soil characteristics among land use and deposition age. All analyses were 
made on air-dried fine earth (<2- mm) and the fraction > 2 mm was 
accounted as coarse fragments. Bulk density was measured on undis
turbed samples taken at field-moist condition using the core method 
(Blake and Hartge, 1986). Particle size analysis was achieved after 
sonication, dispersion with Na+ resin, and raising the pH until 8 – 9 
without any pretreatment with H2O2 oxidation of organic matter (Bar
toli et al., 1991; Delvaux et al., 1989; Rouiller et al., 1972). After full 
dispersion, the contents of sand, silt, and clay were determined by the 
pipet method. The pH was measured both in H2O and 1 M KCl with a 
glass electrode pH meter at 1:5 and 1:2.5 soil:solution ratios, respec
tively. The total cation exchange capacity (CECT) and cations present on 
the exchange complex were determined using the compulsive exchange 
method at pH ± 4.1 – 5.3 (Gillman and Sumpter, 1986). Phosphate 
retention was analyzed following method by Blakemore et al. (1981). 
Total carbon contents were measured on bulk soil < 2 mm samples by 
the dry combustion method at 1100 – 1450 ◦C using LECO 928 series 
carbon/nitrogen analyzer. Total carbon corresponded to OC due to the 
absence of carbonates. 

2.4. Selective extraction data 

Selective dissolution was used to estimate levels of SRO minerals, 
and -metal-humus complexes. Sodium dithionite-citrate-bicarbonate 
(DCB) was used to extract free iron (Fed) (Mehra and Jackson, 1958). 
Sodium pyrophosphate extracted (Fe, Al)-humus complexes (Alp, Fep) 
(McKeague, 1967). Silicon, aluminum, and iron extractable by dark 
ammonium oxalate (Alo, Feo, Sio) were used to estimate allophanic 
substances and ferrihydrite. Estimating OC bound onto SRO Fe oxide 
was done by extraction OC and Fe (Feh) with hydroxylamine hydro
chloride (NH2OH.HCl), after removing aqueous OC with deionized 
water. In the various extracts, Si, Al, and Fe concentrations were 
determined by ICP-OESn. The OC concentration of the NH2OH.HCl ex
tracts was determined with a FORMACSHT/TN-I TOC-analyser (Skalar, 
The Netherlands). 

2.5. Total elemental analysis and quantification of minerals 

Major elements (Si, Al, Fe, Ti, Ca, Mg, K, Na, Mn, P) were measured 
by ICP-OES Varian 720-ES following the ISO14869-2 procedure. The 
weathering indices were derived from computing the molar ratios (SiO2 
/ (Al2O3 + Fe2O3 + TiO2) (Birkeland, 1999), (K + Ca)/Ti (Harrington 
and Whitney, 1987), the chemical index of alteration (CIA = 100% 
*Al2O3/(Al2O3 + CaO + Na2O + K2O) (Nesbitt and Young, 1982), and 
the total reserve in bases (TRB), which sums up the concentrations of 
alkaline and alkaline-earth cations, thus representing both their non- 
exchangeable and exchangeable pools (Herbillon, 1986). Acid- 
neutralizing capacity (ANC) was calculated at pH reference 3 
following Brahy et al. (2000):  

ANC = TRB + 6(Al2O3) + 6(Fe2O3tot – Fe2O3d)                                 (1) 

Where TRB is expressed as 2(CaO) + 2(MgO) + 2(K2O) + 2(Na2O) 
and 6(Fe2O3tot – Fe2O3d) reflects Fe2O3 content of Fe-bearing silicates. 

Identification and semi-quantification of minerals in the bulk soil 
(<2 mm) was done using X-ray diffraction (XRD) after removing OC 
with sodium hypochlorite (Anderson, 1961). The samples were pulver
ized until all grains passed a 500 µm mesh sieve. For each sample, a 2 g 
sub-sample was mixed with 20% zincite as internal standard and further 

Fig. 2. Lithology map of studied soils.  

S. Anindita et al.                                                                                                                                                                                                                                



Geoderma 423 (2022) 115963

5

micronized (grain size of 10 µm or less) by wet grinding with ethanol 
using a McCrone Micronizing mill. The obtained slurry was dried to 
obtain a powder for XRD analysis with a Bruker D8 ECO Advance 
apparatus, equipped with a Cu-anode (40 kV, 25 mA) and an energy- 
dispersive position sensitive LynxEye XE detector. The incoming beam 
was collimated to a fixed beam length of 17 mm. Phases were identified 
using the DIFFRAC.EVA suite. The spectra were interpreted semi 
quantitatively using the BGMN Rietveld method with Profex version 4.0 
as user interface (Bergmann et al., 1998; Doebelin and Kleeberg, 2015). 
The amount of amorphous material was estimated from the mismatch 
between the obtained and the real amount of internal standard (20% of 
zincite). 

2.6. Soil specific surface area 

The specific surface area (SSA) was assessed on samples (<2 mm), 
first cleared of OM with 6% H2O2 at 80 ◦C, then dried at 100 ◦C under 
vacuum, from N2 adsorption–desorption at 77◦K using a Micromeristics 
Tristar I following the Brunauer–Emmet–Teller (BET) approach. 
Furthermore, the SSA of micropores was evaluated using t-plot analysis 
(Sing et al., 1985) as discussed earlier by Mayer and Xing (2001). 

2.7. Statistical analysis 

Statistical data analysis was done using IBM SPSS Statistics for 
Windows, version 27 (IBM Corp., Armonk, N.Y., USA). Means of the 
land-use groups or soil deposition ages were compared by ANOVA and 
the relations between geochemical soil properties was done by Pearson 
correlation. The non-parametric test was used if the data were not 
normally distributed or if the condition of homoscedasticity was unmet. 

3. Results 

3.1. Soil morphology 

The pedons consist of A, AB, and Bw horizons followed by a litho
logic discontinuity (i.e horizon 2AB) indicated by darker soil color than 
the above soil horizon. Soils are deep (>150 cm), well drained, and non- 
sticky. Field assessment of texture indicated little clay, but high sand and 
silt content. Distinct features occurred in forest sites which had ector
ganic layers, dark black surface soil horizons (i.e horizon Ah), and 
concentration of boulders at depth 84–118 cm at site NF-y (Supple
mentary 1). 

3.2. Soil physiochemical properties 

Major physical and chemical soil properties are presented in Table 2. 
The bulk density was invariably below 0.8 g cm− 3 in all soil horizons, 
which had P-retention ≥ 85%, except in NF-y (A, AB), PF-i (A1), AG-y 
and AG-i (Ap1). The pHH2O was acidic ranging from 4.08 to 5.91 and 
did not follow distinct depth gradients. The pHKCl was mostly below 5 
and was associated with KCl-extractable aluminum (AlKCl) contents 
which increases with the decrease of pHKCl. Delta pH values (pHH2O – 
pHKCl) in sites NF-y and PF-o were < 0.5, indicating the dominance of 
variable charge constituents while other sites had delta pH ± 0.5 – 1.0 
which may denote either a large dominance of variable charge or a mix 
(Uehara and Gillman, 1981). Soil pHH2O and pHKCl were higher in the 
cultivated soils than in forest soils (p < 0.05), coinciding with higher 
contents of base cations. Exchangeable Ca was the dominant base cation 
in all soils followed by Mg, K, and Na. Base saturation in cultivated soils 
(>100%) was higher than that under pine forest (<45%) and primary 
forest (<5%) (p < 0.05). Low amounts of exchangeable basic cations in 
forest soils were accompanied with substantial AlKCl levels, as expected 
from pHKCl values below 4.7. In all soils, the CECT was generally low 
regardless of land use (5.6 – 10.7 cmol(+) kg− 1) and was higher in topsoil 
than in subsoil (p < 0.05). Using the WRB textural classes (IUSS, 2015), 

texture is clay in all soil horizons (clay content = 47 – 71%), except in 
NF-y, A-AB-Bw (loam), AG-i, Ap1 (loam) and Ap2 (silty clay loam). The 
OC concentration was clearly higher in the topsoil (0–20 cm), viz. 23.6 – 
54.4 g kg− 1, and decreased with depth in all studied soil profiles (p <
0.05). In subsoil, the OC concentration at pine forest soils and cultivated 
soils was lower than that in soils under primary forest. In the latter case, 
OC concentration was higher than in the corresponding agricultural soil. 
In pine forest soils, however, OC concentration was invariably lower 
than that in cultivates soils. Volcanic glass was observed in all studied 
soils and ranged between 0.1 and 5.4% by grain count. 

3.3. Selective extraction data 

Selective extraction data are presented in Table 2. The sum Alo + 1/ 
2Feo was above 2% in all soil horizons, except in the topsoil of the NF-y 
(A, AB) and PF-i (A1, A2), and in subsoil AG-o (Bw), thus all pedons have 
at least one layer with andic properties. Oxalate extractable Si (Sio) was 
detected but in small amounts (Sio ≤ 3 g kg− 1), suggesting the virtual 
absence of allophanic substances in most soil horizons of NF-y, AG-y, PF- 
i, AG-o, and PF-o pedons (Sio ≤ 2.2 g kg− 1), particularly in NF-y (Sio ≤

0.15 g kg− 1). These constituents were detected in higher amounts in soil 
horizons of AG-i (Sio = 2.2 – 3 g kg− 1). Oxalate extractable Al (Alo) 
ranged from 2.3 to 36 g kg− 1. NF-y largely differed from other pedons 
with Alo concentrations below 5 g kg− 1, while AG-i was set apart by the 
highest levels (31 – 36 g kg− 1). In older deposits, Alo concentration was 
higher in the forest soil (26 – 28 g kg− 1) than in the cultivated soil AG-o 
(9 – 17 g kg− 1). In contrast, in other cultivated soils, Alo was markedly 
higher (AG-y: 14 – 22 g kg− 1; AG-i: 31 – 36 g kg− 1) than in their 
respective forest counterparts (PF-i: 8 – 13 g kg− 1; PF-o: 25 – 28 g kg− 1). 
Allophane and imogolite were only detected in the pedons AG-i and PF-o 
(1 – 2 %). Pyrophosphate extractable Al (Alp) concentrations ranged 
from 3.4 to 41 g kg− 1, denoting the importance of Al forms associated 
with OM. The Alp/Alo ratio was above 1 in NF-y (AB), AG-y (Ap 1–2), PF- 
i (A1-2), and AG-o (Bw). Oxalate extractable Fe (Feo) was present from 
7.7 to 52 g kg− 1. The Feo/Fed ratio was large in NF-y soil (>1) suggesting 
a weak crystallinity of extractable Fe. Conversely, other soils had Feo/ 
Fed ratio < 0.5 regardless different deposition age and land use. The 
significant portion of Feo in NF-y, particularly in subsoils (52 g kg− 1) was 
also reflected from the high amount of hydroxylamine hydrochloride 
extractable iron (Feh = 51 g kg− 1). In NF-y, the SOC percentage bound to 
Fe (OCh) was estimated around 34 – 63% whereas it ranged from 14 to 
32 % in the other soils. 

3.4. Soil classification 

According to morphological, physical, and chemical soil properties, 
most soils fitted the criteria of Andic properties, such as having Alo + 1/ 
2Feo > 2%, bulk density ≤ 0.9 kg dm− 3, and phosphate retention ≥ 85% 
with a combined thickness ≥ 30 cm. The NF-y soils have vitric as well as 
andic properties since these soils had Alo + 1/2Feo < 2% and P-reten
tion < 85% in topsoils but fulfill the requirement of andic properties in 
subsoil. From base saturation, all forest soils receive the qualifier 
“Dystric”, whereas cultivated soils are “Eutric and Aric”. Full classifi
cation names (IUSS, 2015) are in Supplementary information Table 1. 

3.5. Total elemental analysis, degree of weathering, and estimation of 
acid neutralizing capacity 

The NF-y soil horizons were clearly set apart with the highest SiO2 
(435 – 699 g kg− 1) and SiO2/R2O3 molar ratio ranging from 4.7 to 8.6 
(Table 3). In contrast, this ratio was invariably below 2 in all other soils, 
in which SiO2 content ranged from 177 to 361 g kg− 1. SiO2 content was 
inversely proportional to Al2O3, and Fe2O3 contents. Notable concen
trations of Al2O3 and Fe2O3 were measured in soil horizons under pine 
forest and crops with no significant differences between these land uses. 
All studied soils generally had low total contents of CaO, MgO, K2O, 

S. Anindita et al.                                                                                                                                                                                                                                



Geoderma423(2022)115963

6

Table 2 
Selected physicochemical properties in surface and sub-surface horizon of studied soils.  

Depth pH BD O.C Particle-size 
distribution 

Exchangeable cations CECT BS P-ret. Oxalate Fed Feo 

/Fed 

Feh Alp Alp/ 
Alo 

OCh Allo 
þimoa 

Volc. glass  

H2O KCl   Sand Silt Clay Ca K Mg Na Al    Alo Feo Sio         

(cm) – – g 
cm− 3 

g kg− 1 % cmol(+) kg− 1 % %  g kg− 1 soil  % of SOC % % 

Primary forest (NF-y) 
0–20 (A)  4.08  3.86 0.77 37.1 42.8 38.5 18.7 0.22  0.03 0.06  0.05 3.64 10.1 4  68.5  3.51  15.50  0.06  7.70  2.01  13.33  3.43  0.98  33.99  0.04  4.5 
20–40 (AB)  4.39  3.94 0.78 26.0 40 40.18 19.81 0.13  0.03 0.05  0.04 2.04 7.48 4  71.3  2.34  25.42  0.04  16.92  1.50  23.93  3.52  1.50  34.05  0.03  2.3 
60–80 (Bw)  4.26  4.00 0.65 28.6 29.2 41.28 29.51 0.13  0.01 0.04  0.03 2.06 7.94 3  85.9  4.83  52.43  0.13  42.58  1.23  51.30  2.81  0.58  62.58  0.09  5.4 
Agricultural land (AG-y) 
0–20 (Ap1)  5.09  4.36 0.67 2.99 8.2 23.58 68.21 7.67  1.29 1.19  0.72 1.08 7.96 137  83.5  14.35  21.08  0.85  42.51  0.50  22.74  26.30  1.83  15.81  0.61  1.3 
20–40 (Ap2)  4.97  4.39 0.66 13.0 3.1 33.84 63.06 5.67  0.12 0.84  1.13 0.75 5.64 137  85.6  16.52  12.95  1.42  36.56  0.35  13.10  19.71  1.19  21.59  1.01  1.8 
60–80 (Bw)  4.80  4.26 0.64 11.2 5.7 32.87 61.43 4.71  0.21 0.64  0.71 1.24 6.21 101  87.9  22.34  18.13  2.26  57.37  0.32  13.64  12.94  0.58  19.51  1.61  1.7 
Pine forest (PF-i) 
0–20 (A1)  4.54  3.65 0.64 23.6 8 24.73 67.27 1.77  0.08 0.59  0.24 4.79 10.7 25  84.9  8.11  11.89  0.45  33.23  0.36  13.44  41.00  5.06  17.47  0.32  1.9 
20–40 (A2)  4.40  3.69 0.61 13.0 6.1 28.44 71.56 0.49  0.05 0.16  0.25 5.59 10.5 9  85.6  10.36  12.15  0.79  40.72  0.30  14.95  32.23  2.97  21.32  0.56  1.9 
70–90 (Bw)  4.44  3.60 0.69 5.9 6.4 29.25 64.35 0.22  0.08 0.06  0.38 5.17 10.1 7  87.4  13.73  21.11  1.36  46.13  0.46  19.74  13.70  1.00  31.45  0.97  0.9 
Agricultural land (AG-i) 
0–20 (Ap1)  5.40  4.65 0.66 54.4 25.0 47.77 27.24 6.61  0.62 0.93  0.13 0.59 7.44 111  77.8  31.40  12.28  2.37  31.30  0.39  14.16  7.60  0.24  21.38  1.68  1.1 
20–40 (Ap2)  5.75  5.32 0.47 42.6 12.1 52.29 35.62 9.97  0.95 1.75  0.14 0.04 6.00 219  88.1  33.24  12.08  2.66  35.16  0.34  14.81  5.81  0.17  14.17  1.89  1.6 
50–70 (Bw)  5.91  5.50 0.52 26.9 12.5 40.44 47.07 6.99  0.63 1.46  0.17 0.03 5.44 172  90.7  36.40  11.57  3.01  29.47  0.39  15.79  5.07  0.14  22.05  2.14  0.1 
Pine forest (PF-o) 
0–20 (A1)  4.73  4.57 0.50 33.3 9.5 35.03 55.48 0.74  0.07 0.15  0.06 1.55 6.98 14  91.0  28.45  17.54  2.19  38.42  0.46  22.89  10.12  0.36  29.41  1.55  0.9 
20–40 (A2)  4.88  4.68 0.56 18.2 10.7 42.88 46.63 0.39  0.03 0.11  0.09 1.48 6.43 10  89.3  27.73  17.19  2.22  41.18  0.42  25.88  9.75  0.35  31.60  1.57  1.6 
60–80 (AB)  4.42  4.38 0.60 15.7 10.8 40.38 48.82 0.35  0.03 0.16  0.12 2.30 7.25 9  88.3  25.92  17.51  1.04  39.10  0.45  35.06  9.39  0.36  26.62  0.74  0.9 
Agricultural land (AG-o) 
0–20 (Ap1)  5.38  4.52 0.65 47.0 14.5 30.59 54.91 10.45  1.55 1.64  0.14 0.30 9.15 151  86.6  17.07  9.68  1.04  28.14  0.34  14.20  9.00  0.53  15.17  0.74  2.0 
20–40 (Ap2)  5.60  4.68 0.61 28.8 12.7 37.27 50.02 6.97  1.62 1.25  0.18 0.10 7.98 126  84.6  15.59  9.46  1.15  28.28  0.33  14.32  8.56  0.55  18.87  0.81  1.9 
60–80 (Bw)  5.77  4.73 0.62 7.8 4.9 32.29 62.81 5.99  1.79 0.97  0.23 0.07 7.44 121  87.7  9.08  7.96  0.81  31.68  0.25  13.03  10.66  1.17  16.15  0.58  1.3  

a Allophane and imogolite = Sio% x 7.1 (Nanzyo et al., 1993). 

S. A
nindita et al.                                                                                                                                                                                                                                



Geoderma423(2022)115963

7

Table 3 
Geochemical characteristics (oxide content, weathering intensity, acid-neutralizing capacity).  

Site Depth Al2O3 SiO2 TiO2 CaO MgO K2O Na2O Fe2O3 MnO P2O5 LOI Weathering index Percentage non-exch. base 
pool to TRB 

Acid neutralizing 
capacity (ANC)              

SiO2/ 
R2O3 

(K þ
Ca)/Ti 

CIA TRB Fed/ 
Fet   

weight %   % cmol(+) 

kg− 1  
% cmol(+) kg− 1 

NF- 
y 

0–20 (A) 6.9  59.6  1.4 1.1 0.7  0.7 0.6 4.6  0.0  0.3  24.1  8.6  1.5 66  106.5  0.24  99.7 589.1  

20–40 
(AB) 

6.3  69.9  1.9 0.8 0.9  0.6 0.3 7.1  0.1  0.3  12.3  8.9  0.9 71  95.8  0.25  99.7 574.2  

60–80 
(Bw) 

4.8  43.5  1.7 0.8 0.9  0.4 0.3 13.5  0.1  0.3  33.8  4.7  0.9 68  90.9  0.45  99.8 599.9 

AG- 
y 

0–20 
(Ap1) 

23.3  28.7  1.5 0.3 0.5  0.2 0.1 12.7  0.2  0.4  31.4  1.5  0.2 96  38.9  0.48  72.1 1204  

20–40 
(Ap2) 

22.9  28.7  1.4 0.2 0.4  0.1 0.1 11.3  0.2  0.4  34.0  1.5  0.2 97  33.2  0.46  76.6 1156.  

60–80 
(Bw) 

22.2  30.3  1.3 0.3 0.6  0.2 0.1 10.4  0.2  0.4  33.5  1.7  0.3 96  45.6  0.79  86.2 1156.7 

PF-i 0–20 (A1) 22.6  36.1  1.4 0.6 0.7  0.2 0.2 11.2  0.2  0.4  25.9  1.9  0.7 93  69.1  0.43  96.1 1076.5  
20–40 
(A2) 

23.9  30.8  1.6 0.2 0.5  0.1 0.1 13.1  0.2  0.2  28.3  1.5  0.3 97  38.6  0.44  97.5 1212.2  

70–90 
(Bw) 

24.2  26.5  1.7 0.03 0.5  0.1 0.1 14.2  0.2  0.2  32.0  1.3  0.1 99  30.0  0.46  97.5 1242.3 

AG-i 0–20 
(Ap1) 

21.4  25.1  1.3 1.3 1.2  0.2 0.3 11.7  0.3  1.0  35.4  1.4  1.2 88  118.4  0.39  93.0 1248.5  

20–40 
(Ap2) 

22.8  18.8  1.3 0.5 0.7  0.2 0.1 11.4  0.2  0.5  42.9  1.0  0.4 95  61.1  0.44  79.0 1295.4  

50–70 
(Bw) 

22.6  19.5  1.2 0.5 1.2  0.2 0.1 11.1  0.2  0.3  43.1  1.1  0.5 94  84.3  0.38  89.0 1213.3 

PF-o 0–20 (A1) 24.8  17.7  1.7 0.1 0.5  0.1 0.1 13.5  0.2  0.4  40.6  0.8  0.1 98  34.7  0.41  97.0 1258.7  
20–40 
(A2) 

26.4  19.4  1.8 0.2 0.7  0.1 0.1 14.5  0.3  0.4  35.4  0.9  0.2 98  45.2  0.41  98.6 1282.6  

60–80 
(AB) 

25.4  24.4  1.7 0.1 0.5  0.1 0.1 13.7  0.3  0.3  32.8  1.1  0.1 99  31.1  0.41  97.9 1387.1 

AG- 
o 

0–20 
(Ap1) 

21.3  32.4  1.3 1.1 0.9  0.4 0.3 10.0  0.3  0.8  30.4  1.9  1.1 88  99.1  0.40  86.1 1305.9  

20–40 
(Ap2) 

21.6  29.7  1.3 0.6 0.7  0.4 0.2 10.8  0.3  0.5  33.6  1.7  0.7 92  71.1  0.38  85.9 1188.9  

60–80 
(Bw) 

24.8  33.0  1.5 0.2 0.5  0.4 0.1 12.0  0.3  0.3  26.9  1.6  0.3 96  42.7  0.38  79.0 1279.7  
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Na2O, with slightly higher levels in NF-y soil horizons. Loss on ignition 
(LOI) was generally high (12.3 to 43.1%), suggesting that these soils 
contained substantial amounts of amorphous phases and organic matter. 

The weathering indices using ratios of SiO2/R2O3, (K + Ca)/Ti, CIA, 
and TRB demonstrated the distinctly lower weathering degree of the NF- 
y soils compared to other soils (Table 3). The NF-y soils had higher SiO2/ 
R2O3 (4.7–8.9), (K + Ca)/Ti (0.9 – 1.5), and lower Fed/Fet (0.25 – 0.45), 
and CIA (66 – 71%). In contrast, these weathering indices were low and 
the CIA was high in other sites indicating more severe weathering close 
to the ferralitic domain (Herbillon, 1986). TRB was higher in NF-y (91 – 
106 cmol(+) kg− 1), AG-i (61 – 118.4 cmol(+) kg− 1), and, but in lesser 
extent, AG-o (43 – 99 cmol(+) kg− 1), whereas AG-y, PF-i, and PF-o 
contained TRB ranging from 30 to 60 cmol(+) kg− 1. Our data further 
showed that, apart from NF-y and AG-y, TRB was always higher in 
cultivated soils than in their counterparts under pine forest. TRB was 
negatively correlated (r = 0.74) with clay. The percentage of non- 
exchangeable base pool relative to TRB reached >95% in both pri
mary and pine forest soils, whereas it ranged from 72 to 93% in agri
cultural soils. 

Soil ANC ranged from 574.2 to 1387.1 cmol(+) kg− 1. The NF-y soil 
clearly had the lowest ANC compared to other soils (574.2 – 600 cmol(+) 
kg− 1). Apart from NF-y, there were no significant different of ANC be
tween young, intermediate, and old deposition age, but higher ANC was 
found in pine forest than cultivated soils (p < 0.05). Soil ANC was 
positively correlated to Al2O3 and Fe2O3 (r = 0.67 and r = 0.68; p <
0.01), respectively. 

3.6. XRD-mineralogy 

Semi quantitative identification of the mineral phase using XRD 
revealed the dominance of amorphous materials in most soils (Fig. 3). 
Amorphous materials in XRD can be defined as all phases that do not 
produce XRD-peaks (Jones et al., 2000). Their content varied across 
deposition age and land use. The lowest amorphous content was found 
in NF-y soils, particularly in the topsoil (±25%). Conversely, other soils 
contained more amorphous materials with the largest content in the AG- 

i (±64%). These observations were also supported by high LOI values 
and a high Alo + 1/2Feo content. Estimated contents of amorphous 
materials were positively correlated with Alo and Alo + 1/2Feo (r ±
0.80, p < 0.01), and negatively with SiO2 (r = -0.51, p < 0.01) (Fig. 4). 
There was generally no clear depth gradient in amorphous material 
content. 

As indicated by a broad 0.7-nm peak, 1:1 clay minerals were present 
in all samples (Fig. 5). The 0.7-nm peak was only weakly expressed 
(<10%) at NF-y, while in contrast the derived 1:1 clay mineral content 
was 12% to as much as 34 % in other sites. High contents of this mineral 
were detected in the topsoil at AG-y and subsoil at AG-o. Minerals from 
the quartz group, such as quartz, tridymite, and cristobalite/opal were 
present in notable quantities, especially at NF-y (>30%; sum of the 
identified minerals). Conversely, the proportion of these minerals 
ranged only between 7% and 14% at other soils. Other minerals, such as 
hornblende, andesine, magnetite, gibbsite, albite, and rutile were 
detected in minor proportions and were not found in all soils. A notable 
quantity of gibbsite was found at the AG-i and PF-o (8 – 15%), whereas it 
was found in small amount in NF-y (0.1 – 0.3%). These minerals also 
showed no clear trend with depth. Grouping the minerals identified by 
Q-XRD in either primary minerals (Albite, Cristobalite, Trydimite, 
Quartz, Rutile, Andesine, Alunite and Hornblende) or secondary min
erals (Gibbsite, 1:1 minerals; Magnetite and Hematite) showed clearly 
higher amounts of primary minerals and lower amounts of secondary 
minerals in NF-y, compared to the other soils. 

3.7. Soil specific surface area 

Soil SSA and micropores volume did not differ among soils, except 
for a contrast between NF-y and the other soils (Fig. 6). Natural forest 
nevertheless did exhibit a low SSA (8 – 58 m2 g− 1) compared to pine 
forest and cultivated soils (66 – 198 m2 g− 1). The largest surface area 
was detected in the subsoil of AG-i (198 m2 g− 1), in accordance with 
high contents of Alo and amorphous materials. Most of the subsoil had 
higher SSA than in topsoil. The volume of micropores was between 0 and 
19.4 mm3 g− 1 and large micropore volume was detected in AG-y, AG-i, 

Fig. 3. Relative proportions of mineral constituents as inferred by XRD data in the studied soil.  
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and PF-o soils. The CBET constant, which relates to the affinity of sorp
tion of N2 gas molecules on solid surfaces, ranged from 75 to 213 indi
cating high energy surface sites or the filling of narrow micropores 
(Thommes et al., 2015). This high value was detected in most of the 
soils, except NF-y and AG-o. SSA, micropores, and CBET were positively 
correlated with Alo (r > 0.50; p < 0.01) (Fig. 7). 

4. Discussion 

4.1. Verifying the anthropo-chronosequence and soil weathering stage as 
affected by deposition age 

Though soil sampling was based on geological maps and land use 
data, we verify here whether our analytical results confirm or not that 
the sequence is an anthropo-chronosequence. Clearly, NF-y is an outlier 
in its mineralogical composition, having higher amounts of primary 
minerals with notably higher amounts of Si-rich minerals, and having 
lower amounts of amorphous material and 1:1 minerals but slightly 
higher amounts of crystalline Fe-minerals (Fig. 3). Based on the 
weathering indices and silica oxide contents (Table 3), it is also clear 
that the NF-y soil is less weathered than all other soils. The high amount 
of SiO2 (±60%) and less Al2O3 (6%) are characteristic of a more siliceous 
composition of the ash. A significant portion of SiO2 content was 
possibly derived from volcanic glass and other silicate minerals (i.e. 
tridymite, cristobalite and quartz). The low SSA at NF-y further indicates 
a limited degree of physical weathering, which is known to lift the 
surface area of minerals (e.g. quartz < potassium feldspar < anorthite), 
probably due to the development of internal porosity (Brantley and 
Mellott, 2000). In addition, the coarser texture (±29 – 40% sand parti
cle), particularly in the topsoil of NF-y also denoted a low weathering 
intensity. Given the divergent mineralogical composition and total ele
ments in NF-y soil, it is likely that this soil was influenced by the small- 
scale, more dacitic, eruption of nearby (1.3 km) Mount Tangkuban 
Perahu in 1910 (Surmayadi et al., 2011), and that the parent material at 
this site was rejuvenated by younger ash of more siliceous composition. 
As a conclusion, the NF-y soils is developed from another parent mate
rial, thus the chronosequence covers 3 ages of parent materials: mixed 
old/young (NF-y), near 8700 years (AG-y, PF-i, AG-i), and near 10000 
years (PF-o, AG-o). This means that NF–y should be kept out of the 
comparison between different land uses because NF-y and AG-y are in 
different parent materials. 

Apart from the different weathering intensity of NF-y soils, all the 
weathering indices including ratios of SiO2/R2O3, (K + Ca)/Ti, Fed/Fet, 
CIA, and TRB showed that the studied soils had no significant difference 
based on deposition age (i.e. intermediate and old deposition age). The 
proportion of various identified minerals in the study soils, except NF-y, 
were also comparable. Solleiro-Rebolledo et al. (2015) suggested that 
the Andosol stage remains stable as long as the parent materials still 

contain sufficient materials to form allophane. Indeed, we found that 
volcanic glass was not exhausted at any of the studied soils (Table 2). 
The limited contrast in weathering between young, intermediate, and 
old deposition ages of pine forest and cultivated soils may be due to the 
relatively small deposition age differences: i.e. possibly from the Holo
cene to Late Pleistocene, ± 8000 – 10,000 yrs old (Table 1). 

4.2. Effects of land use on weathering and acid-neutralizing capacities 

Cultivated soils were detected to have higher (K + Ca)/Ti ratio, TRB, 
and lower CIA than pine forest soils (p < 0.01) indicating lower 
weathering intensity in cultivated soils than pine forest. Another 
weathering index, ratio Fed/Fet, which is independent from the total 
content of Si, Al, Ca, Mg, Na, K showed no significant difference between 
soils in these land use. These results highlighted the contribution of 
cropland management on the total base cations. 

The TRB followed a sequence AG-y < PF-o < PF-i < AG-o < AG-i <
NF-y indicating that the most and least weathered soil was found in AG-y 
and NF-y, respectively. All soils generally have reached an advanced 
weathering stage since fresh andesitic materials can have TRB values as 
high as 500 cmol(+) kg− 1, with some being close to ferralitic domain as 
computed at ≤ 40 – 60 cmol(+) kg− 1 (e.g. PF soil) (Herbillon, 1986) 
(Fig. 8). High rainfall was possibly one of the reasons of advanced 
weathering stage, similar to the recent study by Vander Linden et al. 
(2021). Higher weathering degrees of pine forests soils based on the low 
TRB possibly links to the effect of deforestation. Clear-cutting was 
observed to increase export of base cations from forest soils (Richardson 
et al., 2017). In addition, the acidic condition in pine forest soils (pHH2O 
4.4 – 4.7) results in the decrease of base cations and increase of acid 
cations. On the other hand, different weathering levels on cultivated 
soils likely occur because not all croplands have been equally managed 
in term of the intensities of tillage, fertilization, and type of crops, thus 
the cultivation age alone is not the sole determinant of weathering stage. 

The ability of soil to neutralize net acidification (ANC) is commonly 
linked to the released of alkaline cations through mineral weathering. 
Since the major component of ANC is TRB, we expected a high ANC in 
cultivated soils. Interestingly, higher ANC was detected in pine forest 
soils than cultivated soils (p < 0.01). A decrease of ANC is linked to net 
acidification of soil (Van Breemen et al., 1983) which causes a signifi
cant leaching of Fe, Al, and Mn (Nawaz et al., 2013). However, our study 
showed no significant correlation between ANC and pH, and higher 
Al2O3 and Fe2O3 contents in pine forest than cultivated soils (p < 0.01). 
This result was also concomitant with the similar amount of base cations 
in the non-exchangeable pool between those soils. The fact that pine 
forest soil had more Al2O3 and Fe2O3, and similar amount of non- 
exchangeable base cations suggested that not all minerals weathered 
faster at low pH in these soils. 

Fig. 4. Correlations between XRD-amorphous materials and content of Alo, Alo + 1/2Feo, and SiO2.  
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4.3. Effects of land use on soil properties 

Several soil properties were clearly distinct in cultivated soil 
compared to forests (i.e. excluding NF-y). Cultivated soils had a gener
ally higher pH, OC stock, exchangeable bases, base saturation, and P2O5 
level (p < 0.05) than the forests (Table 4). The higher P levels logically 
derive from substantial annual inputs of fertilizers and manure 
(Table 1). Likewise, lime and manure application explain the higher pH 
and so the exchangeable bases and TRB, particularly Ca, of the 

cultivated soils. Higher OC stock was detected in cultivated soils, in line 
with the recent study by Ouédraogo et al. (2020). Conversely, contin
uous nutrient loss through leaching with insufficient replenishment by 
weathering likely acidified the forest soils with consequent lower base 
saturation. Similar effects of agricultural practices on soil properties 
were also found by Anda and Dahlgren (2020), who recently compared 
cropland and forest soils in the same region. Other properties that were 
expected to be equally sensitive to agricultural practices (i.e. master 
properties) (Kuzyakov and Zamanian, 2019) such as bulk density, sur
prisingly did not differ between forest and cultivated soils. Anda and 
Dahlgren (2020) did find a somewhat lower bulk density in pine forest 
(0.4 g cm− 3) than in cultivated soils (0.5 – 0.8 g cm− 3) but regardless 
both studies show that bulk density is inherently very low in these soils, 
as expected for Andosols, with little further effect of land-use. Shoji and 
Takahashi (2002) also confirmed that a low bulk density remains in 
Andosols even after long-term cultivation. 

Other than the land-use effects described above, the content of non– 
to poorly-crystalline-Al in cultivated soils was 14% higher than in pine 
forest, but with limited replication this difference could not be statisti
cally demonstrated. Nevertheless, this outcome is well in line with a 
study of Andosols on the Galápagos by Gerzabek et al. (2019) who 
likewise documented Alo in cropland topsoils to be 9% higher when 
compared to directly adjacent forest from which the agricultural land 
was developed. Formation of aluminum oxides as a result of agricultural 
practices in volcanic soils was reported by Hernández et al. (2012) as 
well. Firstly, long term organic amendments were reported to increase 
amorphous Al and pH (Yu et al., 2017; Zhang et al., 2017). These organic 
amendments would promote the formation of short-range order min
erals possibly due to production of low molecular weight organic acids 
by roots or the degradation of organic amendments (Yu et al., 2017). 
Secondly, deforestation and soil tillage possibly cause an increase of soil 
temperature (Shen et al., 2018), enhancing chemical weathering (Li 
et al., 2021). 

Our study then showed that within similar soil genoforms, a soil 
phenoform developed over agricultural periods in<50 years. These 
phenoforms are expressed in the soil classification by either the WRB- 
qualifier dystric (forest soils) or eutric (agricultural soils). In the agri
cultural soils, the qualifier aric was assigned, but not in forest soils. At 
the level of soil variables, the soil phenoforms were expressed by a 
difference in attributes such as pH, exchangeable cations, base satura
tion, OC stock, and major elements (MnO and P2O5). The change of these 
attributes will possibly affect nutrient cycling. Generally, agriculture 
practices will alter the “master properties” to reach their maximum or 
minimum with time, but the rate of alteration is still under discussion 
(Kuzyakov and Zamanian, 2019). 

4.4. Soil organic carbon and its association with minerals 

The total OC stocks at topsoil (0–40 cm) and subsoil (±60-80 cm) 
varied in the order of (kg m− 2): AG-i (13.9) > NF-y (13.7) > AG-o (10.6) 
> AG-y (7.2) ~ PF-o (7.2) > PF-i (5.4). Pine forest soils thus generally 
had lower SOC stocks than agricultural and primary forest soils, in 
accordance with other studies (Anda and Dahlgren, 2020; La Manna 
et al., 2018). The particularly low SOC stocks in pine forest were un
expected because usually the more polyphenol and lipid-rich residues 
from coniferous species give rise to accumulation of OM in soil, owing to 
their inherent low decomposability (McTiernan et al., 2003). The 
resulting ectorganic layers can in turn further limit accumulation of SOC 
in the underlying mineral soil because then plant litter is not completely 
incorporated. In any case it is striking that there was apparently no OC 
depletion after conversion from forest to agricultural land-use as 
otherwise generally expected (Murty et al., 2002; Don et al., 2011). It 
seems improbable that the inputs of OC via manure and vegetable crops 
residues would have sufficed to explain the absence of a contrast in OC 
content with the pine forest soils. In fact, the OC content at AG-y was 
substantially lower than at AG-i and AG-o, although at the former site 

Fig. 5. Powder Diffractogram of soil samples (<2 mm) at depth 0–20 in forest 
(top) and agricultural (bottom) sites. Peak d-spacings are indicated in nm. 
Mineral abbreviations: 1:1: 1:1 clay minerals, Hbl: hornblende, Trd: tridymite, 
Alb: albite, Crs: cristobalite, Gbs: gibbsite, Fsp: feldspar, Qz: quartz, Rtl: rutile, 
Alu: alunite, Mag: magnetite. 
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huge amounts of organic and NPK fertilizers (±76 and 2 Mg ha− 1 y-1, 
respectively) are being applied. The SOC content is obviously the 
resultant of the balancing of both OC inputs as well as outputs, of which 
microbially mediated decomposition is by far most important. Various 
mechanisms simultaneously limit OM decomposition in soil, of which 

sorption onto reactive minerals and metals has been long recognized for 
volcanic soils. More specifically, direct ligand exchange between organic 
functional groups and hydroxylated surfaces on short-range ordered 
mineral phases and the formation of organo-metal complexes have been 
shown to be very effective carbon retention mechanisms in volcanic soils 

Fig. 6. Depth evolution soil specific surface area (left) and micropores volume (right) in the different soils at each site.  

Fig. 7. Specific surface area, micropores volume, and CBET as plotted against Alo content in soils.  

Fig. 8. Plot of molar ratio SiO2/R2O3 versus TRB in soils at each site.  
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(Basile-Doelsch et al., 2015, 2005; Kleber et al., 2015; Lehmann and 
Kleber, 2015; Sanderman and Kramer, 2017; Tamrat et al., 2019). 

In pine forest and cultivated soils, Alo correlated positively with OC 
content across the different sampled depths (Fig. 9). This suggests that, 
as reported by previous studies (Hernández et al., 2012; Ouédraogo 
et al., 2020), association by non-crystalline materials was likely a sig
nificant OC stabilization mechanism. Alo content also correlated well 
with SSA, CBET, and even a bit stronger with micropores volume. Soils 
with high microporosity generally have high CBET (Mayer and Xing, 
2001; Wagai et al., 2009), thus clearly a substantial share of colloidal 
surface was provided by pedogenic Al. The limited microbial accessi
bility of OM held in micropores on pedogenic oxides has been particu
larly forwarded to raise long-term stability of mineral-retained OM 
(Zimmerman et al., 2004). So, we hypothesize that the larger surface 
and micropore volume provided by the higher Alo under cultivated soils 
in part explains their elevated OC content compared to pine forest soil. A 
likewise promoted formation of Feo by land-use conversion was not 
observed and the here estimated pedogenic Fe-bound C levels remained 
comparable between pine forest and cultivated soils. The interaction 
between non-crystalline Al and OC was furthermore probably stronger 
in subsoils (R2 = 0.88; p < 0.01) than in the 0–40 cm topsoil (R2 = 0.30; 
p < 0.01) (Fig. 9). Probably, at the lower SOC concentrations found in 
the subsoils (Fig. 9), more reactive mineral surface could be occupied by 
the OM, while high OM levels in topsoil may have overloaded the 
available reactive mineral surface, as also suggested by Gulde et al. 
(2008). Di et al. (2017) also found that in Chinese cropland soils with 
high manure inputs, the potential to store additional SOC declined, 
which these authors attributed to a lower SOC saturation deficit. 

5. Conclusions and research perspective 

Apart from one rejuvenated volcanic ash soil, the anthropo- 
chronosequence in our study had comparable ages and parent mate
rials, and thus are suitable to determine the effect of human land use. 
The data presented in this study clearly indicate the increase of base 
cations retention due to the decrease of acidification as natural forest is 
converted into managed ecosystems. Under agricultural practices (30 – 
50 years), chemical soil properties such as pH, OC stocks, exchangeable 
cations, and base saturation were changed and can be considered to be 
an expression of soil phenoforms. Strikingly, we found an increase of OC 
stock and no change in bulk density under cultivated soils. We hy
pothesize that the higher observed SRO aluminum, SSA, and micropores 
volume under anthropogenic sites (i.e. pine forest and agriculture) 
promoted retention of SOC, particularly in the subsoil. The relation 
between minerals and OC may be better clarified by taking into account 
(i) the rate of mineral weathering, (ii) the capacity of soils to absorb OC 
relative to the OC-input via agricultural practices, and (iii) the OM 

turnover as function of mineralogical properties. 
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