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A B S T R A C T   

Climate and parent material are considered the primary factors determining the distributions of soil clay (sec-
ondary) minerals, but their influence has not been rigorously elucidated for tropical volcanic soils. Herein, we 
investigated soil secondary mineral distributions in volcanic regions of Java and Sumatra islands representing 
large variations in climatic (mean annual temperature (MAT): 13 to 27◦C; precipitation: 1910 to 3950 mm) and 
parent material conditions (rhyolitic-to-basaltic tephra). Soil secondary minerals were assessed by selective 
extractions, X-ray diffraction analysis, and differential thermal analysis. Moreover, the thermodynamic stabilities 
of minerals were evaluated based on the ion activities of equilibrated soil–water suspensions. Factor analysis of 
climate and soil geochemical (e.g., total Si, Fe and K) properties identified temperature, dry season intensity, and 
parent material as the primary factors regulating secondary mineral distributions. A negative correlation be-
tween oxalate extractable Al and Fe (Alo and Feo) and the temperature factor indicates low temperature pro-
moted the formation and preservation of short-range-order (SRO) minerals and organo-Al/Fe complexes, which 
resulted in Alo + 1/2Feo ≥ 20 g kg− 1 (andic property criterion) at MAT <21◦C. Desiccation in the dry season, 
represented by excess precipitation for the driest quarter of the year, was related to soil H4SiO4

0 activity of 
soil–water suspensions. High H4SiO4

0 activity resulting from intense seasonal desiccation coincided with a higher 
Si/Al ratio of SRO aluminosilicates (Si-rich allophane) and smectite. In contrast, low H4SiO4

0 activity enhanced 
the formation of SRO aluminosilicates with a low Si/Al ratio (Al-rich allophane) and gibbsite. The influence of 
parent materials was evident in high free Fe(hydr) oxide content in soils derived from mafic materials and the 
occurrence of mica, which altered to hydroxy-Al interlayered vermiculite under continuous leaching conditions, 
in soils from felsic materials. Overall, we demonstrated strong temperature and seasonal desiccation controls on 
secondary mineral distributions in the humid, tropical volcanic soils of Java and Sumatra islands.   

1. Introduction 

Clay (or secondary) minerals play an essential role in controlling soil 
physicochemical properties, including cation exchange capacity (CEC)/ 
sorption dynamics, carbon stabilization, water holding capacity, and 
shrink/swell characteristics. For example, 2:1 clay minerals, such as 
smectite and vermiculite, strongly contribute to soil CEC via their high 
constant charge density (70–90 and 100–150 cmolc kg− 1, respectively) 
(Buol et al., 2011; Sharma et al., 2015). Further, active (i.e., oxalate- 

extractable) Al and Fe have a strong ability to stabilize organic matter 
through organo-mineral interactions, thereby affecting both the quan-
tity and quality of soil organic carbon, especially in volcanic soils (Asano 
and Wagai, 2014; Huang et al., 2016; Lyu et al., 2021; Takahashi and 
Dahlgren, 2016). Hence, understanding factors controlling the distri-
bution of active Al and Fe, especially in tropical regions that experience 
rapid carbon cycling, is important for anticipating the response of these 
soils to climate change and land management activities. Additionally, 
active Al and Fe constituents disproportionately contribute to the 
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adsorption of phosphate and depress the plant availability of phosphate 
(Huang et al., 2002; Watanabe et al., 2015). Thus, understanding the 
distribution of soil secondary minerals and the factors controlling their 
distribution are fundamental and essential knowledge for agricultural 
and environmental management. 

Understanding the formation of secondary soil minerals can be 
facilitated by studying their distributions with respect to climate and 
parent materials, the primary factors regulating the clay mineralogy of 
soils. Soils that develop from volcanic materials generally contain both 
short-range-order (SRO) minerals (e.g., allophane, imogolite, ferrihy-
drite) and crystalline clay minerals, which dominantly reflect the role of 
temperature and moisture conditions dictating the nature and intensity 
of the weathering/leaching regime (Churchman and Lowe, 2012; Lyu 
et al., 2018). For example, low temperature retards the crystallization 
process and promotes the preferential formation of SRO minerals 
incorporating Al, Fe, and Si (Churchman and Lowe, 2012; Lyu et al., 
2018). The content of SRO minerals increases with temperature from 
cryic to mesic systems because the release of Al and Si from primary 
minerals is limited under freezing conditions (cryic), and the formation 
of SRO aluminosilicates is inhibited (Rasmussen et al., 2007). The high 
temperature and precipitation in tropical regions can promote the for-
mation of crystalline clay minerals, such as gibbsite, kaolins, and 2:1 
type minerals (Churchman and Lowe, 2012; Lyu et al., 2018; Van Ranst 
et al., 2020). 

Coupled with temperature, soil moisture strongly influences the 
neoformation of SRO and crystalline minerals. High precipitation and 
low evapotranspiration were shown to create an intensive leaching 
regime, thereby favoring neoformation of SRO aluminosilicates in vol-
canic materials within a subtropical monsoon climate (Tsai et al., 2010). 
Similarly, H4SiO4

0 activity and pH of soil solutions are strongly linked to 
precipitation/leaching, thereby affecting the abundance and composi-
tion of aluminosilicates (Al-rich vs Si-rich allophane, halloysite vs 
kaolinite, kaolins vs smectite) (Dahlgren et al., 2004; Takahashi et al., 
1993). Gibbsite, kaolin minerals, and smectite are formed through 
neoformation and are differentiated primarily by differences in ion ac-
tivities (e.g., H4SiO4

0, Al3+, Mg2+) and pH of the soil solution (Kar-
athanasis, 2002; Watanabe et al., 2006). Gibbsite is generally abundant 
in soils with high leaching intensity and low H4SiO4

0 activity in subhu-
mid volcanic and humid non-volcanic tropical climates (Lyu et al., 2018; 
Watanabe et al., 2017). The intensity of soil dry-wet alternation cycles 
may further regulate the formation of kaolin minerals and smectite in 
arid to semiarid soils (Churchman and Lowe, 2012; Churchman et al., 
2016; Rasmussen et al., 2010; Ziegler et al., 2003). 

In addition to climate, the Si and base cation content of parent ma-
terials affect aqueous pH and H4SiO4

0 activities (Harsh et al., 2002) and 
the weatherability of the parent material (Rasmussen et al., 2010; Ras-
mussen et al., 2007; Vingiani et al., 2004). For example, the formation of 
smectite and kaolin minerals appears to be favored in soils derived from 
basaltic (mafic) versus rhyolitic (felsic) materials (Rasmussen et al., 
2010; Vingiani et al., 2004). Additionally, the formation of vermiculite 
is associated with mica alteration, which is promoted under intensive 
leaching conditions when mica is present in parent material (e.g., felsic 
rocks)(Watanabe et al., 2006). Despite the numerous soil clay miner-
alogy studies examining the effects of climate and parent materials on 
the distribution of SRO and crystalline minerals, there is a distinct 
paucity of studies addressing humid tropical volcanic soils. 

Indonesia has a series of volcanic soils distributed across Sumatra 
and Java islands, providing an ideal setting for examining the effects of 
climate and parent material on the distribution of soil secondary min-
erals under humid tropical conditions. The climate in the volcanic re-
gions of Indonesia is sharply contrasting with previous studies 
examining climate effects on the clay mineralogy of volcanic soils, such 
as the Mediterranean climate in western North America and southern 
Europe (Rasmussen et al., 2010; Vingiani et al., 2004), the temperate 
oceanic climate of Oceania (Cunningham et al., 2016; Singh et al., 
2017), and the temperate monsoon climate of eastern Asia (Shoji and 

Takahashi, 2002; Takahashi and Shoji, 1996). The temperature and 
moisture changes that occur along elevational gradients in the volcanic 
regions of Indonesia provide a wide range of chemical weathering re-
gimes to assess how climate influences the distribution of secondary 
minerals. In addition, the parent materials for volcanic soils in Indonesia 
span mineralogical compositions from basaltic to rhyolitic tephra 
deposited by Quaternary volcanic eruptions (Amin et al., 1999; Gafoer 
et al., 1996; Gafoer et al., 2012; Gafoer and Ratman, 1999; Ratman and 
Gafoer, 1998; Siebert et al., 2011). While the distribution and properties 
of soil secondary minerals in Indonesia have been previously reported 
(e.g., Anda and Dahlgren, 2020; Van Ranst et al., 2008; Van Ranst et al., 
2002), few studies have investigated soils across the broader range of 
climatic (temperature and precipitation, along a wide elevation 
gradient) and parent material conditions of both Sumatra and Java 
islands. 

The objective of this study was to assess the effects of climate and 
parent material on the distribution of soil secondary minerals in the 
tropical volcanic regions of Indonesia. A total of 42 sites spanning large 
temperature (13.0–26.6◦C) and precipitation (1910–3950 mm) gradi-
ents, as well as contrasting parent materials, were investigated across 
Sumatra and Java islands. The total elemental composition was used to 
assess parent material and soil weathering degree. The stabilities of 
secondary clay minerals were assessed using equilibrated soil–water 
suspensions to investigate the chemical conditions favoring the forma-
tion of specific SRO and crystalline clay minerals. We expected the 
contrasting pedogenic conditions associated with the wide range of 
climate and parent materials to help us elucidate the primary factors 
regulating the formation of SRO and crystalline clay minerals in tropical 
volcanic soils. 

2. Materials and methods 

2.1. Study area and soil sampling 

Sampling sites (n = 42 sites) were selected across the volcanic re-
gions of Sumatra and Java islands, Indonesia (Fig. 1) and designated as 
North Sumatra (NS, n = 9), Central–South Sumatra (SS, n = 11), West 
Java (WJ, n = 4) and Central–East Java (EJ, n = 18). Sites were selected 
along an elevation gradient ranging from 80 to 2260 m asl (Tables 1 and 
S1). Climate data were obtained from the WorldClim database, 
including monthly and annual temperature and precipitation data 
(representative of 1970–2000, 174 climatic stations for Java and 348 
climatic stations for Sumatra and with additional satellite data, of which 
coordinates can be obtained from databasin.org; Fick and Hijmans, 
2017) (Table 1). Mean annual air temperatures ranged from 13.0 to 
26.6◦C and mean annual precipitation from 1910 to 3950 mm, which 
resulted in soil temperature regimes of isothermic to isohyperthermic, 
and soil moisture regimes of ustic to perudic (Soil Survey Staff, 2014) 
(Tables 1 and S1). Potential evapotranspiration for each site was esti-
mated based on monthly temperatures (Thornthwaite, 1948). Excess 
precipitation (EP) was calculated as precipitation minus potential 
evapotranspiration (Tables 1 and S1) and used as an indicator of 
leaching intensity. Excess precipitation for the driest quarter of the year 
(EPDQ) was calculated and used as a metric of desiccation intensity 
during the dry season (Tables 1 and S1). 

Geological information for the study sites was obtained from 
geological maps of Indonesia (Amin et al., 1999; Crow and Barber, 2005; 
Gafoer et al., 1996; Gafoer et al., 2012; Gafoer and Ratman, 1999; 
Ratman and Gafoer, 1998) (Tables 1 and S1). All soils formed on tephra 
deposits from Quaternary volcanic activity probably occurring during 
the late-Pleistocene or later, considering the activity of volcanoes 
throughout the region (Global-Volcanism-Program, 2013). To specify 
the exact age of parent materials was difficult because of the high ac-
tivity and close distribution of volcanoes. Our best estimates of the 
major volcanic source and eruption time are given in Table S1. The 
geologic composition of tephra deposits for North Sumatra was 
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rhyodacitic-to-andesitic, whereas Central–South Sumatra sites were 
rhyolitic, dacitic-to-andesitic, and andesitic-basaltic (Crow and Barber, 
2005; Gafoer et al., 1996; Gafoer et al., 2012). The parent materials for 
Java sites were andesitic-basaltic (Amin et al., 1999; Gafoer and Rat-
man, 1999; Ratman and Gafoer, 1998). 

Soil sampling locations were mostly located under tree vegetation 
(secondary forest or tree plantations, such as teak, pine, and cacao) with 
several exceptions (6 grassland sites and 2 fallowed agricultural fields) 
at ridge, gentle shoulder slope, or foothill positions (0–5 % slope). Po-
tential net primary production was estimated using the mean average 
temperature (MAT) and precipitation (MAP) values (Del Grosso et al., 

2008). All soils were well-drained, and there was no evidence of accel-
erated erosion. A soil pedon was excavated to a depth of ~80 cm at each 
site (Fig. S1), and soil horizons and morphological properties were 
described in the field. Soil samples were collected from three sides of 
each pedon, and a well-mixed composite sample was acquired for each 
horizon (Pennock et al., 2007). Samples were air-dried, gently crushed, 
sieved (2-mm), and mixed again before laboratory analyses. We spe-
cifically focused on the characterization of the physical, chemical, and 
mineralogical properties of B horizon soils collected from about 30 to 60 
cm depth to minimize potential discrepancies associated with recent 
volcanic and human activities. According to the global soil regions map 

Fig. 1. Locations of soil sampling (crosses) in four regions (North Sumatra (NS): 9 sites, Central and South Sumatra (SS): 11 sites, West Java (WJ): 4 sites, Central and 
East Java (EJ): 18 sites) of Indonesia. 

Table 1 
Fundamental information of studied regions.  

Region Sites Parent materials a Elevation MAT b MAP b EP b EPDQ b Soil classification c pH TC NPP d  

No.  m ◦C mm mm mm   g kg− 1 g C m− 2 

yr− 1 

North 
Sumatra 
(NS) 

9 Rhyolitic, Andesitic to 
dacitic tephra 

110–1520 18.7–26.2 2190–2950 960–1750 19–270 Udands (4), Udepts 
(4),Udults  
(1) 

4.4–5.4 2.8–110 940–1020 

Central 
and 
South 
Sumatra 
(SS) 

11 Rhyolitic, Andesitic to 
dacitic tephra (6); 
Andesitic–basaltic 
tephra (5) 

80–1420 19.0–26.6 2160–3730 1310–2120 48–330 Vitrands (1), 
Udands (4), Udepts 
(3), Udults (3), 

4.4–5.6 6.6–48 940–1030 

West Java 
(WJ) 

4 Andesitic–basaltic 
tephra 

300–1500 18.2–25.4 2380–3950 950–2770 − 52–190 Udands (2), Udepts 
(1),Uderts  
(1) 

4.7–6.5 4.6–77 970–1030 

Central 
and 
Eastern 
Java 
(EJ) 

18 Andesitic–basaltic 
tephra 

290–2260 13.0–25.3 1910–3300 570–2390 − 130–61 Vitrands (2), 
Ustands (5), 
Udands (3), 
Ustepts (2),Udepts 
(1), Ustalfs  
(5) 

4.6–6.8 4.2–56 800–1030  

a Geological information for the study sites was obtained from Geological Maps of Indonesia (Amin et al., 1999; Crow and Barber, 2005; Gafoer et al., 1996; Gafoer 
et al., 2012; Gafoer and Ratman, 1999; Ratman and Gafoer, 1998). 

b MAT, mean annual temperature; MAP, mean annual precipitation; EP, excess precipitation; EPDQ, excess precipitation for the driest quarter. 
c Soil classification is according to the Keys to Soil Taxonomy (Soil Survey Staff, 2014). 
d NPP, potential net primary production. 
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(https://www.nrcs.usda.gov/wps/portal/nrcs/detail/soils/use/?cid=n 
rcs142p2_054013), field observation and physicochemical analyses, 
soils were classified as Andisols (21), Inceptisols (11), Ultisols (4), 
Alfisols (5), and Vertisols (1) based on USDA Soil Taxonomy (Soil Survey 
Staff, 2014). 

2.2. Analytical methods 

Total elemental analysis for air-dried soils (ground by ball mill) was 
determined by digestion in a sealed Teflon container with a mixture of 
HF and aqua regia (Hossner, 1996). The digested solution was filtered 
through a 0.45-µm membrane filter (Millipore) and quantified by 
inductively coupled plasma atomic emission spectrometry (ICP-AES; 
ICPE-9000, Shimadzu, Kyoto, Japan). The total reserve bases (TRB) 
weathering index was defined as the sum of total K, Na, Ca, and Mg 
contents (cmolc kg− 1) (Lyu et al., 2018; Watanabe et al., 2017). All 
values are reported on an oven-dried soil basis (Delvaux et al., 1989; 
Hossner, 1996). 

Soil pH was measured using a pH meter (F-70 Series, Horiba, Kyoto, 
Japan) at a 1:5 (g:mL) soil to solution (H2O) ratio after equilibration for 
1 h. Total C and N contents were measured by combustion using an 
elemental analyzer (Vario MAX, Elementar Analysensysteme, Hanau, 
Germany); no carbonate minerals were present in soils. Exchangeable 
Ca2+ and Mg2+ were extracted by 1 M NH4OAc (pH 7.0) and determined 
by atomic absorption spectroscopy, whereas exchangeable K+ and Na+

were quantified by flame emission spectroscopy (AA-660, Shimadzu, 
Kyoto, Japan). Then soil CEC was determined based on adsorbed NH4

+

after washing the extracted soil with 10 % NaCl. Before soil particle size 
analysis, organic matter was oxidized by boiling with 10 % H2O2, pH 
adjusted to 9–10 or 5 when soil particles were not dispersed under 
alkaline conditions (pH 9–10), and ultrasonic dispersion for 15 min. The 
sand (0.02–2 mm) fractions were determined by sieving, whereas the silt 
(2–20 µm) and clay (<2 µm) fractions were determined using the pipette 
method (Stokes’ law) (Gee and Or, 2002). Particle-size classes were 
according to the International Soil Science Society. Both the silt and clay 
fractions were collected for subsequent mineralogical analysis. 

Ammonium oxalate (0.2 M, pH 3.0, 4 hr shaking, dark) was used to 
quantify active Al, Fe, and Si (Alo, Feo, and Sio) (Blakemore, 1987). 
Further, organo-metal complexes (Alp and Fep) were extracted using Na- 
pyrophosphate (0.1 M, pH 10.0) by shaking for 16 h at 25◦C (Blakemore, 
1987). Free iron (hydr)oxides (Fed) were extracted with a mixture of 
citrate (0.75 M) and hydrosulfite sodium (dithionite; 1 g in 50 mL) 
(Blakemore, 1987). The ammonium oxalate and dithionite-citrate ex-
tracts were filtered through a 0.45-µm membrane filter (Millipore). Na- 
pyrophosphate extracts were filtered through a 0.025 µm membrane 
filter (Millipore). The contents of Al, Fe, and Si in the extracts were 
measured by ICP-AES. Because of a wide range of (Alo – Alp)/Sio ratios, 
the content of the allophanic materials was calculated using the formula 
Sio × 1.36 ((Alo–Alp)/ Sio)2 –1.76 ((Alo–Alp)/ Sio) + 5.44) based on the 
data of Parfitt (1990). The content of ferrihydrite was calculated by 
multiplying the Feo by 1.7 (Childs, 1985). 

The crystalline mineral composition of the clay and silt fractions was 
determined using X-ray diffraction (XRD) (Miniflex 600, Rigaku, Tokyo, 
Japan) with Cu Kα radiation (40 kV, 15 mA). The clay and silt fractions 
isolated following particle size analysis were air-dried, and parallel- 
oriented slides were treated as follows for XRD analyses: (1) Mg2+

saturated and dried at 25◦C, (2) solvated in glycerol after Mg2+ satu-
ration and dried at 25◦C; and (3) K+ saturated and heated at 25◦C, 350◦C 
and 550◦C (Harris and White, 2008). A separate clay aliquot was treated 
with formamide to distinguish 0.7-nm halloysite (dehydrated halloysite 
that is expandable to 1.0 nm by formamide) from the 0.7-nm kaolinite 
peak using XRD (Churchman et al., 2010; Churchman et al., 1984). 
Before and after formamide treatment, change in peak height was 
examined to determine whether kaolinite or halloysite was dominant. 
XRD peaks for the Mg2+ saturated slide was classified into four semi-
quantitative categories: clearly detected with a dominant peak (higher 

than twice that of other peaks), clearly detected, not clearly detected 
(higher than twice but lower than five times the background noise), and 
not detected (Fig. S2). Differential thermal analysis (DTA) was applied 
to quantify gibbsite and kaolin contents in the clay fraction using a TA- 
60WS thermal analyzer equipped with a simultaneous DTA–thermog-
ravimetric apparatus (DTG60, Shimadzu, Kyoto, Japan) (Fig. S3). We 
used Al hydroxides (Wako, Osaka, Japan) and Georgia kaolin (Nichika, 
Kyoto, Japan) as standards for gibbsite and kaolin, of which the cali-
bration curves were confirmed by thermogravimetry. The DTA heating 
rate was 20◦C min− 1 in an N2 atmosphere (Watanabe et al., 2017). 
Before DTA, free Fe (hydr)oxides were removed from clay fractions by 
dithionite-citrate solution (pH 7.3) in an 80◦C water bath to avoid in-
terferences from free Fe (hydr)oxides on gibbsite quantification. 

The stabilities of secondary minerals were assessed based on the ion 
activities of soil–water suspension. A soil–water suspension of each soil 
sample was prepared by equilibrating 80 g soil in 160 mL deionized 
water for one week at 25◦C and 101 kPa. The suspensions were shaken 
once a day (Watanabe et al., 2017). Then, the equilibrated solution was 
passed through a 0.025-µm membrane filter (mixed cellulose esters, 
Millipore). The filtrate pH and F− were determined using ion-selective 
electrodes (pH/mV meter F-70 Series, Horiba, Kyoto, Japan). Concen-
trations of Al, Fe, and Si were measured by ICP-AES. The Al concen-
tration was measured both before and after passing through a column of 
pH-adjusted (based on average pH of filtered solutions) cation exchange 
resin (Amberlite, IR-120B(H)). The Al retained by the resin was assumed 
to be inorganic monomeric Al ion species (Driscoll, 1984). Dissolved 
inorganic C (DIC-carbonates) was determined using a carbon analyzer 
(TOC-V CSH, Shimadzu, Kyoto, Japan). Concentrations of cations (Ca2+, 
Mg2+, K+, Na+, and NH4

+) and anions (Cl− , NO3
− , and SO4

2− ) (Columns: 
Shim-pack IC-C3 for cations, Shim-pack ICC-A1 for anions) were 
determined using high-performance liquid chromatography (HPLC-HIC- 
6A equipped with a CDD-6A detector, Shimadzu, Kyoto, Japan). 

Ion activities for each sample were calculated using Visual MINTEQ 
ver. 3.1 (Gustafsson, 2014). Solubility and stability diagrams for com-
mon clay minerals were constructed and compared to ion activities (Van 
Breemen and Brinkman, 1976). The thermodynamic equilibrium con-
stants used in the solubility and stability diagrams for kaolinite, gibbsite, 
smectite, quartz, and amorphous SiO2 were taken from Karathanasis 
(2002), muscovite from Lindsay (1979), halloysite and imogolite from 
Dahlgren and Ugolini (1989), and allophane from Sigfusson et al. 
(2008). The chemical reactions and equilibrium constants of the min-
erals are listed in Table S2. We expressed mineral stabilities in two ways: 
a solubility diagram (Karathanasis, 2002), which shows precipitation- 
dissolution equilibrium lines for minerals, and a stability diagram 
(Van Breemen and Brinkman, 1976), which shows relative stability 
fields for selected minerals. Though solubility diagrams theoretically 
include similar information as in stability diagrams, the stability dia-
grams do not require an Al3+ activity term, which is difficult to deter-
mine precisely in solutions with near-neutral pH values, and therefore 
are considered more reliable for assessing the relative stability of 
minerals. 

2.3. Statistical analyses 

Factor analysis was conducted based on the standardized (z-score) 
total elemental contents (Si, Al, Fe, Ca, Mg, Ka, Na, and Ti) to investigate 
the parent materials and weathering conditions for each sampling re-
gion. We applied factor analysis to simplify the variables believed to 
affect the distribution of SRO and crystalline clay minerals. Specifically, 
we assessed climate data (mean annual temperature and precipitation, 
excess precipitation, and excess precipitation during the driest quarter), 
total Si, Fe, and K contents (representing the nature of parent materi-
als—felsic vs mafic), a weathering index (TRB), and selected soil prop-
erties (pH, H4SiO4

0 activity in soil–water suspension and total C). The 
Shapiro-Wilk test was used to confirm the normality of climatic data, the 
physicochemical and mineralogical properties of soils, and factor scores. 
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Spearman rank correlation was applied to assess relationships among 
the variables due to the low passing rate of normality tests even after 
transformations. The detection levels of crystalline minerals by XRD 
were ranked for correlation analysis as not detected (0), not clearly 
detected (1), clearly detected (2), and clearly detected with a dominant 
peak (3). One-way ANOVA and multiple comparisons with Tukey- 
Kramer (equal variances), Tamhane’s T2, or Dunnett’s T3 (unequal 
variances) post-hoc tests were used to determine statistical differences 
(two-tailed) in climatic properties, total elemental compositions, and 
soil physicochemical and mineralogical properties between regions. 
Statistical analyses were performed using IBM SPSS version 24.0, JMP 
14, and R (ver. 4.1.1) at a P < 0.05 significance level unless otherwise 
mentioned. 

3. Results 

3.1. Climate and parent material 

While the mean annual precipitation was high (>1900 mm) for all 
sites, the soil moisture regimes ranged from perudic and udic for 
Sumatra (NS and SS) and West Java (WJ) to udic and ustic for Central- 
East Java (EJ) (Tables 1 and S1). Mean annual temperature decreased 
linearly as elevation increased (rs = − 0.99, P < 0.001). Though po-
tential evapotranspiration was lower at higher elevations with lower 
temperatures, the correlation between EP and elevation was weak (rs =

0.32, P < 0.05), implying that EP mostly reflects regional differences. 
The EP in the driest quarter was significantly lower at EJ (− 41 ± 86 
mm) than in the other regions (Table S3). 

Total elemental analysis was applied to investigate the parent ma-
terial and weathering condition of soils (Table 2). Total Fe contents were 
significantly lower in NS soils (51 ± 27 g kg− 1) than EJ soils (83 ± 20 g 
kg− 1). Total Si and TRB were high for all sites, and the difference among 
regions was not significant (Table 2), suggesting limited desilication and 
high primary mineral contents. There was no significant difference in 
TRB between soils derived from felsic (NS and SS) versus mafic (WJ and 
EJ) tephra (Table 2). This implies that the TRB values are more related to 
the weathering degree than the original parent materials of the studied 
soils. Total Si content was negatively correlated with total Fe and 
positively correlated with total K and Na, whereas total Fe content was 
positively correlated with total Ti and negatively correlated with total K 
and Na (Table S4). These correlations reflect the contrasting elemental 
composition of felsic versus mafic rocks. The positive correlation be-
tween total Si and total K or Na (Table S4) indicates that Si was asso-
ciated with base elements in primary minerals (e.g., alkaline feldspars 
and mica). There was no correlation between MAT and total Si or TRB 
(Fig. S4), thereby indicating no clear trend in desilication and primary 
mineral contents along the elevational gradients. 

Factor analysis was applied further to investigate the total elemental 
results (Tables 2 and S5). The first component was the “Fe-Ti vs Si-K” 
factor (34 %), which primarily reflects the parent material composition 
(i.e., mafic versus felsic). The second component was the “Ca-Mg-Na” 
factor (27 %), which represents the remaining base elements and 
thereby an index of weathering. The diagram of scores showed that NS 
had low scores for the “Fe-Ti vs Si-K” factor, whereas EJ had a high score 

for the “Fe-Ti vs Si-K” factor (Fig. 2). Differences in the “Ca-Mg-Na” 
factor scores, thus weathering degrees, were not evident between 
regions. 

3.2. Soil physicochemical properties 

The physicochemical properties of soils for each region are shown in 
Table 3 (more details in Table S6). Soil pH was acidic to near neutral (4.4 
to 6.8) and significantly lower at NS and SS than EJ (Table 3). Other 
physicochemical properties were similar between regions (Table 3). A 
significant negative correlation (rs = − 0.65, P < 0.001) was found be-
tween EPDQ and soil pH but not between EP and pH (Fig. S4). H4SiO4

0 

activity in the soil–water suspension also correlated with EPDQ, but not 
with EP (Fig. S4). Low clay contents (<20 %) were observed for 12 of 18 
soils at high elevation sites (>1000 m asl). Clay contents were relatively 
higher at the low elevation sites having a higher MAT (Fig. S4). 
Conversely, total C and N contents increased with a decrease in MAT. 
Potential net primary production was similar for the different sites 
(Table 1), implying a negligible impact of C inputs on soil C contents. 

3.3. Factor analysis of climatic and geochemical variables 

Factor analysis of variables suspected to affect distributions of SRO 
and crystalline clay minerals yielded four factors, which explained 78 % 
of the total variation (Table 4). The first factor (22 % of explained 

Table 2 
Total elemental contents of the oven-dry, fine-earth fraction of B horizon soils in studied regions.  

Region a Number of sites Si Al Fe Ti Ca Mg K Na TRB b   

g kg− 1 cmolc kg− 1 

NS 8 280 ± 38 130 ± 29 51 ± 27b 4.3 ± 2.1b 8.2 ± 6.3 6.9 ± 6.1 12 ± 4 11 ± 13 180 ± 94 
SS 11 260 ± 55 130 ± 33 74 ± 14 ab 7.0 ± 1.2 a 10 ± 11 9.4 ± 8.2 6.3 ± 6.6 8.1 ± 10.9 180 ± 150 
WJ 4 260 ± 54 100 ± 22 72 ± 15 ab 7.2 ± 2.5 a 12 ± 4.2 9.1 ± 5.9 4.3 ± 2.6 4.5 ± 2.4 160 ± 77 
EJ 18 250 ± 39 120 ± 20 83 ± 20 a 7.0 ± 2.2 a 15 ± 11 8.9 ± 4.8 10 ± 9 8.9 ± 8.1 210 ± 122 

Mean ± standard deviation. Means followed by different letters indicate the values were statistically different at P < 0.05 level among regions. 
a NS, North Sumatra; SS, Central and South Sumatra; WJ, West Java, EJ: Central and East Java. 
b TRB, total reverse in bases. 

Fig. 2. Diagram of factor analysis for total elemental compositions of B horizon 
soils from four sampling regions (42 sites). (NS, North Sumatra; SS, Central and 
South Sumatra; WJ, West Java, EJ: Central and East Java). 
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variance) had high positive loadings of pH and H4SiO4
0 activity in 

soil–water suspension and a negative contribution of EPDQ. Because 
high EPDQ means continuous moist conditions and greater leaching, 
thereby yielding lower pH and H4SiO4

0 activity, we interpret the first 
factor to dominantly represent desiccation intensity for the dry season. 
The second factor (20 % of explained variance) showed positive loadings 
with MAP and EP, which we attribute to leaching intensity. The third 
factor (19 % of explained variance) had positive loadings of Si and K and 
a negative loading of Fe, thereby indicating the nature of parent mate-
rials (felsic versus mafic). The fourth factor (18 %) had a high positive 

loading with MAT and a high negative loading with total C, thereby 
being indicative of temperature, whereby high temperature enhances 
the decomposition of organic matter and reduces total C. 

3.4. Active Al and Fe 

The active Al and Fe contents (Alo + 1/2 Feo) were not significantly 
different between regions (Table 3), and values>20 g kg− 1, one criterion 
for andic soil properties, were only found in the low-temperature sites at 
higher elevations (<21◦C corresponding to >1000 m asl) (Fig. 3a). The 
Alo, Feo, and Sio contents were negatively correlated with the tempera-
ture factor score (Table 5). The Feo was also positively correlated with 
the dry season intensity and parent material factors (Table 5), whereas 
Fed, corresponding to Fe in free Fe (hydr)oxides, was strongly correlated 
with the parent material factor. The Feo/Fed ratios, a measure of Fe 
(hydr)oxide crystallinity, were relatively high for all sites (0.47 ± 0.29), 
especially at high elevation sites (>1000 m asl), which indicates a high 
active Fe (e.g., ferrihydrite) content within the free Fe (hydr)oxide 
fraction at low temperature sites. The Feo/Fed ratios correlated nega-
tively with the temperature factor and positively with the dry season 
intensity factor (Table 5). 

The Sio/(Alo − Alp) ratio representing the Si to Al ratio of SRO alu-
minosilicates was significantly higher at EJ versus NS (Tables 3 and S6). 
Because Sio <1 to 2 g kg− 1 should not be considered significant due to 
the lack of specificity by acid-oxalate (Dahlgren 1994), the Sio/(Alo −

Alp) ratio was determined only for soils with Sio > 1 g kg− 1 (Table S6). 
The Sio/(Alo − Alp) ratio was correlated with the dry season intensity 
factor (rs = − 0.74, P < 0.001) (Table 5) as well as the variables that 
contributed to the factor (EPDQ: rs = − 0.41, P < 0.05; pH: rs = 0.58, P <
0.001; and H4SiO4

0 activity: rs = 0.65, P < 0.001, Fig. 3b), whereas the 
ratio did not correlate with the other factors representing leaching, 
parent material and temperature (Table 5). For Sumatra sites (NS and 

Table 3 
Physicochemical and mineralogical properties of B horizon soils.  

Region a Total C Total N pH(H2O) Clay Silt Sand Alo + 1/2Feo 
b Sio/(Alo − Alp) b Allo. c Ferr. c log(H4SiO4

0) d  

g kg− 1  % g kg− 1  g kg− 1 g kg− 1  

NS 22.6 ± 33.3 2.0 ± 2.5 4.9 ± 0.3 a 32 ± 21 28 ± 15 40 ± 18 21.9 ± 23.9 0.38 ± 0.10b 59 ± 77 11 ± 9 − 3.99 ± 0.16c 
SS 17.6 ± 12.9 2.1 ± 1.9 5.0 ± 0.5 a 30 ± 24 31 ± 18 38 ± 26 28.6 ± 32.7 0.54 ± 0.09 ab 78 ± 108 19 ± 19 − 3.74 ± 0.34 bc 
WJ 30.4 ± 33.5 2.9 ± 3.6 5.3 ± 0.8 ab 35 ± 14 36 ± 8 29 ± 12 40.8 ± 37.2 0.47 ± 0.08 ab 103 ± 114 35 ± 22 − 3.54 ± 0.18 ab 
EJ 18.6 ± 15.4 1.6 ± 1.3 5.8 ± 0.6b 31 ± 22 36 ± 10 33 ± 16 34.5 ± 30.8 0.62 ± 0.18 a 92 ± 108 31 ± 16 − 3.38 ± 0.27 a 

Mean ± standard deviation. Means followed by different letters indicate the values were statistically different at P < 0.05 level among regions. 
a NS, North Sumatra; SS, Central and South Sumatra; WJ, West Java, EJ: Central and East Java. 
b Alo + 1/2Feo, active Al and Fe; Sio/(Alo − Alp), Si to Al ratio of short-range-order aluminosilicates. 
c Allo., allophane; Ferr., ferrihydrite. 
d H4SiO4

0, H4SiO4
0 activity in soil–water suspension. 

Table 4 
Factor loadings, eigenvalue and explained variance for each factor by factor 
analysis of climate and geochemical data.   

Factor 1 Factor 2 Factor 3 Factor 4  

Dry season 
intensity 

Leaching Parent 
material 

Temperature 

MAT a − 0.21 − 0.04 − 0.10 0.88 
MAP − 0.10 0.95 − 0.11 0.15 
EP 0.01 0.92 − 0.11 − 0.29 
EP in driest quarter − 0.64 0.57 0.08 0.12 
H4SiO4

0 activity 0.79 − 0.23 − 0.05 0.19 
pH 0.86 0.08 0.09 − 0.09 
Total Si − 0.06 0.07 0.85 0.36 
Total Fe 0.49 0.13 − 0.69 0.14 
Total K 0.14 − 0.23 0.72 − 0.18 
TRB 0.46 0.06 0.57 − 0.30 
Total C − 0.22 0.01 − 0.01 − 0.85 

Eigenvalue 2.36 2.21 2.08 1.93 
Explained variance 

% 
21.5 20.1 18.9 17.5  

a MAT, mean annual temperature; MAP, mean annual precipitation; EP, 
excess precipitation; TRB, total reserve bases. 

Fig. 3. Distribution of active Al and Fe (Alo and Feo) and the ratio of Si to Al in short-range-order aluminosilicates (Sio/(Alo − Alp)) in studied B horizon soils from 
regions under varied climatic and geochemical conditions. The sites with Sio < 1 g kg− 1 were excluded in b. (NS, North Sumatra; SS, Central and South Sumatra; WJ, 
West Java, EJ: Central and East Java). 
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SS), 5 of the 12 soils had a Sio/(Alo − Alp) ratio lower than 0.5, which is 
lower than the Sio/(Alo − Alp) ratios known to exist for imogolite (0.5) 
and allophanes (0.5–1.0). 

The Alp and Fep fraction, which represents organically complexed Al 
and Fe, negatively correlated with the temperature factor (Table 5). The 
Alp/Alo and Fep/Feo ratios provide a measure for the proportion of 
organo-Al/Fe complexes in the total active Al/Fe fraction. Ratios higher 
than 0.5 indicate that organo-Al/Fe complexes are the predominant 
component of the active Al/Fe fraction (Candra et al., 2019). The Alp/ 
Alo and Fep/Feo ratios of this study were relatively low for all the sites 
(0.19 ± 0.16 and 0.11 ± 0.13, respectively; Table S6), indicating low 
levels of Al/Fe-humus complexes relative to SRO Al/Fe minerals. The 
Alp/Alo and Fep/Feo ratios were negatively correlated with the dry 
season intensity factor, but not with the temperature factor, in contrast 
to Alp and Fep (Table 5). 

3.5. Crystalline clay minerals 

XRD results for crystalline clay minerals (Fig. S2) are summarized in 
Table 6. There was a higher detection rate for gibbsite in Sumatra (7/9 
sites for NS and 4/11 sites for SS) than Java (0/4 sites for WJ and 3/18 
sites for EJ). Kaolin minerals (0.7-nm and 1.0-nm) were widely 
distributed and detected in most soils (Table 6). Kaolinite was more 
abundant than halloysite in soils from Java than Sumatra (Table 6). The 
detected halloysite was mainly in the hydrated (1.0 nm) form (Table 6), 
and halloysite (1.0 nm) was the dominant kaolin peak in 5/9 NS soils, 4/ 
11 SS soils, and 4/18 EJ soils. Hydrated halloysite was dominant in soils 
with no distinct seasonal moisture deficit (EPDQ > 0 mm), especially 
those in Sumatra (Table 6). Conversely, 0.7-nm halloysite was pre-
dominantly found in soils at lower elevations of EJ (i.e., EJ1 and EJ3) 
having a distinct dry period and high H4SiO4

0 activity in soil–water 
suspensions (log(H4SiO4

0) = − 3.18 and − 3.09, respectively) (Tables 1, 3 
and 6). 

Vermiculite was abundant at Sumatra, especially at NS, where mica 
was also detected in both the clay- and silt-size fractions (Table 6). In 
contrast, neither vermiculite nor mica was found in the Java soils. 
Vermiculite and mica were preferentially found at sites with a low “Fe-Ti 

vs Si-K” score reflecting the presence of felsic parent materials (Fig. 2). 
Mica peak detection was correlated with the parent material factor (rs =

0.35, P < 0.05) and dry season intensity factor (rs = − 0.35, P < 0.05; 
Table 5). The occurrence of mica in felsic parent materials was suggested 
by the significant correlations of mica with total Si (rs = 0.35, P < 0.05), 
total Fe (rs = − 0.50, P < 0.001), and total K (rs = 0.33, P < 0.05). In 
contrast to mica, vermiculite detection was influenced by climate, with a 
negative correlation between vermiculite and the dry season intensity 
factor (rs = − 0.65, P < 0.001). Smectite was clearly detected in some 
Java soils (7/22), but not in Sumatra soils. Smectite was found in those 
Java soils with a distinct dry period (Table 6), demonstrated by a pos-
itive correlation with the dry season intensity factor (Table 5). Hydroxy- 
Al interlayering of 1.4-nm minerals was prominent. All vermiculite 
displayed evidence of hydroxy-Al interlayers, as demonstrated by the 
progressive collapse of the 1.4 nm peak in the K-saturated treatment to 
1.0 nm upon heating to 350 and 550◦C. Similarly, most of the detected 
smectite peaks displayed evidence of hydroxy-Al interlayering (Table 6). 

Consistent with XRD characterization, the DTA results (Fig. S3) 
showed that gibbsite was more abundant in Sumatra versus Java soils 
(Table 6). The content of kaolin minerals was larger for the higher 
temperature sites at low elevations and strongly correlated with the 
temperature factor (rs = 0.71, P < 0.001). In contrast, the content of 
kaolin minerals was small for soils with lower temperatures (<21◦C) at 
elevations over 1000 m asl. The DTA-estimated gibbsite contents dis-
played a significant correlation with the dry season intensity factor (rs =

− 0.54, P < 0.001), as well as variables that contributed to the factor (i. 
e., H4SiO4

0 activity, EPDQ and pH; Fig. S5). The gibbsite content also had 
a positive correlation with total Al (Fig. S5). Moreover, the gibbsite/ 
kaolin ratios were relatively higher in soils of Sumatra (especially NS) 
versus Java (Table 6) and were negatively correlated with the dry season 
intensity factor (rs = − 0.43, P < 0.01; Table 5). 

3.6. Ion activities of soil–water suspension and stability diagrams for clay 
minerals 

The pH value of soil–water suspensions for NS, SS, WJ and EJ soils 
ranged from 5.2 to 6.6, 4.6 to 7.5, 4.7 to 8.0, and 5.3 to 7.8, respectively. 
The pH of soil–water suspensions was relatively higher than soil pH 
(H2O) for all regions, which may be due to the dissolution of minerals 
during the one-week equilibration period. The pH and H4SiO4

0 activity 
were significantly higher at EJ (6.94 ± 0.58 and − 3.38 ± 0.27) than NS 
(5.87 ± 0.43 and − 3.99 ± 0.16) and SS (5.93 ± 0.83 and − 3.74 ± 0.34) 
(Table S7). In contrast, Al3+ activity (log Al3+) was significantly lower at 
EJ than NS and SS owing to the higher pH values at EJ (Table S7). The 
H4SiO4

0 activity displayed a negative correlation with EPDQ (rs = − 0.51, 
P < 0.001) and positive correlation with pH (rs = 0.50, P < 0.001). Any 
potential relationships between ion activities (Al3+, H4SiO4

0, and K+) and 
total elemental contents (parent materials) were indistinct (Fig. S4). 

Smectite formation/stability was favorable in several soils based on 
thermodynamic considerations (Fig. 4). Soil solution composition was 
deemed to be saturated with respect to smectite (points lying on or 
above the smectite precipitation-dissolution line) for more than half of 
soil samples from EJ, WJ2, and WJ3 (Fig. 4a). Most soil solution activ-
ities were undersaturated with respect to amorphous Al(OH)3 (33/42 
sites) and Al-rich allophane (Si/Al = 0.5, 32/42 sites), and all the 
samples were undersaturated with respect to amorphous SiO2. Super- 
saturation of soil solutions with respect to halloysite and kaolinite 
indicated these minerals could potentially form in all regions (Fig. 4a). 
The dissolution lines of gibbsite, imogolite, and kaolinite were close to 
the halloysite dissolution line, which indicated the potential formations 
of gibbsite, imogolite, and kaolinite in all regions. 

We plotted solution activities within predominance-area fields of 
stability diagrams to demonstrate the relative stabilities of gibbsite, 
kaolinite, and muscovite (Fig. 4b) for the soils with mica and/or 
vermiculite in the clay fraction (Table 6). Most of the NS and SS soil 
solution activities were plotted within the gibbsite or kaolinite stability 

Table 5 
Spearman correlation coefficients between factor scores and mineralogical 
properties of B horizon soils.   

Factor 1 Factor 2 Factor 3 Factor 4  

Dry season 
intensity 

Leaching Parent material Temperature 

Alo 
a 0.10 0.20 − 0.10 − 0.81*** 

Feo 0.54*** 0.15 − 0.39* − 0.55*** 
Alo + 1/2Feo 0.20 0.21 − 0.15 − 0.79*** 
Sio 0.29 0.22 − 0.07 − 0.74*** 
Fed 0.14 0.19 − 0.82*** 0.20 
Feo/Fed 0.33* 0.00 0.13 − 0.78*** 
Alp − 0.24 0.31* 0.05 − 0.72*** 
Fep − 0.14 0.12 0.06 − 0.63*** 
Sio/(Alo − Alp) 0.74*** 0.02 − 0.05 0.28 
Alp/Alo − 0.55*** 0.12 0.09 0.23 
Fep/Feo − 0.58*** 0.00 0.33* − 0.10 
Gibbsite − 0.54*** − 0.26 − 0.12 0.26 
Kaolin 0.07 − 0.06 − 0.18 0.71*** 
Gibbsite/kaolin − 0.43** − 0.20 − 0.06 − 0.16 
Smectite 0.31* 0.04 0.02 − 0.14 
Vermiculite − 0.65*** − 0.13 0.04 − 0.17 
Mica − 0.39* − 0.23 0.35* 0.26  

a Alo, Feo and Sio, acid oxalate extractable Al, Fe, Si; Alp and Fep, pyrophos-
phate extractable Al and Fe; Fed, dithionite-citrate extractable Fe. 

Feo/Fed is an index of Fe oxide activity. Alp/Alo indicates organo-Al contri-
bution to active Al fraction. Sio/(Alo − Alp) is the Si to Al ratio in short-range- 
order minerals. Kaolin and gibbsite contents were determined by DTA. Smec-
tite, vermiculite and mica were peak intensity in X-ray diffractogram of Mg- 
saturated specimen. 
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fields (Fig. 4b), indicating that muscovite is unstable in these samples. In 
the stability diagram comparing gibbsite, kaolinite, and smectite 
(Fig. 4c), samples falling within the gibbsite stability field were mainly 
from NS, which had lower H4SiO4

0 activities and higher gibbsite contents 
(>10 g kg− 1 clay) than the other soils (Table 6 and Fig. 4c). In contrast, 
kaolinite was the projected stable phase in SS and Java soils. Further, 
Fig. 4c shows that more than half of EJ soils and the WJ1 sample (EPDQ 
≤ 0), where we detected smectite (Table 6), had high pH and high 
H4SiO4

0 activities that were within or close to the smectite stability field, 
thereby indicating that smectite is relatively more stable than gibbsite 
and kaolinite. 

4. Discussion 

4.1. Climate, parent material and geochemical properties 

The soil moisture regimes were best distinguished by EPDQ rather 
than MAP or EP, and intense desiccation of soils during the dry season 
(ustic) was only found in Java soils (Table 1). The significantly higher 
soil pH at EJ was associated with a distinct dry season, and the signifi-
cant negative correlation between pH and EPDQ (Fig. S4) demonstrates 
the importance of seasonal desiccation in soil acidification. Further-
more, continuous leaching, suggested by high EPDQ, contributes to low 
H4SiO4

0 activities (Fig. S4). Hence, EPDQ, pH, and H4SiO4
0 activity were 

Table 6 
Mineralogical properties for crystalline minerals of B horizon soils.  

Site Elevation Differential thermal analysis X-ray diffraction analysis a   

Gibbsite Kaolin 
minerals 

Gibbsite 
/kaolin 
ratio 

Smectite Vermiculite Mica Gibbsite Kaolin 
minerals 

Dominant kaolin 
peak b c 

Identified 1.4-nm 
mineral d e 

Silt 
mica  

m g kg− 1 

clay 
g kg− 1 clay molAl 

molAl
− 1         

North Sumatra (NS) 
NS1 110 101 790 0.2 − + + ++ + 1.0 HIV +

NS2 210 23.6 900 0 − − − + ++ 1.0  −

NS3 340 37.4 900 0.1 − − + + ++ 0.7 k  +

NS4 600 616 310 3.3 − + − ++ + 0.7 k HIV-V −

NS5 680 203 730 0.5 − + + ++ + 1.0 V-HIV +

NS6 1010 425 420 1.7 − + + ++ + 1.0 V-HIV +

NS7 1350 14.3 4 5.4 − ++ − − ± HIV −

NS8 1430 19.5 0 − − ++ − ± − HIV −

NS9 1520 341 370 1.5 − + + ++ + 1.0 V-HIV +

Central and South Sumatra (SS) 
SS1 80 2.0 800 0 − + + ± ++ 0.7 k HIV-V −

SS2 150 235 210 1.8 − − − ++ + 1.0  −

SS3 190 2.1 850 0 − ± − ± ++ 0.7 k  −

SS4 300 0.4 790 0 ± − − − ++ 0.7 k  −

SS5 470 323 420 1.3 − ± − ++ + 1.0  −

SS6 650 488 270 3 − + − ++ + 0.7 k HIV −

SS7 770 2.7 650 0 − − − − ++ 1.0  −

SS8 780 5.1 740 0 − + − ± ++ 0.7 k HIV −

SS9 1100 3.9 450 0 ± − − − + 1.0  −

SS10 1200 414 8 87 ± ± − ++ ± −

SS11 1420 0.1 9 0 − − − − − −

West Java (WJ) 
WJ1 300 0 560 0 ++ − − − + 0.7 k HIS-S −

WJ2 650 1.3 520 0 ++ − − − + 0.7 k HIS-S −

WJ3 1210 0 13 0 ± − − − ± −

WJ4 1500 0.8 4 0.4 ± ± − − + 0.7 k  −

Central and East Java (EJ) 
EJ1 290 2.3 870 0 − − − − ++ 0.7 h  −

EJ2 310 0.6 710 0 ± − − − ++ 0.7 k  −

EJ3 410 57.7 770 0.1 ± − − ++ + 0.7 h  −

EJ4 480 0 730 0 − − − − + 0.7 k  −

EJ5 620 3.4 930 0 − − − ± ++ 0.7 k  −

EJ6 630 5.5 940 0 − − − + ++ 1.0  −

EJ7 710 0 810 0 + − − − ++ 1.0 S −

EJ8 860 87.1 880 0.2 − − − ++ + 1.0  −

EJ9 1000 2 50 0.1 ± ± − ± + 0.7 k  −

EJ10 1050 1.7 730 0 − − − − ++ 0.7 k  −

EJ11 1060 0.5 860 0 − − − − ++ 0.7 k  −

EJ12 1190 0 0 − ± ± − − − −

EJ13 1240 0 30 0 − − − − ± −

EJ14 1380 0.1 650 0 − − − − ++ 1.0  −

EJ15 1700 0.6 5 0.2 + − − − − HIS −

EJ16 1700 0 0 − + − − − − HIS −

EJ17 1860 0 25 0 + − − − ± HIS, HIV −

EJ18 2260 0 260 0 − − − − − −

a 
++: clearly detected with dominant peak; +: clearly detected; ±: not clearly detected; − : not detected (based on the peak height for Mg2+ saturated slide). 

b 1.0, 1.0 nm halloysite peak was dominant in Mg2+ saturated slide; 0.7 k, 0.7 nm kaolinite peak was dominant in Mg2+ saturated slide; 0.7 h, 0.7 nm halloysite was 
identified but kaolinite peak was dominant in Mg2+ saturated slide (A separate clay aliquot was treated with formamide to identify 0.7 nm halloysite). 
c Influence of mica peak was considered by comparing the Mg2+ saturated sample with and without glycerol treatment, which sifts 1.0 nm halloysite peak to ~1.1 nm. 
d HIV, hydroxy-Al interlayered vermiculite; V, vermiculite; S, smectite; HIS, hydroxy-Al interlayered smectite. 
e HIV, a large part of the 1.4 nm peak remained after K and heat treatment up to 350◦C; HIV-V, a large part of the peak remained after K treatment (air-dried), V-HIV, a 
small part of the peak remained after K treatment (air-dried). 
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all reflected in the dry season intensity factor (Table 4). 
Total elemental composition retains some information on the orig-

inal parent materials, although it also reflects weathering and soil for-
mation processes (Watanabe et al. 2017, Lyu et al. 2018). The lower 
total Fe contents (51 ± 27 g kg− 1, Table 2) and the factor analysis dia-
gram (Fig. 2) showed that the parent materials of NS were more felsic. 
The parent materials for SS, WJ, and EJ sites were considered inter-
mediate to mafic based on their total Fe contents (Table 2); the average 

Fe contents of andesitic and basaltic materials are 55 and 83 g kg− 1, 
respectively (Best, 2003). These results are consistent with the parent 
material information acquired from the geological maps of Sumatra and 
Java (Table S1): NS sites are rhyodacitic-to-andesitic, SS and Java sites 
are andesitic-to-basaltic (Amin et al., 1999; Gafoer et al., 1996; Gafoer 
et al., 2012; Gafoer and Ratman, 1999; Ratman and Gafoer, 1998). The 
presence of mica, a common primary mineral in felsic rocks, in the silt 
fraction of soils from NS by XRD (Table 6) further supports the felsic 
nature of parent materials from NS. The negative relationships between 
total Si and K versus total Fe (Table S4) were considered to reflect the 
nature of parent materials and were captured in the parent material 
factor (Table 4). 

The degree of weathering along the temperature (elevation) gradient 
was not clear. For example, no correlation between MAT and total Si or 
TRB (Fig. S4) indicates that the degree of desilication and residual pri-
mary mineral contents were similar among soils across the wide tem-
perature gradient (13.0–26.6◦C). However, a positive correlation 
between clay content and temperature (Fig. S4) does imply those higher 
temperatures at lower elevations may promote weathering. These con-
trasting trends may be associated with desilication and TRB incorpo-
rating both congruent and incongruent weathering processes, whereas 
clay formation is often dominated by incongruent weathering. The 
higher EP values at higher elevations may promote a greater degree of 
congruent weathering due to the greater leaching potential and also 
lower temperatures that inhibit the formation of crystalline clay min-
erals (Lyu et al., 2018). 

4.2. Factors affecting contents and composition of SRO minerals 

Temperature was identified as a strong control on the distribution of 
SRO minerals (Alo, Feo and Sio), as well as organo-Al/Fe components 
(Alp and Fep) in the humid tropical volcanic regions of Indonesia 
(Table 5, Fig. S5). These components (Alo, Feo, Sio, Alp and Fep) dis-
played significant negative correlations with the temperature factor 
rather than the dry season intensity, leaching, and parent material fac-
tors (Table 5). Notably, soil samples from the low-temperature sites 
(<21◦C) met the criterion of andic soil properties (Alo + 1/2Feo > 20 g 
kg− 1)(Fig. 3a). The negative correlation between the Feo/Fed ratio and 
temperature factor (rs = − 0.78, P < 0.001) indicates a higher fraction of 
SRO ferrihydrite within the total free Fe (hydr)oxide pool at sites with 
lower temperatures. Additionally, total C negatively contributed to the 
temperature factor (Table 4) and, therefore, positively related to the 
content of Alo, Feo, Alp and Fep (Fig. S5). These results indicate that the 
temperature mainly regulates the quantity of active Al and Fe rather 
than parent material and moisture conditions. The low temperature 
retards the crystallization of clay minerals (e.g., kaolinite and smectite), 
thereby promoting the formation of kinetically favored but metastable 
SRO minerals, such as ferrihydrite, allophane, and imogolite (Lyu et al., 
2018; Rasmussen et al., 2010; Rasmussen et al., 2007). The higher 
organic matter concentrations resulting from slower decomposition 
rates at lower temperatures promote the formation of organo-Al/Fe 
complexes by providing additional functional groups for metal 
complexation. Also, the high organic matter content at the lower tem-
perature, higher elevation sites may retard the formation of crystalline 
clay minerals (e.g., gibbsite and kaolinite) by interfering with crystal-
lization (e.g., organic sorption inhibiting crystallization on minerals 
surfaces) (Huang et al., 2002; Schwertmann, 1985). 

The Alo and Sio were abundant at low temperature - high elevation 
sites (Fig. 4a and S5), partly due to the supersaturation of soil solution 
activities with respect to SRO aluminosilicates, such as allophane and 
imogolite. The rapid kinetics of nucleation for SRO minerals favor the 
formation of these metastable solid phases relative to their more ther-
modynamically stable crystalline mineral equivalents (Stumm, 1992). 
The “aging” or “Ostwald Ripening” process (i.e., transformation of non– 
and nano-crystalline phases to crystalline phases via dissolution and 
reprecipitation) is typically a slow process due to the small differences in 

Fig. 4. Composition of the soil–water suspension of B horizon soil samples from 
different regions plotted on solubility (a) and stability (b and c) diagrams. Mean 
values of pH and ion activities for soil–water suspension used to draw the di-
agrams: pH = 6.4, log Mg2+ = − 4.7, log Fe3+ = − 14.5, log K+ = − 4.9) (NS, 
North Sumatra; SS, Central and South Sumatra; WJ, West Java, EJ: Central and 
East Java). 
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free energy between the two phases (Stumm, 1992). Climatic conditions 
play an important role in the formation of crystalline minerals as crys-
tallization is promoted as the soil climate becomes warmer (Schwert-
mann, 1985; Talibudeen, 1981). 

The influence of soil moisture conditions on active Al and Fe contents 
was less evident than the temperature. Active Al and Fe components 
(Alo, Feo, Alp and Fep) were not correlated with the leaching factor or 
MAP (Table 5), though EP showed some correlations (Fig. S5). Whereas 
a distinct dry season (e.g., ustic) hinders neoformation of active Al and 
Fe components by limiting the release of Al and Fe from weathering of 
the parent material during the extended dry period (Georgoulias and 
Moustakas, 2010), it was not evident in the studied soils, sharply con-
trasting with previous research in volcanic soils of drier regions (e.g., 
California (Rasmussen et al. 2007, Rasmussen et al. 2010), Hawaii 
(Chadwick et al. 2003), Tanzania (Lyu et al. 2018), Galapagos (Candra 
et al. 2019)). The lack of influence may come from the fact that most of 
the sites had sufficient moisture throughout the year (MAP > 1900 mm). 

The dry season intensity influenced the Si to Al ratio of SRO alumi-
nosilicates, Sio/(Alo – Alp). The correlation between the dry season in-
tensity factor and Sio/(Alo – Alp) suggests that the Si to Al ratio is 
controlled by H4SiO4

0 activity (Fig. 3b), which was, in turn, strongly 
affected by EPDQ (Fig. S4). The more intense leaching at sites with high 
EP throughout the entire year (e.g., NS sites) reduced the H4SiO4

0 ac-
tivity, enhancing the formation of Al-rich allophane with a low Si/Al 
ratio (Candra et al., 2019). Five out of 12 of Sumatra sites with Sio >1 g 
kg− 1 had a Sio/(Alo − Alp) ratio lower than 0.5, which is below the 
lowest ratios reported for allophane (0.5–1) and imogolite (0.5) (Harsh 
et al., 2002). This apparent discrepancy may result from acid-oxalate 
extracting Al from Al-hydroxides (e.g., gibbsite, hydroxy-Al interlayers 
of 2:1 layer silicates) found at sites without a distinct seasonal dry 
period. 

Additionally, the Alp/Alo ratio and Fep/Feo ratio were high in the 
soils without a distinct dry season and with a low pH (Table 5 and 
Fig. S5). A persistently high moisture status led to leaching of base 
cations, resulting in low pH (<5), which increases Al3+/Fe3+ activities 
and impedes organic matter decomposition (Table 4, Figs. S4 and S5), 
collectively promoting the formation of organo-Al/Fe complexes (Can-
dra et al., 2019; Parfitt and Kimble, 1989) at the expense of SRO alu-
minosilicates and ferrihydrite, the so-called anti-allophanic effect (Shoji 
et al., 1993). Furthermore, low pH condition promotes complexation of 
partially-decomposed organic matter and variable charge mineral sur-
faces with strong innersphere bonds (Kleber et al., 2015), thereby 
contributing to stabilization and accumulation of organic matter. 

Furthermore, higher H4SiO4
0 activities, found in soils with a distinct 

dry season, can inhibit the crystallization of active Fe components, as 
suggested by the positive correlation of the dry season intensity factor 
with Feo and Feo/Fed (Table 5). Higher H4SiO4

0 activities increase Si 
sorption on Fe (hydr)oxide surfaces that block/impede sites for further 
Fe precipitation, thereby inhibiting the crystallization of ferrihydrite to 
goethite/hematite (Anderson and Benjamin, 1985; Francisco et al., 
2016). 

The nature of parent material did not show a clear influence on 
active Al and Fe. The strong correlation of the parent material factor 
with Fed (rs = − 0.82, P < 0.001), but weak correlation with Feo (rs =

− 0.39, P < 0.05; Table 5) suggest high free Fe (hydr)oxide content was 
found in the soils with mafic nature, but the crystallinity of Fe (hydr) 
oxides seems more controlled by the temperature and dry season 
intensity. 

4.3. Factors affecting neoformation and transformation of crystalline clay 
minerals 

Moisture conditions, especially during the dry season, appear to play 
a disproportionate role in controlling the neoformation of crystalline 
clay minerals. Negative correlations of gibbsite content with the dry 
season intensity factor (Table 5) and the H4SiO4

0 activity of soil–water 

suspensions (Fig. S5) and a negative correlation of the gibbsite/kaolin 
ratio with the dry season intensity factor (Table 5) suggest that the low 
H4SiO4

0 activity caused by continuous leaching is favorable for the 
neoformation of gibbsite versus kaolin minerals (Huang et al., 2002; Lyu 
et al., 2018). Soils at NS sites had low H4SiO4

0 activities due to the 
continuous high leaching intensity, and gibbsite is considered to be the 
most stable clay mineral in this low H4SiO4 soil environment (Fig. 4c). 
Moreover, a high supply of Al from weathering of primary minerals and 
SRO aluminosilicates promotes the neoformation of gibbsite, as sup-
ported by the positive correlation between the contents of gibbsite and 
total Al (Fig. S5). 

Kaolin minerals (i.e., kaolinite and halloysite) formation is favored at 
low elevation sites (<1000 m asl) with higher temperatures. The content 
of kaolin minerals was positively correlated with the temperature factor 
(Table 5) and negatively correlated with TRB, which is an indicator of 
the degree of primary mineral weathering (Fig. S5). The higher tem-
peratures at low elevation sites promote weathering and the crystalli-
zation of kaolin minerals at the expense of SRO aluminosilicates and 
primary minerals (Lyu et al., 2018; Rasmussen et al., 2010; Watanabe 
et al., 2017). Kaolin minerals were more widely distributed than gibb-
site, which is consistent with the solubility and stability diagrams 
(Fig. 4a and 4c, respectively), indicating that kaolinite is more stable 
than gibbsite at the existing soil solution ion activities for many of the 
soils. 

Concerning kaolin mineral species, the hydrated halloysite (1.0 nm) 
was found in soils with no distinct seasonal moisture deficit, especially 
those in Sumatra (Table 6). The neoformation of halloysite generally 
requires continuous moist conditions, high H4SiO4

0 activity, and acidic 
pH values. Under acidic conditions, the octahedral sheet has a positive 
charge opposite to that of the tetrahedral sheet, which results in incor-
poration of two interlayer H2O molecules between the 1:1 units yielding 
a 1.0 nm halloysite structure (Churchman et al., 2016). Interestingly, we 
found halloysite in soils having low H4SiO4

0 activity as opposed to the 
general concept that halloysite forms under high H4SiO4

0 activity 
(Churchman and Lowe, 2012). Preferential formation of halloysite in 
soils of volcanic parent materials has been shown to occur when H4SiO4

0 

activity in the soil solution was ≥10− 3.45 mol L− 1 (Singleton et al., 1989; 
Takahashi et al., 1993). Locally high H4SiO4

0 activity in the soil might 
allow the formation of halloysite, and the halloysite presence may be 
kinetically favored versus more crystalline minerals (Kautz and Ryan, 
2003; Ziegler et al., 2003). 

Kaolinite was more abundant at Java sites than halloysite (Table 6). 
Kaolinite appears to preferentially form under moist conditions with a 
distinct dry season (Churchman et al., 2010) in Java soils (Tables 1 and 
6). Additionally, dehydrated halloysite (0.7 nm expandable to 1.0 nm 
with formamide) was found at EJ (EJ1 and EJ3), which has a distinct dry 
season and high H4SiO4

0 activity (Tables 1, 3, and 4). The solubility di-
agram (Fig. 4a) demonstrates favorable halloysite formation in these 
soils. Though we applied the formamide test to detect halloysite, inde-
pendently quantifying halloysite versus kaolinite in soil samples is still a 
challenging task, and some tubular forms of halloysite do not expand 
with formamide (Joussein et al., 2005). The distinct drying in EJ soils 
may facilitate dehydration of 1.0 nm halloysite to the 0.7 nm form. In 
the xeric moisture regime of northern California, halloysite (1.0 nm with 
or without formamide treatment) and kaolinite (0.7 nm with form-
amide) concentrations show an inverse relationship with depth, with the 
content of halloysite increasing down the profile (Takahashi et al., 
2001). The kaolinite in the surface horizons had the same tubular 
morphology as the halloysite at depth, suggesting that hydrated hal-
loysite transforms to kaolinite upon dehydration during the summer 
period of soil profile desiccation (Takahashi et al., 2001). Halloysite 
formation under relatively high H4SiO4

0 activity may also compete with 
Si-rich allophane formation, with temperature determining the crystal-
linity of the resulting precipitate (Churchman and Lowe, 2012; Joussein 
et al., 2005). 

Halloysite and smectite formation are both favored by high H4SiO4
0 
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activity, but smectite tends to be the favored product in base-rich and 
higher pH environments. Smectite was found in the soils with lower 
leaching intensities (i.e., EJ and WJ soils, Table 6). Although the solu-
bility diagram (Fig. 4a) indicates that smectite formation is possible in 
most EJ and WJ sites, smectite was detected in only a limited number of 
soils (Table 6). The lack of smectite may result from smectite being a 
metastable phase relative to kaolin minerals (Fig. 4c), the difficulty of 
detecting trace levels of neoformed smectite (van der Gaast et al., 1986), 
and/or preferential formation of kinetically-favored SRO minerals. The 
distribution of smectite was consistent with the stability diagram fields 
(Fig. 4c), which showed that smectite is the most stable clay mineral 
under current soil solution ion activities. The presence of smectite was 
positively correlated with the dry season intensity factor (Table 5), 
indicating that high H4SiO4

0 activity and pH in soils with intense desic-
cation promote smectite formation. The seasonal desiccation of soils 
may further promote the neoformation of smectite by increasing ion 
activities (by reducing leaching and dry season evapo-concentration) 
and enhancing the crystallization of secondary minerals as a result of 
dehydration. Conversely, the persistently moist conditions at NS and SS 
(having high positive EPDQ) appear to inhibit smectite formation due to 
the higher leaching intensity reducing both pH and H4SiO4

0 activity 
(Watanabe et al., 2017). 

Vermiculite originates as a transformation product from mica, which 
occurs in felsic parent materials containing mica as a precursor primary 
mineral. The correlations of mica detection with total Si, K, and Fe (rs =

0.35, P < 0.05; rs = 0.33, P < 0.05; rs = − 0.50, P < 0.001; respectively) 
and the prevalent detection of mica in the silt fraction of all NS soils 
indicate that mica was inherited from the felsic parent material and 
serves as a precursor to vermiculite (Bailey et al., 1988). The stability 
diagram (Fig. 4b) indicates the instability of mica (muscovite) in NS 
soils. The negative correlation between vermiculite detection with the 
dry season intensity factor also suggests vermiculite formation under 
continuous leaching conditions, such as NS soils. The continuous 
leaching likely enhances soil acidification and loss of base elements 
(Rowell and Wild, 1985), which results in low pH and K+ activities in NS 
soils. Mica alteration involving K+ removal results in the formation of an 
expandable 2:1 type mineral (i.e., vermiculite) as a transitional product 
(Churchman and Lowe, 2012; Watanabe et al., 2006). 

Hydroxy-Al interlayering was common in all vermiculite specimens 
in NS soils (Table 6). Given an abundant supply of Al from primary 
mineral weathering (rapid weathering of glass-rich tephra), moderately 
acidic pH values, and the high temperature in tropical regions (MAT >
18◦C for NS sites), the formation of hydroxy-Al interlaying is promoted 
in the 2:1 layer silicates (Carstea, 1968; Ndayiragije and Delvaux, 2003). 
The deposition of hydroxy-Al polymers (gibbsite-like crystals) in inter-
layer position of 2:1 layers silicates is a common feature in moderately 
acidic (~5.0) soil environments and has been termed the anti-gibbsite 
effect (Jackson, 1963; Jackson, 1964), as it may inhibit gibbsite for-
mation as a separate phase. Hydroxy-Al interlayering of 2:1 layer sili-
cates is reported to reduce their susceptibility to alteration and increase 
their thermodynamic stability (Karathanasis, 2002). 

5. Conclusion 

Climatic factors (temperature and dry season intensity) primarily 
controlled the distribution of soil secondary minerals in combination 
with parent materials (felsic or mafic tephra) that determine contents of 
free Fe (hydr)oxides and mica. The active Al and Fe fraction was pre-
dominant at high elevations, reflecting the importance of low temper-
ature and continuous leaching in controlling the formation of organo- 
Al/Fe complexes and SRO minerals. 

The moisture status during the dry season (EPDQ) was identified as 
an important control on the Si/Al ratio of secondary minerals via 
regulation of elemental activities in soil solutions. Low H4SiO4

0 activity 
under continuous leaching (i.e., high EPDQ) resulted in a low Si/Al ratio 
of SRO aluminosilicates and the formation of gibbsite. Conversely, high 

H4SiO4
0 activity resulting from intense desiccation (low EPDQ) enhances 

the formation of SRO aluminosilicates with a high Si/Al ratio (Si-rich 
allophane) and smectite. Furthermore, the lower pH associated with 
continuously high moisture conditions promotes the formation of 
organo-Al/Fe complexes. In addition, vermiculite transformation from 
mica derived from felsic parent materials occurred in NS soils under 
conditions of low pH and K+ activity caused by a continuous leaching 
regime. 

This study elucidated the importance of temperature and dry season 
intensity as the primary controlling factors for the distribution of active 
Al and Fe (organo-metal complexes and SRO minerals) and crystalline 
minerals in volcanic parent materials of the humid tropics. Considering 
that the distribution of secondary minerals controls nutrient dynamics 
(P sorption/CEC), organic matter accumulation, porosity/water holding 
characteristics, soil tilth, etc., information regarding clay mineral dis-
tributions from this study contributes to agricultural and environmental 
management in humid volcanic regions. 
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