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A B S T R A C T

Cultivation of paddy (rice) in volcanic soils is commonly practiced in West Sumatra, Indonesia. This study aims
to provide a detailed geochemical fingerprinting of topsoils of paddy fields derived from volcanic materials in
the vicinity of mountain (Mt) Marapi, Mt. Sago, Mt. Singgalang, Mt. Tandikek and Caldera Maninjau in West
Sumatra, Indonesia as a function of different geochronology of volcanic parent materials. Seventy-nine topsoil
samples were collected along an altitudinal gradient ranging from 44 m in the Maninjau area to 1220 m above
sea level (a.s.l.) at Mt. Singgalang. In addition to conventional physical and chemical analysis, geochemical
analysis was carried out using a portable X-ray fluorescent spectrometer (XRF) and organic matter composition
was analyzed using mid-infrared Fourier transform infrared spectroscopy (FTIR). The chemical composition of
the volcanic paddy soils in this area is controlled by the origin of parent materials and weathering processes.
Soils of Mt. Sago have lower soil pH (5.46) and smaller cation exchange capacity (CEC = 16.5 cmolc kg−1)
compared to soils from the other three mountains. On the other hand, soils of Mt. Marapi have higher pH (6.05)
and larger CEC (19.8 cmolc kg−1). Linear discriminant analysis revealed that the major geochemical elements in
volcanic paddy soils can be ascribed to the different volcanic origin. The results of Mahalanobis distance
statistics clearly separated soils of Mt. Sago with the other four soils. Soils from Mt. Marapi were also dissimilar
with the other three soils, while soils from Mt. Singgalang-Tandikek and Maninjau were more related. Clear
differentiation among weathering indices was also observed. Soils of Mt. Sago again showed higher weathering
stages when evaluated using indices with immobile elements (Al2O3, Fe2O3, TiO2 and Zr). The following
sequence of the degree of weathering can be concluded: Sago > Maninjau > Marapi > Singgalang-Tandikek.
Soil analysis using FTIR revealed that labile aliphatic (CeH) compounds were the dominant organic matter
fractions in these soils with abundances between 64 and 77%. Soils with total C less than 2% tend to be
dominated by aromatic fractions, while soils greater than 2% C are dominated by the more labile aliphatic
fractions. In conclusion, although the soils have been cultivated with paddy for hundreds of years, they still
retain distinct geochemical signatures that can be revealed using a portable XRF.

1. Introduction

Volcanic soils are quite unique in terms of their physical, chemical
and morphological properties (Ugolini and Dahlgren, 2002). Soils
derived from volcanic ash are known to be fertile and are one of the
most productive soils in the world. They are also known to have a high
human carrying capacity, as evidenced by dense population in areas
near volcanoes (Small and Naumann, 2001). Mohr (1938) compared
population densities for different districts near Mount Merapi, Central
Java, and found higher population densities in areas with soils derived

from volcanic ash. Paddy cultivation in Indonesia is often found in areas
near volcanoes (Winkler et al., 2016). This is in contrast with most
paddy-growing areas in Asia, which are in lowlands with soils
originated from alluvial and colluvial deposits in Thailand
(Prakongkep et al., 2008), marine sediments in Zhejiang Province
China (Kölbl et al., 2014), sedimentary deposits in both Mekong delta
of Vietnam (Kontgis et al., 2015) and Northwest Cambodia (Nguyen
et al., 2013), on recent alluvial and deltaic sediments in the Ganges and
Meghna floodplains in Bangladesh (Martin et al., 2015), and sulfidic
materials in coastal areas of Peninsular Malaysia (Aimrun et al., 2004).
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Paddy cultivation on soils derived from volcanic parent material is
commonly found along the Barisan Mountain Ranges of Sumatra
Indonesia. These mountain ranges are a volcanic arc over a length of
about 1700 km, and the site of 11 active volcanoes (Hochstein and
Sudarman, 1993). These active volcanoes often eject solid volcanic
materials to the atmosphere which eventually descend on the Earth's
surface. The history of volcanic eruptions in Sumatra can be traced back
to the super-eruption of Toba some 74,000 years ago (Smyth et al.,
2011) and to very recent eruptions of Mt. Sinabung (Anda and
Sukarman, 2016). Both of these volcanoes are situated in North
Sumatra. The deposition of these tephra materials alters the geochem-
ical properties of the volcanic soils.

West Sumatra is strongly influenced by volcanic activity, covering
an area of about 6202 km2. In this region, there are 4 active volcanoes
(considered as type A) namely Mt. Marapi, Mt. Tandikek, Mt. Talang
and Mt. Kerinci, 3 dormant (type B) volcanoes being Mt. Sago, Mt.
Singgalang and Mt. Talamau, and then the extinct Mt. Maninjau
(referred to as Maninjau Caldera). The differences in their volcanic
activity ultimately result in differing degrees of soil weathering, soil
formation, and soil geochemical characteristics. These volcanic regions
are well-known to be fertile and are the central agricultural production
both for horticulture and grains crops. The present work focuses on
volcanic paddy soils in West Sumatra and investigated the influence of
geochronology on soil geochemical elements, weathering pattern and
organic matter composition. We hypothesized that differences exist
between nutrient potential reserve and their availability in the topsoils
of the various volcanic paddy soils.

2. Materials and methods

2.1. Regional setting, geology and soil information of studied sites

The studied sites are situated in volcanic areas in West Sumatra with
a total area about 3028 km2 covering Mt. Marapi, Tandikek, Singgalang
and Sago and Maninjau caldera. Seventy-nine volcanic paddy-soil
samples were taken from the top layer (0 to 20 cm) from various
locations spread over the central part of West Sumatra, Indonesia
(Fig. 1A). The location for this volcanic region is enclosed by the
geographic coordinates 99° 55′ 12″ to 100° 50′ 35″ E and 0° 01′ 29″ to
0° 42′ 10.15″ S. We chose soils developed from volcanic ash along an
altitudinal gradient ranging from 44 m in Maninjau area to 1220 m
above sea level (a.s.l.) in Mt. Singgalang. They were located at three
transects on slopes with west (W), east (E), south (S), north (N), south
east (SE), south west (SW), north east (NE) exposure at Mt. Marapi, Mt.
Sago and Maninjau. Mt. Singgalang and Mt. Tandikek are named as two
separate peaks but are geologically two parts of one volcano, i.e. the
north facing slope being Mt. Tandikek and the south facing slope being
Mt. Singgalang.

Volcano eruptions occurred at 52 ± 3 ka in Maninjau with an
estimated volume of 220–250 km3 of silicic or rhyolitic tephra which
covered the surrounding region (Alloway et al., 2004), with an
estimated area up to 1420 km2 (Leo et al., 1980). The silicic deposits
of Maninjau tuff were found at various locations, such as at a depth of
373 m beneath the andesitic tephra bed of Mt. Marapi in Desa
Melintang some 36 km eastward from the eruptive source, 30 km south
at a depth of 180 m below the andesitic tephra bed of Tandikek, and
15 km north with a thickness of 60 m underlying the 0.24 m of
andesitic tephra of Mt. Singgalang (Alloway et al., 2004). The last
eruption of Mt. Tandikek was in 1924 (Van Bemmelen, 1949), and Mt.
Talang in 2005 (Fiantis et al., 2011), located 95.6 km southeast of Mt.
Marapi. Mt. Marapi is still active and erupted volcanic ash on November
15, 2015 (Muslim, 2015). No record of volcanic eruption has occurred
from Mt. Sago or Mt. Singgalang since 1600 (Van Bemmelen, 1949).
Paddy cultivation in volcanic ash soils of West Sumatra extends from a
few meters above sea level to altitudes of> 1500 m at Mt. Marapi.
These topographic conditions of paddy soils, from lowland to sloping

terraces of highland areas offer a unique opportunity to study geo-
chronosequences of volcanic ash soils.

The Maninjau volcanic center shows multiple paroxysmal events. At
least three of such events took place, at 50 ka, 70 ka and 80 ka
(Nishimura, 1980). These eruptions blasted welded and unwelded
pumiceous tuff of Maninjau and the unwelded materials were blown
up to 50 km to the east, 75 km to the southeast and extending 20 km
westward to the coastline (Alloway et al., 2004). The geological map of
studied area is shown in Fig. 1B. There were three different morphol-
ogies of volcanic materials from Maninjau; (1) Quaternary pumice tuff
(Qpt) are the older deposit, white in colour, pumiceous rhyolite tuff
formed extensive exposures to 30 km west of Maninjau caldera to
coastal line and those deposited at 20 to 40 km distance to the north are
tuff of pumice flow and basalto-andesitic lithics with little mafic
constituents. The pyroclastic flow consists of glass shards with up to
80% pumice and lithic fraction. The lithics occur as flow breccia,
several meters thick, intercalated among the pumice tuff; (2) Quatern-
ary hypersthene pumice tuff (Qhpt) are the beige, semi-consolidated,
yellow- to brown-weathering pumice fragments and contain approxi-
mately 10% phenocrysts of labradorite, hornblende, augite and hy-
persthene on the southeast side of Maninjau. Localities in the east of
Maninjau are deposits overlying a darker, scoriaceous lapilli tuff of Mt.
Marapi. The same materials were also deposited on the southeast, over
a 50-km elongated depression between Maninjau and the Singgalang-
Tandikat volcano couple. The colour of the volcanic materials is white
to yellowish grey when fresh, weathering into deep rusty brown,
consisting of hornblende-hypersthene pumice tuff, with predominant
lapilli 2 to 10 cm in diameter, and (3) Quaternary Maninjau (Qmaj) is
the next oldest sequence and are pyroclastic flows with andesitic
composition found surrounding the caldera (Leo et al., 1980, Kastowo
et al., 1996).

Andesites of Mt. Marapi are regarded as relatively young volcanic
rocks since Mt. Marapi is still active. The volcanic rocks consist of
andesitic to basaltic breccia and lava boulders. The andesites of
Singgalang-Tandikek are considered intermediate in age between the
andesites of Mt. Marapi and the Maninjau caldera, and comprise
undifferentiated lava flows, lahars and tuffs (Kastowo et al., 1996).
The igneous rocks of Mt. Sago comprise andesitic to basaltic breccia,
agglomerate, scoriaceous lava fragments, lahar deposits and lava
(Silitonga and Kastowo, 1995).

The soils are classified according to Soil Survey Staff (2014) as
Hydrudands (Andisols) which occupy an area of about 120,200 ha,
Hapludands (Andisols) at about 135,700 ha, Humudepts (Inceptisols)
with an area 12,470 ha, Dystrudepts (Inceptisols) 139,000 ha and
Hapludults (Ultisols) coverage is 1647 ha. Mean annual temperature
across sites ranges from 18 to 26 °C and average annual precipitation
ranges from 2500 to 4500 mm year−1. Higher amounts of precipitation
are common on the western side of Maninjau, Mt. Singgalang-Tandikek
and Mt. Sago. The eastern slope of Mt. Marapi and Mt. Sago is drier than
the western slopes, but the eastern part of Mt. Singgalang-Tandikek has
similar precipitation as the western part of Mt. Marapi.

2.2. Soil sampling and analysis

A purposive sampling design was adopted in this study considering
the restricted budget and vast areas to be covered (up to 3202.8 km2 of
the volcanic areas of Mts. Marapi, Singgalang, Tandikek, Sago and
Maninjau). About 20% of this volcanic area is presently cultivated with
paddy on flat or plateau, undulating to sloping areas. Paddy fields on
terraces are commonly found in the hilly and mountainous volcanic
regions. At each selected site of paddy field, undisturbed and disturbed
soil samples were collected at the depth 0 to 20 cm. At all sites, samples
were taken after rice harvesting, under field-moist condition.
Undisturbed soil samples were obtained using standard ring sampler
with a known volume to determine the soil's bulk density. At each site,
five soil samples were taken in an orthogonal pattern and composited
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into one sampling unit. The samples were then brought to the
laboratory, air-dried, homogenised by grinding and sieved to a size
fraction smaller than 2 mm.

Soil pH was measured in H2O and 1 M KCl at a solution ratio of 1:5
after 30 min of equilibration. The available phosphate anion was
analysed colorimetrically using a visible-light spectrophotometer with
the Bray 1 method and the potential P or total inorganic P was analysed
by using HCl 25% extraction (Tan, 2005). The P retention was
determined with the method described by Blakemore et al. (1987).
Exchangeable cations and cation exchange capacity (CEC) were deter-

mined by 1 N NH4OAc, pH 7.0 extraction; the leachate was used to
determine the exchangeable base cations, which were measured using
the atomic absorption spectrophotometry (AAS). Percent base satura-
tion (BS) is the percentage of the CEC occupied by the basic cations.
Saturation of individual base cations was calculated by dividing the
content of individual exchangeable cation by effective CEC and then
expressed as a percentage (Anda, 2012). The total carbon (TC) and total
nitrogen (TN) content of the soil samples were determined by dry
combustion with a Vario max CNS Elemental Analyzer (Elementar
Analysensysteme GmbH, Hanau, Germany).

Fig. 1. A. Location of sampling sites in the volcanic region of West Sumatra.B. Geological map of studied area.
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Table 1
Paddy soil characteristics developed from volcanic parent materials.

A.

No Volcano Slope direction Elevation Easting Southing Sand Silt Clay
BD pH H2O

pH KCl ΔpH

% Mg m−3

1 Sago North 600 687,805 9,972,177 9 20 71 1.04 5.56 3.56 −2.00
2 Sago North 800 687,149 9,969,351 11 17 72 0.64 5.32 3.43 −1.89
3 Sago North 1022 685,909 9,967,349 14 29 57 0.58 5.39 3.76 −1.63
4 Sago North East 879 689,712 9,967,345 10 22 68 0.81 5.14 3.59 −1.55
5 Sago North East 570 692,125 9,970,601 9 16 75 0.96 5.81 4.11 −1.70
6 Sago North East 504 694,299 9,971,522 12 25 63 0.65 6.18 4.24 −1.94
7 Sago East 725 693,468 9,963,686 20 22 59 0.84 5.58 3.54 −2.04
8 Sago East 650 694,370 9,964,273 7 18 74 0.84 4.84 3.35 −1.49
9 Sago East 640 694,106 9,964,761 8 20 72 0.92 5.20 4.33 −0.87
10 Sago South East 970 690,238 9,959,686 23 14 63 1.06 5.06 3.36 −1.70
11 Sago South East 810 690,728 9,958,667 9 40 50 0.98 5.62 3.74 −1.88
12 Sago South East 628 693,522 9,957,054 8 11 82 0.85 5.24 3.26 −1.98
13 Sago South 999 686,824 9,957,708 18 30 52 0.66 6.09 4.13 −1.96
14 Sago South 952 687,453 9,957,536 17 39 44 0.61 5.23 3.75 −1.48
15 Sago South 939 687,436 9,957,439 51 28 21 0.80 5.35 3.39 −1.96
16 Sago West 745 681,744 9,967,721 10 25 65 0.90 6.10 4.46 −1.64
17 Sago West 916 682,863 9,966,321 12 18 69 0.90 5.21 3.40 −1.81
18 Sago West 610 681,062 9,969,314 11 21 68 0.86 5.55 3.73 −1.82
19 Sago North West 544 679,007 9,969,730 8 14 77 0.70 5.09 3.20 −1.89
20 Sago North West 686 680,816 9,967,614 13 13 74 0.91 5.37 3.68 −1.69
21 Sago North West 884 681,607 9,965,485 14 29 57 0.69 5.70 4.09 −1.61
22 Marapi North 898 661,237 9,968,265 39 33 28 0.95 5.90 3.83 −2.07
23 Marapi North 1067 662,529 9,965,568 16 40 44 0.89 5.51 3.81 −1.70
24 Marapi North 1219 659,505 9,962,955 27 42 31 0.66 5.95 4.01 −1.94
25 Marapi North East 978 671,944 9,961,672 22 25 53 0.56 6.13 4.18 −1.95
26 Marapi North East 1052 670,540 9,962,222 19 49 32 0.65 5.41 4.04 −1.37
27 Marapi North East 1134 668,258 9,963,832 38 34 28 0.65 6.45 4.45 −2.00
28 Marapi East 810 674,148 9,957,565 18 39 42 0.92 6.18 4.13 −2.05
29 Marapi East 1011 670,790 9,956,776 43 15 42 0.97 5.95 4.15 −1.80
30 Marapi East 595 678,634 9,956,787 10 22 68 0.78 5.38 3.32 −2.06
31 Marapi 970 667,300 9,951,403 17 31 52 0.81 5.60 3.86 −1.74
32 Marapi South East 725 668,764 9,948,453 16 37 47 1.05 6.75 3.65 −3.10
33 Marapi South East 575 673,062 9,947,028 14 32 54 1.05 6.83 4.76 −2.07
34 Marapi South 685 660,216 9,947,015 28 56 16 0.89 6.07 4.35 −1.72
35 Marapi South 1020 661,612 9,950,829 46 38 16 0.90 6.08 4.52 −1.56
36 Marapi South 805 658,130 9,953,412 47 32 21 0.66 5.55 4.38 −1.17
37 Marapi South West 1188 655,859 9,952,590 47 40 13 0.85 6.57 4.99 −1.58
38 Marapi South West 1000 655,859 9,952,590 34 53 13 0.84 6.10 4.38 −1.72
39 Marapi South West 848 656,579 9,949,834 37 53 10 0.70 5.94 4.51 −1.43
40 Marapi West 1015 654,829 9,954,126 35 44 22 0.75 6.25 4.65 −1.60
41 Marapi West 1051 655,645 9,954,605 44 33 23 0.91 6.75 4.76 −1.99
42 Marapi West 1142 656,282 9,955,661 54 33 13 1.15 6.45 4.59 −1.86
43 Marapi North West 1149 656,713 9,959,506 37 37 26 0.85 6.13 4.39 −1.74
44 Marapi North West 1120 655,519 9,958,785 59 29 12 0.62 5.39 4.26 −1.13
45 Marapi North West 1097 655,609 9,959,767 46 37 17 1.12 5.86 4.05 −1.81
46 Singgalang-Tandikek North East 1062 653,711 9,960,099 36 26 38 0.82 6.00 4.09 −1.91
47 Singgalang-Tandikek North East 1106 653,435 9,959,801 26 40 35 0.55 6.13 4.32 −1.81
48 Singgalang-Tandikek North East 1043 654,252 9,960,280 32 46 22 0.82 6.05 4.59 −1.46
49 Singgalang-Tandikek East 1061 653,571 9,957,569 35 40 25 0.74 5.89 3.91 −1.98
50 Singgalang-Tandikek East 1009 652,649 9,953,374 28 48 24 0.75 5.69 4.10 −1.59
51 Singgalang-Tandikek East 983 655,065 9,952,390 25 43 31 0.82 6.09 4.13 −1.96
52 Singgalang-Tandikek South East 1076 655,065 9,953,508 38 39 23 0.98 5.75 3.72 −2.03
53 Singgalang-Tandikek South East 973 654,323 9,951,730 40 47 13 0.81 6.34 4.69 −1.65
54 Singgalang-Tandikek South East 886 655,071 9,950,689 27 46 28 0.80 5.98 4.23 −1.75
55 Singgalang-Tandikek North 1220 647,969 9,961,900 41 27 31 1.01 5.91 3.71 −2.20
56 Singgalang-Tandikek North 1102 647,735 9,962,981 39 8 53 0.71 5.28 3.45 −1.83
57 Singgalang-Tandikek North 958 647,842 9,966,164 20 38 42 1.07 6.75 4.63 −2.12
58 Singgalang-Tandikek West 785 641,082 9,955,296 22 56 23 0.45 5.70 4.33 −1.37
59 Singgalang-Tandikek West 663 638,860 9,953,376 50 21 28 0.45 5.71 4.24 −1.47
60 Singgalang-Tandikek West 552 637,373 9,951,408 54 31 16 0.46 5.36 4.24 −1.12
61 Maninjau North 661 636,078 9,980,530 19 39 43 0.54 5.77 3.04 −2.73
62 Maninjau North 531 634,624 9,982,320 22 33 45 0.86 5.95 3.65 −2.30
63 Maninjau North East 1028 640,937 9,972,011 20 41 39 0.58 5.64 3.54 −2.10
64 Maninjau North East 1043 642,068 9,968,617 36 34 30 0.73 5.89 3.77 −2.12
65 Maninjau North West 730 622,752 9,977,749 20 46 34 0.58 5.06 3.12 −1.94
66 Maninjau North West 490 620,536 9,978,633 24 51 25 0.96 5.21 3.40 −1.81
67 Maninjau North West 400 618,984 9,978,633 24 37 39 0.97 5.98 3.71 −2.27
68 Maninjau South West 430 622,616 9,978,978 32 33 35 nd 6.35 4.58 −1.77
69 Maninjau South West 457 625,238 9,954,827 56 8 35 0.96 5.75 4.30 −1.45
70 Maninjau East 987 643,260 9,955,548 40 36 24 nd 5.35 3.62 −1.73

(continued on next page)
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Table 1 (continued)

A.

No Volcano Slope direction Elevation Easting Southing Sand Silt Clay
BD pH H2O

pH KCl ΔpH

% Mg m−3

71 Maninjau East 479 634,908 9,971,130 42 32 26 nd 5.24 3.30 −1.94
72 Maninjau West 173 628,690 9,964,553 26 36 37 0.71 6.02 4.18 −1.84
73 Maninjau West 44 609,795 9,964,407 40 50 10 0.48 5.88 4.39 −1.49
74 Singgalang-Tandikek South 153 647,904 9,940,230 41 45 14 0.50 6.09 4.66 −1.43
75 Singgalang-Tandikek South 122 645,433 9,938,296 32 38 30 0.68 5.33 3.32 −2.01
76 Singgalang-Tandikek South 299 648,037 9,943,274 55 34 11 0.43 5.37 4.48 −0.89
77 Singgalang-Tandikek South West 262 640,080 9,945,978 43 43 14 0.30 5.38 4.28 −1.10
78 Singgalang-Tandikek South West 145 637,488 9,942,434 28 57 15 0.71 5.74 4.18 −1.56
79 Singgalang-Tandikek South West 199 638,998 9,944,848 53 34 13 0.68 5.81 4.58 −1.23

No Volcano Org C N C/N Avai. P P-Pot P Ret. CEC Exc. Ca Exc. Mg Exc. K Exc. Na BS
% mg kg−1 mg k-

g−1
(cmol kg−1) %

1 Sago 3.94 0.29 13.59 5.51 93.90 92 16.04 4.19 2.96 0.77 1.38 58
2 Sago 3.06 0.28 10.94 6.85 98.72 93 12.57 4.45 2.60 0.64 1.15 70
3 Sago 5.27 0.50 10.55 12.77 77.58 98 19.51 3.48 2.50 0.62 1.08 39
4 Sago 4.64 0.28 16.57 5.38 104.30 96 22.11 4.29 2.20 0.84 0.87 37
5 Sago 3.49 0.29 12.03 0.09 57.32 90 10.84 4.55 2.11 0.93 1.27 82
6 Sago 3.34 0.29 11.53 3.18 49.97 88 17.34 4.77 2.70 0.65 1.17 54
7 Sago 4.24 0.15 28.28 3.34 109.73 93 15.18 4.65 2.90 0.72 1.19 62
8 Sago 4.00 0.33 12.12 6.95 116.43 92 14.31 5.87 2.27 0.55 1.36 70
9 Sago 3.45 0.29 11.91 4.47 103.83 92 14.74 5.16 2.50 0.63 0.87 62
10 Sago 3.15 0.31 10.16 6.20 138.75 95 16.91 4.97 1.91 0.70 0.76 49
11 Sago 4.12 0.22 18.73 1.30 98.82 94 13.44 5.32 2.76 0.64 0.81 71
12 Sago 4.14 0.35 11.84 13.61 117.49 93 15.61 5.45 2.27 0.98 1.12 63
13 Sago 7.01 0.52 13.49 10.17 125.51 99 20.38 6.23 2.11 0.73 1.04 50
14 Sago 5.39 0.35 15.40 21.11 102.28 97 18.21 5.77 2.50 0.62 0.87 54
15 Sago 3.48 0.23 15.14 18.25 97.48 94 13.88 5.68 2.20 0.52 1.31 70
16 Sago 2.99 0.26 11.48 4.26 49.92 99 19.08 5.55 2.44 0.61 1.12 51
17 Sago 4.47 0.35 12.77 9.63 106.88 94 15.61 6.23 2.34 0.58 0.59 62
18 Sago 4.81 0.39 12.33 2.80 117.97 98 18.21 5.23 3.03 0.66 0.85 54
19 Sago 3.68 0.35 10.51 5.13 84.05 93 15.18 4.87 2.53 0.51 1.04 59
20 Sago 3.40 0.35 9.70 26.76 144.57 93 16.48 4.16 2.44 0.72 1.15 51
21 Sago 5.69 0.45 12.65 1.16 156.07 99 21.25 4.52 2.86 0.67 1.02 43
22 Marapi 2.73 0.20 13.67 2.81 44.53 90 15.61 4.32 1.97 0.74 1.25 53
23 Marapi 3.30 0.31 10.65 0.09 81.04 100 22.11 4.03 2.24 0.68 0.89 35
24 Marapi 3.69 0.32 11.54 1.78 47.80 96 18.21 3.74 2.04 0.65 1.06 41
25 Marapi 4.33 0.31 13.96 5.52 76.86 99 19.51 4.48 2.27 0.70 0.93 43
26 Marapi 5.50 0.50 11.00 9.10 136.80 100 19.51 4.87 2.63 0.84 1.25 49
27 Marapi 3.33 0.36 9.24 1.93 95.25 99 20.38 4.00 2.53 0.89 1.19 42
28 Marapi 3.33 0.32 10.41 3.60 48.75 94 16.48 4.36 2.83 0.62 0.98 53
29 Marapi 3.55 0.28 12.67 1.43 107.67 98 18.64 4.07 2.60 0.68 1.06 45
30 Marapi 3.16 0.31 10.19 3.12 62.08 94 22.11 4.65 2.27 0.72 1.36 41
31 Marapi 2.82 0.36 7.83 1.62 75.97 96 22.11 5.00 2.11 0.88 1.06 41
32 Marapi 2.66 0.26 10.23 0.81 38.81 90 21.25 5.19 2.50 1.00 1.21 47
33 Marapi 1.21 0.15 8.06 2.50 40.83 90 21.68 4.81 2.90 0.86 1.02 44
34 Marapi 3.09 0.25 12.37 9.52 78.97 92 21.68 5.52 2.24 0.73 0.89 43
35 Marapi 4.66 0.38 12.27 1.02 79.73 99 18.21 5.84 2.50 0.81 1.25 57
36 Marapi 3.27 0.73 4.48 12.08 73.10 92 18.64 6.10 2.20 0.83 1.17 55
37 Marapi 3.42 0.32 10.70 0.23 70.66 100 16.04 5.42 2.34 0.93 1.04 61
38 Marapi 4.35 0.38 11.44 12.78 205.51 97 24.28 5.23 2.53 1.00 0.91 40
39 Marapi 3.54 0.46 7.70 9.49 246.20 99 23.85 6.10 2.30 0.66 0.81 41
40 Marapi 3.11 0.23 13.53 31.66 141.10 93 21.25 5.42 2.44 0.94 0.98 46
41 Marapi 1.94 0.19 10.20 10.84 44.61 90 21.25 5.32 2.83 0.96 1.12 48
42 Marapi 1.64 0.22 7.43 99.07 229.60 91 17.78 5.19 2.90 0.87 1.00 56
43 Marapi 3.21 0.31 10.35 3.88 139.73 98 21.68 4.81 2.57 0.72 0.95 42
44 Marapi 2.64 0.25 10.58 15.80 38.50 91 14.31 4.13 2.50 0.83 1.06 60
45 Marapi 2.54 0.25 10.16 68.43 283.17 93 18.21 3.94 2.86 0.89 1.12 48
46 Singgalang-Tandikek 5.21 0.26 20.04 3.50 89.73 98 26.02 4.81 2.93 0.93 1.21 38
47 Singgalang-Tandikek 2.85 0.26 10.95 7.08 85.72 95 22.55 5.19 2.01 0.82 1.23 41
48 Singgalang-Tandikek 3.60 0.23 15.66 2.07 107.32 97 19.51 4.65 2.11 0.91 0.87 44
49 Singgalang-Tandikek 3.17 0.31 10.23 12.92 147.87 96 18.64 5.58 2.50 1.00 1.08 55
50 Singgalang-Tandikek 3.41 0.33 10.33 2.94 85.08 95 18.64 5.74 1.91 1.04 1.27 53
51 Singgalang-Tandikek 3.59 0.36 9.98 21.20 175.72 96 21.68 5.52 1.84 1.11 1.34 45
52 Singgalang-Tandikek 3.41 0.32 10.67 62.70 291.28 97 16.91 6.13 2.34 1.17 1.23 64
53 Singgalang-Tandikek 4.23 0.47 9.00 9.43 302.99 99 21.25 5.77 2.27 0.99 0.87 47
54 Singgalang-Tandikek 3.51 0.36 9.76 11.90 242.84 98 20.38 4.52 2.20 1.05 0.98 43
55 Singgalang-Tandikek 3.36 0.25 13.43 7.90 156.87 96 19.08 3.94 2.44 0.98 1.02 44
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Table 1 (continued)

No Volcano Org C N C/N Avai. P P-Pot P Ret. CEC Exc. Ca Exc. Mg Exc. K Exc. Na BS
% mg kg−1 mg k-

g−1
(cmol kg−1) %

56 Singgalang-Tandikek 2.37 0.25 9.49 10.84 102.29 95 16.91 4.32 2.70 1.04 0.74 52
57 Singgalang-Tandikek 2.35 0.23 10.22 0.67 81.66 95 21.25 3.87 2.86 0.98 0.85 40
58 Singgalang-Tandikek 6.50 0.38 17.10 2.14 71.97 97 16.91 5.23 2.27 1.02 0.61 54
59 Singgalang-Tandikek 7.30 0.51 14.31 1.47 108.81 99 15.18 4.81 2.57 1.16 1.25 64
60 Singgalang-Tandikek 6.83 0.41 16.66 14.16 82.33 92 12.57 5.77 2.34 1.04 1.10 82
61 Maninjau 3.08 0.39 7.90 2.35 43.51 90 14.74 5.19 2.90 0.77 1.17 68
62 Maninjau 1.56 0.25 6.22 0.58 26.14 90 13.44 4.77 2.27 0.70 1.25 67
63 Maninjau 3.70 0.31 11.95 11.72 138.19 97 23.41 4.48 1.65 0.65 1.06 33
64 Maninjau 3.87 0.35 11.06 4.57 124.53 97 19.08 4.32 2.01 0.84 0.93 42
65 Maninjau 4.07 0.28 14.54 7.42 50.05 90 15.61 5.58 2.50 0.93 0.98 64
66 Maninjau 3.70 0.25 14.80 6.58 70.07 92 13.01 5.42 1.94 0.88 1.02 71
67 Maninjau 1.93 0.15 12.86 1.06 37.24 91 17.34 5.10 2.17 0.73 1.08 52
68 Maninjau 3.21 0.44 7.29 0.87 122.41 100 22.11 4.65 2.40 0.65 1.15 40
69 Maninjau 3.68 0.22 16.71 0.46 84.13 97 19.08 3.74 2.67 0.76 0.89 42
70 Maninjau 2.08 0.25 8.34 36.52 68.55 88 14.31 4.32 2.27 0.83 1.27 61
71 Maninjau 3.55 0.26 13.66 17.14 33.06 87 16.91 5.52 2.86 0.79 1.06 60
72 Maninjau 4.67 0.36 12.96 14.33 135.35 95 19.51 4.81 2.57 0.73 1.17 48
73 Maninjau 7.66 0.36 21.29 0.71 126.12 99 23.41 4.26 2.17 0.62 1.08 35
74 Singgalang-Tandikek 7.66 0.52 14.73 0.66 131.66 100 16.04 4.61 1.91 0.65 0.95 51
75 Singgalang-Tandikek 3.24 0.22 14.71 6.74 19.62 90 13.88 4.23 2.27 0.70 1.27 61
76 Singgalang-Tandikek 7.61 0.42 18.12 21.01 123.69 99 14.74 3.84 2.20 0.59 1.34 54
77 Singgalang-Tandikek 12.68 0.83 15.28 30.32 185.40 99 21.25 4.84 1.97 0.764-

103
1.08 41

78 Singgalang-Tandikek 4.19 0.38 11.04 6.59 81.92 96 21.68 5.29 2.86 0.963-
077

0.93 46

79 Singgalang-Tandikek 7.03 0.54 13.01 3.97 125.50 97 19.08 4.58 2.60 0.826-
667

1.04 47

No Volcano Sio Alo Feo Al-
o + 1/

2Feo

(%)

1 Sago 0.60 1.29 0.49 2.10
2 Sago 0.64 0.94 0.53 1.83
3 Sago 0.57 1.22 0.61 2.24
4 Sago 0.57 1.22 0.74 2.46
5 Sago 0.43 1.47 0.65 2.55
6 Sago 0.48 1.26 1.20 3.26
7 Sago 0.48 1.36 0.80 2.69
8 Sago 0.56 1.08 0.93 2.64
9 Sago 0.61 0.92 1.09 2.74
10 Sago 0.53 1.02 0.56 1.96
11 Sago 0.48 1.28 0.79 2.61
12 Sago 0.52 1.37 0.90 2.86
13 Sago 0.57 1.30 0.75 2.55
14 Sago 0.49 0.94 0.81 2.29
15 Sago 0.40 1.15 0.59 2.13
16 Sago 0.63 1.14 0.81 2.49
17 Sago 0.59 1.25 0.98 2.89
18 Sago 0.49 1.54 0.83 2.92
19 Sago 0.52 1.73 0.78 3.04
20 Sago 0.54 1.32 0.75 2.57
21 Sago 0.51 1.00 0.85 2.42
22 Marapi 0.58 0.86 0.86 2.29
23 Marapi 0.47 1.18 0.80 2.51
24 Marapi 0.47 1.25 0.98 2.87
25 Marapi 0.52 1.51 0.92 3.04
26 Marapi 0.58 1.77 1.01 3.46
27 Marapi 0.59 2.36 1.24 4.43
28 Marapi 0.48 1.31 0.92 2.84
29 Marapi 0.27 1.48 1.10 3.32
30 Marapi 0.39 1.51 0.87 2.96
31 Marapi 0.22 1.78 1.10 3.61
32 Marapi 0.53 0.81 0.82 2.17
33 Marapi 0.37 0.99 0.72 2.19
34 Marapi 0.45 1.24 0.88 2.70
35 Marapi 0.55 1.54 1.00 3.21
36 Marapi 0.60 1.37 1.07 3.15
37 Marapi 0.51 2.00 0.75 3.24
38 Marapi 0.25 2.04 0.60 3.04
39 Marapi 0.31 2.46 0.71 3.65

(continued on next page)
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Table 1 (continued)

No Volcano Sio Alo Feo Al-
o + 1/

2Feo

(%)

40 Marapi 0.58 1.95 0.83 3.33
41 Marapi 0.57 1.95 0.67 3.06
42 Marapi 0.50 1.30 0.76 2.56
43 Marapi 0.59 2.08 0.67 3.19
44 Marapi 0.58 2.24 0.79 3.56
45 Marapi 0.62 1.19 0.79 2.51
46 Singgalang-Tandikek 0.28 1.30 0.79 2.61
47 Singgalang-Tandikek 0.42 0.75 0.63 1.80
48 Singgalang-Tandikek 0.50 0.93 0.58 1.90
49 Singgalang-Tandikek 0.30 0.97 0.66 2.08
50 Singgalang-Tandikek 0.26 1.48 0.46 2.24
51 Singgalang-Tandikek 0.59 2.11 0.67 3.22
52 Singgalang-Tandikek 0.30 2.11 0.64 3.17
53 Singgalang-Tandikek 0.34 1.43 0.76 2.69
54 Singgalang-Tandikek 0.29 1.66 0.69 2.82
55 Singgalang-Tandikek 0.52 2.46 0.61 3.49
56 Singgalang-Tandikek 0.53 1.73 0.76 2.99
57 Singgalang-Tandikek 0.63 1.56 0.91 3.08
58 Singgalang-Tandikek 0.68 1.38 1.08 3.18
59 Singgalang-Tandikek 0.54 1.38 0.96 2.99
60 Singgalang-Tandikek 0.25 2.14 0.79 3.45
61 Maninjau 0.24 2.08 1.30 4.25
62 Maninjau 0.18 1.94 1.06 3.70
63 Maninjau 1.17 2.11 1.05 3.86
64 Maninjau 0.71 1.54 0.80 2.87
65 Maninjau 0.44 1.71 0.79 3.04
66 Maninjau 0.48 1.91 0.87 3.35
67 Maninjau 0.43 1.29 1.00 2.97
68 Maninjau 0.44 1.69 1.07 3.47
69 Maninjau 0.47 0.95 0.91 2.46
70 Maninjau 0.26 0.96 0.53 1.83
71 Maninjau 0.29 1.03 0.57 1.99
72 Maninjau 0.28 1.65 0.58 2.62
73 Maninjau 0.31 1.90 0.49 2.72
74 Singgalang-Tandikek 0.34 1.46 0.55 2.37
75 Singgalang-Tandikek 0.29 2.06 0.64 3.13
76 Singgalang-Tandikek 0.33 2.80 0.81 4.16
77 Singgalang-Tandikek 0.28 2.99 0.99 4.63
78 Singgalang-Tandikek 0.29 1.79 0.59 2.77
79 Singgalang-Tandikek 0.27 1.63 0.77 2.92

B.

Variables Units Mean values ± Std Dev

Maninjau
(n = 13)

Singgalang-
Tandikek
(n = 21)

Marapi
(n = 24)

Sago
(n = 21)

pH H2O 5.70 ± 0.38 bc 5.83 ± 0.37 ab 6.05 ± 0.55 a 5.46 ± 0.36 c
pH KCl 3.74 ± 0.49 b 4.18 ± 0.39 a 4.25 ± 0.39 a 3.72 ± 0.37 b
Bulk density Mg m−3 0.74 ± 0.19 ab 0.69 ± 0.21 ab 0.84 ± 0.16 a 0.82 ± 0.37 a
P retention % 93.62 ± 3.23 b 96.68 ± 4.30 a 95.32 ± 3.65 ab 94.66 ± 3.22 ab
Available P % 8.02 ± 10.25 a 11.44 ± 14.0-

7
a 17.34 ± 13.-

13
a 8.13 ± 7.27 a

Potential P (HCl
25%)

mg kg−1 81.45 ± b 133.35 ± 42.-
56

a 103.64 ± 72-
.28

ab 102.46 ± 70.-
75

ab

Exch. Ca cmolc kg−1 4.78 ± 0.56 a 4.92 ± 0.68 a 4.86 ± 0.69 a 5.02 ± 0.73 a
Exch. Mg cmolc kg−1 2.34 ± 0.36 a 2.34 ± 0.33 a 2.46 ± 0.27 a 2.48 ± 0.31 a
Exch. K cmolc kg−1 0.76 ± 0.09 bc 0.94 ± 0.16 a 0.81 ± 0.12 b 0.68 ± 0.12 c
Exch. Na cmolc kg−1 1.09 ± 0.12 a 1.065 ± 0.20 a 1.06 ± 0.14 a 1.05 ± 0.21 a
Sum of cations cmolc kg−1 8.96 ± 0.79 a 9.25 ± 0.81 a 9.19 ± 0.79 a 9.23 ± 0.65 a
CEC cmolc kg−1 17.84 ± 3.62 ab 18.77 ± 3.28 a 19.78 ± 2.61 a 16.52 ± 2.90 b
Base saturation % 52 ± 13.31 ab 51 ± 10.42 b 47 ± 6.91 b 57 ± 11.34 a
Ca saturation % 53.29 ± 4.02 a 52.98 ± 4.02 a 52.65 ± 5.13 a 54.18 ± 3.21 a
Mg saturation % 26.05 ± 3.03 a 25.39 ± 3.57 a 26.89 ± 3.79 a 27.00 ± 3.23 a
K saturation % 8.50 ± 1.01 b 10.13 ± 0.99 a 8.81 ± 1.37 b 7.42 ± 1.49 c
Total C % 2.99 ± 1.05 ab 3.34 ± 1.35 a 2.42 ± 0.69 b 3.12 ± 0.90 ab
Total N % 0.30 ± 0.11 a 0.36 ± 0.16 a 0.32 ± 0.24 a 0.34 ± 0.18 a
C/N 9.98 ± 0.72 ab 9.31 ± 0.62 ab 8.89 ± 2.24 b 9.74 ± 1.30 a
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Soil mid-infrared spectra were acquired using a Bruker Tensor 37
DRIFTS spectrometer (Bruker Optics, Ettlingen, Germany) fitted with
an HTS-XT microplate/detector module. Soil subsamples were firmly
packed into the microplate wells and uniformly levelled where one of
the wells was designated for the KBr reference. The infrared beam was
produced from a Globar source and the beam-splitter was a KBr crystal.
The mercury-cadmium-telluride (MCT) detector built into the HTS-XT
module was liquid-N2 cooled. Spectra were recorded in the range
4000–600 cm−1 with a sampling resolution of 4 cm−1 and collecting
60 scans per spectrum (averaged) using the Bruker OPUS 6.5 software
(Bruker Optics, Ettlingen, Germany). Spectral analysis was performed
using spectroscopy package with R-Studio (Campbell et al., 2016).

Elemental concentration of volcanic paddy-soil samples was deter-
mined using an XL3T 955 portable X-ray fluorescence (Thermo Fisher
Scientific, Tewksbury, Ma 01876 USA) for a total period of 120 s with 3
replications in each sample. The XRF was used in the laboratory in a
bench-top accessory stand (with the nose pointing upwards) and was
connected to a computer via USB. The XRF was used in the mining
mode of the standard factory calibration. For the integrity of measure-
ment, we monitored the precision of the XRF via standard certified
reference materials prior to analysing the soil materials and after every
15 samples. The specific standard reference materials used were:
National Institute of Standards and Technology (NIST) 2709a – San
Joaquin Soil, USGS geochemical reference material 180-673 USGS SAR-
M, and Blank SiO2 (99.995%) reference material (180-647). We did not
note any instrument drift throughout the measurement procedure.
Samples were placed in a series of plastic containers, with a circular
polypropylene ® X-Ray film (TF-240-2510), 63.5 mm in diameter and
4 μm (0.16 mil) thickness. The lower orifice of the container was
covered with the polypropylene film and, with the help of two rings
of the same material, a taut wrinkle-free sample support window was
created. The container was then filled with soil materials through the
upper orifice, gently pressed to obtain a compact sample, and closed
with a lid.

2.3. Chemical weathering indices

Weathering indices were calculated from elemental concentrations.
Several indices are used in this study:

1. Ruxton weathering index: R = SiO2/Al2O3 as proposed by Ruxton
(1968) that relates silica loss to total element loss of alumina, as
alumina is considered to be immobile during weathering. The scale
ranges from 0 to 10, with 0 as fully weathered and 10 for fresh
materials (Fiantis et al., 2010).

2. Desilication index (DI) = SiO2/(Fe2O3 + Al2O3 + TiO2), is a molar
ratio of mobile silica to three resistant or less mobile oxides of Fe, Al
and Ti. Weathering of silicate minerals and downward leaching of
the silica and bases results in enrichment of less mobile elements Al,
Fe and Ti (Singh et al., 1998; Stockmann et al., 2016). Small values
of Ruxton, and DI indicated high weathering, while large values
indicate least weathering.

3. Ba/Sr leaching = Ba/Sr, both Ba and Sr are an earth-alkali elements
with different leaching behaviour, Sr is more soluble than Ba. This
index was introduced by Nesbitt et al. (1980), best suited to
carbonate free material (Buggle et al., 2011) and useful to detect
the weathering processes in silicate minerals such as plagioclase,
pyroxene, amphibole and biotite (Nesbitt et al., 1980). Large values
indicate intense leaching.

4. Bases loss = Al2O3/(CaO + MgO+ K2O), utilises the differences in
soil chemical composition of the immobile element of alumina over
three mobile elements. It was slightly modified from the formula
used by Kronberg and Nesbitt (1981). This formula indicates the
enrichment of alumina and the loss of mobile elements during
weathering process, with large values indicating a high base loss.

5. Elemental ratio of elements resistant to weathering = Ti/Zr, both Ti

and Zr are considered as immobile or resistant elements (Stockmann
et al., 2016)

6. Calcium to titanium ratio (CTR) = CaO/TiO2, this index uses a ratio
of a mobile element of CaO to the immobile element of TiO2 (Bétard,
2012).

2.4. Geochemical data analysis

Discriminant analysis was applied in this study to explain the
variance structure of the geochemical properties of volcanic paddy
soils. The measured variables were analysed in the JMP Pro 11
software. Linear discriminant analysis is a multivariate analysis tool
that finds combinations of sets of geochemical variables that best
separate the parent materials. Discriminant analysis has been used in
soils of North America (Drew et al., 2010), European volcanic soil
studies (Martínez-Cortizas et al., 2007), Azores archipelago (Parelho
et al., 2014), paddy soils originating from USA and Asia (Rinklebe et al.,
2016). It is also used to correlate between the ages and chemical
composition of volcanic ashes in Western USA (Ward et al., 1993).
Linear discriminant analysis derived canonical variables, which are
linear combinations of the geochemical variables that summarise
between-class variation, similar to principal component analysis. The
first canonical variate has the highest possible multiple correlations
with the groups. Details of discriminant analysis in soil survey and
classification can be found in Webster (1977).

2.5. FTIR data analysis

Demyan et al. (2012) proposed the use of specific absorbance peaks
of mid-infrared spectra to characterize soil organic matter and related
functional groups. They further established four distinct peaks in the
mid-infrared region and hypothesized the stability of each organic
functional group, i.e. (1) peak at 2930 cm−1 is the integration limited
by spectral bands 3010–2800 cm−1 associated with vibrations of
aliphatic CeH stretching and considered as labile carbon fraction; (2)
peak at 1620 cm−1 is the integration limited by spectral bands
1660–1580 cm−1 from aromatic compound with C]C and/or eCOO−

stretching assumed as carbon with intermediate stability; (3) peak at
1530 cm−1 is the integration limited by spectral region
1546–1520 cm−1 of other aromatic C]C stretching bands with inter-
mediate stability; (4) peak at 1159 cm−1 is the integration limit from
spectral CeO bonds of poly-alcoholic and ether groups with unknown
stability status. For each of the peaks, a numerical integration was
calculated from its upper and lower boundaries with a local baseline to
obtain the peak area. Following Demyan et al. (2012), the relative
abundance for each of the carbon (functional) groups was expressed as
the ratio of the area of each peak over the sum of the four peak areas.

3. Results and discussion

3.1. General soil properties

As can be seen in Table 1A and B, the paddy soils studied here
presented some differences in chemical parameters depending on their
parent materials. Although paddy soils' solution reaction became
neutral under water saturation, the soil pH tends to decrease when
the paddy fields are drained prior to harvest. Overall the soils were
characterised by strongly acidic to neutral pH (in H2O) ranging from
4.84 to 6.82 and soil pH (in KCl) ranging from 3.04 to 4.99, with paddy
soils of Mt. Marapi having higher pH values than those of Mt.
Singgalang-Tandikek, Maninjau, and Sago. The pH-KCl values were
consistently less than those measured in H2O, with ΔpH values range
from −0.89 to −3 indicating soils with overall negative surface
charge.

The average values of soil bulk density met the criteria for andic soil
properties (< 0.90 Mg m−3) with higher values found in Mt. Marapi
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compared to Sago, Maninjau, and Singgalang-Tandikek. From this
result, it can be assumed that there is no effect of paddy cultivation,
which involves artificial submergence and drainage, ploughing and
puddling, to the soils' bulk density. Thus, volcanic paddy soils from
West Sumatra still retain low bulk density, which reflects the porous
structure, easy root penetration, and high drainage, and high water
holding capacity.

These soils have a relatively high total C content (2 to 6.5%), with
the highest total carbon, total nitrogen, C/N ratio and sum of base
cations observed in soils of Mt. Singgalang-Tandikek, followed by soils
of Mt. Sago, Maninjau, and Marapi. The total nitrogen values in the

studied soils were similar and rated as high (Hazelton and Murphy,
2007). The C/N ratio values ranged from 3.1 to 14.68, with increasing
trend in the order of Marapi, Sago, Singgalang-Tandikek and Maninjau.
Overall, the mean values of C/N ratio in all samples were< 10
indicating an optimum rate of organic matter decomposition in the
studied soils. Comparable C/N values were previously reported for non-
paddy volcanic soils along the southern slope of Marapi (Fiantis, 2000).
In that study, it was showed that the soil's C/N ratio is relatively stable
after 20 years of anthropogenic disturbance via paddy cultivation.

The available P in all soils is considered low to moderate; the
highest value found in Mt. Marapi and shows a decreasing trend in Mt.

Fig. 2. Visualization of the entire cation saturation using scatter plot matrix and their statistical data.

Table 2
Elemental oxides composition and weathering indices.

Variables Units Mean values ± Std Dev

Maninjau Singgalang-Tandikek Marapi Sago

SiO2 % 31.41 ± 4.93 bc 34.27 ± 6.59 b 38.78 ± 6.71 a 29.04 ± 4.14 c
Al2O3 % 12.20 ± 2.44 b 9.73 ± 2.69 c 12.58 ± 2.73 b 15.62 ± 0.74 a
CaO % 0.67 ± 0.36 b 1.34 ± 0.37 a 1.55 ± 0.71 a 0.29 ± 0.18 c
MgO % 0.51 ± 0.22 a 0.44 ± 0.21 ab 0.50 ± 0.29 a 0.34 ± 0.21 b
K2O % 0.40 ± 0.28 b 0.59 ± 0.15 a 0.57 ± 0.19 a 0.20 ± 0.12 c
SO3 % 0.62 ± 0.13 c 0.98 ± 0.21 a 0.77 ± 0.27 b 0.35 ± 0.12 d
P2O5 mg kg−1 2318 ± 1391 b 3773 ± 1893 a 4515 ± 2656 a 2568 ± 787 b
Fe2O3 % 7.31 ± 2.17 b 5.27 ± 1.76 c 7.31 ± 2.36 b 9.04 ± 2.15 a
Zr mg kg−1 210.53 ± 36.94 b 172.38 ± 37.64 c 213.55 ± 34.77 b 302.63 ± 22.54 a
Sr mg kg−1 69.1 ± 52.32 c 131.62 ± 35.90 b 164.95 ± 61.34 a 45.94 ± 33.43 c
Ti mg kg−1 4451 ± 951 c 3650 ± 970 d 5270 ± 1222 b 6162 ± 528 a
Ba mg kg−1 213.06 ± 94.01 b 195.93 ± 82.56 b 244.25 ± 87.81 b 332.38 ± 72.79 a
Ti/Zr Mean 21.33 ± 4.29 b 21.06 ± 2.88 b 24.51 ± 2.75 a 20.46 ± 2.24 b
SiO2/Al2O3 Mean 2.70 ± 0.83 c 3.67 ± 0.68 a 3.23 ± 0.97 b 1.87 ± 0.31 d
Desilication Mean 1.67 ± 0.64 b 2.30 ± 0.49 a 1.99 ± 0.68 ab 1.151 ± 0.25 c
Ba/Sr leaching Mean 4.50 ± 3.81 b 1.47 ± 0.80 c 1.80 ± 1.17 c 9.36 ± 4.34 a
Base loss Mean 9.42 ± 5.44 b 4.24 ± 1.34 b 6.04 ± 3.94 b 23.91 ± 13.88 a
Sesquioxide ratio Mean 1.733 ± 0.665 b 2.391 ± 0.511 a 2.075 ± 0.711 ab 1.200 ± 0.257 c
CaO/TiO2 Mean 0.0987 ± 0.066 b 0.2363 ± 0018 a 0.1993 ± 0.0169 a 0.0292 ± 0.019 c
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Singgalang-Tandikek, Maninjau, and Sago, respectively. It is common
to find low available P in volcanic soils as these soils are well known to
have a high capacity to retain phosphate. The P retention was found
between 88 and 99% and all of the values met the andic soil properties
requirement ≥85%. A previous study in 1996 showed that available P
was also low for non-paddy volcanic soils along southern toposequence
of Mt. Marapi and it decreased as P retention and sorption increased
(Fiantis, 2000), suggested that there is no change after 20 years of
cultivation.

The CEC values of the studied soils were rated as low to moderate
(10.84 to 26.02 cmolc kg−1) with an average value of
18.56 cmolc kg−1. The lowest values were found in paddy soils of Mt.
Sago (average 16.5 cmolc kg−1) which are significantly lower than
those of Maninjau and Mt. Singgalang-Tandikek, while CEC of soils
from Mt. Marapi is the highest (average 19.8 cmolc kg−1). The present
CEC data of soils of Mt. Marapi were less than those reported by Fiantis
et al. (2002) for arable volcanic soils on the southern slope of Mt.
Marapi. These lower values were presumably due to intensive cultiva-
tion of soils compared to uncultivated samples of the same soil types.
Comparable results were published by Fauzi and Stoops (2004) that
CEC values of volcanic ash soils from West Java in the range of
15.3–27 cmolc kg−1 and from 14.3 to 19.6 cmolc kg−1 for volcanic
soils of Mt. Merapi from Central Java (Anda, 2012) and finally
29–59 cmolc kg−1 for those from Dieng volcanic complex of Central
Java (Van Ranst et al., 2008).

The magnitude of exchangeable K showed differences between each
group of soils, the highest value obtained in soils originated from Mt.
Singgalang-Tandikek, followed by Marapi, Maninjau and Sago. On the
other hand, the exchangeable Ca, Mg and Na were similar in all soils.
The proportion of each base cation on the exchange complex can be
related to plant requirements. The exchange complex ideally should be
saturated with 65% Ca, 10% Mg and 5% K for optimum plant growth
(Kopittke and Menzies, 2007). The average Ca saturation values are as
follows: Mt. Sago (54% Ca), Maninjau and Singgalang-Tandikek (53%
Ca) and Marapi (52% Ca) as shown in Fig. 2. The level of Mg saturation
ranged from 18% in soils of Maninjau to 32% in soils of Mt. Sago and
furthermore the average value was higher in soils at Mt. Sago and
Marapi (27% Mg), followed by Maninjau (26% Mg), and Singgalang-
Tandikek (25% Mg). The lowest K saturation was in soils of Mt. Sago
(5% K) and the highest was in Mt. Singgalang-Tandikek (12% K) which
was significantly higher than in Mt. Sago (4.26% K), Mt. Marapi (4.16%
K) or in Maninjau. The K saturation in soils of Marapi and Maninjau
were very similar but significantly different to Sago. This implies all
studied soils have cation imbalance for Ca which was< 20% of the
ideal saturation at 65%, while both K and Mg saturation met the
requirement. This is similar to the finding of Anda (2012) for volcanic
soils of Mt. Merapi in Central Java that were extremely saturated with
Mg, high Ca saturation but K was less than expected. This cation
imbalance rating may need revision for tropical volcanic soils.

The average base saturation values of all soils were considered as
moderate, with the lowest value in soils of Mt. Marapi (47%) and the
highest in Mt. Sago (57%). From the chemical analysis for all 4 soils,

Mt. Sago soils showed unique (the most extreme) characteristics of
having the lowest pH, CEC, and base saturation. The opposite occurs in
soils from Mt. Marapi which showed the highest pH, CEC, and base
saturation. Soils from Maninjau and Singgalang-Tandikek are inter-
mediate between these two extremes.

3.2. Geochemical signatures of paddy soils

All of the paddy soil samples were developed from volcanic parent
materials with rhyolitic to andesitic-basaltic composition from various
deposition times. Although the soil has been used as paddy fields for
hundreds of years, soils developed from different volcanic materials
have unique geochemical characteristics. The major elemental concen-
tration is presented in Table 2 and the relationships among them in
Table 3. Total silica (SiO2) is between 29 and 39%, which means they
are moderately weathered when compared to fresh ash samples which
are around 50–60% (Fiantis et al., 2011). The silica content in paddy
soils of Mt. Sago were significantly lower than those in Maninjau,
Singgalang-Tandikek, and Marapi, suggesting that the loss in silica was
high in Mt. Sago. On the other hand, the Al2O3, Fe2O3, and TiO2

Table 3
Correlations among elemental oxides composition.

Parameters SiO2 Al2O3 CaO MgO K2O SO3 P2O5 Fe2O3 Zr Ti

SiO2 1 0.077 0.545 0.175 0.658 0.192 0.227 −0.422 0.060 −0.220
Al2O3 0.077 1 −0.284 0.253 −0.253 −0.235 0.099 0.547 0.702 0.701
CaO 0.545 −0.284 1 0.278 0.671 0.619 0.439 −0.470 −0.402 −0.510
MgO 0.175 0.253 0.278 1 0.241 0.189 0.168 −0.068 −0.045 −0.005
K2O 0.658 −0.253 0.671 0.241 1 0.400 0.345 −0.544 −0.236 −0.518
SO3 0.192 −0.235 0.619 0.189 0.400 1 0.686 −0.474 −0.346 −0.447
P2O5 0.227 0.099 0.439 0.168 0.345 0.686 1 −0.251 −0.077 −0.256
Fe2O3 −0.422 0.547 −0.470 −0.068 −0.544 −0.474 −0.251 1 0.573 0.742
Zr 0.060 0.702 −0.402 −0.045 −0.236 −0.346 −0.077 0.573 1 0.737
Ti −0.220 0.701 −0.510 −0.005 −0.518 −0.447 −0.256 0.742 0.737 1

Fig. 3. Bivariate fit of total Al2O3 and Fe2O3 by TiO2.
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contents are higher in paddy soils of Mt. Sago, compared to those in
Maninjau, Marapi and Singgalang-Tandikek. These oxides are consid-
ered as the least mobile species as such greater amounts are expected to
be found in more weathered soils. This is also reflected in concentra-
tions of Al2O3, and Fe2O3 which increase with increasing TiO2 (Fig. 3).
The bases oxide content (CaO, MgO, and K2O) are significantly less in
Mt. Sago and the highest concentration are found in Mt. Marapi and
Singgalang-Tandikek. Concentrations of CaO, K2O and SO3 display a
strong negative correlation with TiO2 (r = 0.52–0.68) as shown in
Fig. 4. The depleted contents on these mobile base cations implied they
were leached during pedogenesis resulting in enriched TiO2. Hence, we
can deduce that pronounced geochemical weathering occurred in Mt.
Sago, compared to Maninjau, Marapi and to a lesser extent in
Singgalang-Tandikek.

A linear discriminant analysis was conducted to investigate if
geochemical elements can be used to distinguish soils derived from
the 4 volcanoes. Discriminant analysis using the combined 10 geo-
chemical abundance data (SiO2, Al2O3, Fe2O3, CaO, MgO, K2O, SO3,
P2O5, Ti and Zr) of volcanic paddy-soils results in a clear distinction of
soils of Mt. Sago from Maninjau, Mt. Marapi and Mt. Singgalang-
Tandikek (Fig. 5). Geochemical characteristics of soils from Mt. Sago

and Mt. Marapi are quite distinct, meanwhile, Singgalang-Tandikek
overlaps with Maninjau. The first two canonical variates accounted for
97% variation in the data (canonical I = 72.69%, II = 24.06%, and
III = 3.25%) with Eigenvalues of 4.86, 1.61 and 0.22, respectively
(Table 4 and B). The significant (P < 0.0001 and 0.083) canonical
correlation among soil chemical characteristics indicate the clear
differentiation of soil geochemical status of each group of soils. The
first canonical function is dominated by large loadings from SO3, Fe2O3

and SiO2 and a negative Zr, CaO, and Al2O3 loading. The second
canonical function is dominated by a large loading from Ti, P2O5, and
CaO, and with a negative loading from SO3, Al2O3 and Zr. Furthermore,
on the third canonical, Zr is dominated by large loading and a negative
contribution from SiO2 and Al2O3. Correlation between each canonical
variate was observed (Table 5). The strongest positive correlations were
observed between SiO2 and both K2O and CaO, while Zr correlated
strongly with Ti, Al2O3, and Fe2O3. The strongest negative correlations
were obtained between Fe2O3 and the oxides CaO, K2O, SiO2, and SO3.

The separation of these 4 groups can also be measured by the
Mahalanobis distance. The Mahalanobis distance between Sago and
Singgalang-Tandikek is the largest, followed by Marapi and Maninjau
indicating lithologic variation among soil parent materials and their
distinction into different groups (Table 6). The geochemical signatures
of Maninjau and Singgalang-Tandikek are mixed, as such the difference
between the sources of these volcanic paddy soils was less marked. We
assumed, they are geochemically similar and deposition of the old
volcanic deposit of Maninjau caldera beneath Singgalang-Tandikek
volcanic ash layers could be found.

These results are in line with Martínez-Cortizas et al. (2007) who
demonstrated the use of multivariate statistical analysis to identify
main pedogenesis trends in European volcanic ash soils. They further
summarised that the results of the discriminant analysis indicated that,
even a limited data set of chemical soil properties is sufficient to
separate and characterize volcanic ash soils. Cronin et al. (1996)
revealed their findings that discriminant analysis is also a useful
method of discriminating tephra from the two sources in distal areas
of New Zealand.

3.3. Weathering indices

The soils under humid tropical conditions are expected to be
weathered intensively. The degree of weathering calculated from

Fig. 4. Bivariate fit of total CaO, K2O and SO3 by TiO2.

Fig. 5. Plot of canonical discriminant functions for separating volcanic paddy soils from
different parent materials.
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SiO2/Al2O3 is between 1.9 and 3.7. These values can be interpreted as
moderately weathered when we compared them with the two extremes:
fresh ash samples from Mt. Talang in West Sumatra (Fiantis et al., 2010)
with a value of 3.6 and weathered volcanic soils from Santa Maria
Island from Vanuatu, with values between 0.6 and 1.1 (Ugolini and
Dahlgren, 2002).

The concentration of the two most resistant elements such as
titanium (Ti) and zircon (Zr) were much higher in soils of Mt. Sago
than from other volcanoes. The ZrO2 concentration in soils from Mt.
Sago was 43% higher than in Mt. Singgalang-Tandikek and 30% higher
than those in Mt. Marapi and Maninjau. Positive geochemical trends
exist for Zr with Al2O3 (R2 = 0.73), TiO2 (R2 = 0.69), and Fe2O3

(R2 = 0.49) while a negative correlation was observed with CaO
(R2 = 0.42), SO3 (R2 = 0.55) and K2O (R2 = 0.37). Conversely Zr
weakly related to the depleted concentration of MgO and P2O5.
Comparison of total titanium oxide (TiO2) within studied soils showed
significantly different amounts in the following order;
Sago > Marapi > Maninjau > Singgalang-Tandikek.

When analysing other weathering indices, their mean values
showed a moderate to almost optimum weathering stage. Paddy soils
of Mt. Sago showed the lowest mean values for Ruxton (1.88) and
desilication index (1.15), Ti/Zr (20.46) and CTR (0.02) followed by
soils of Maninjau, Marapi and Singgalang-Tandikek as presented in

Fig. 6. Ruxton and Desilication indices indicated the following order
from largest to smallest weathering intensity: Sago > Maninjau >
Marapi > Singgalang-Tandikek.

This weathering pattern is also reflected in the ratio of base loss and
Ba/Sr leaching (Fig. 7). Soils of Mt. Sago exhibited significant loss of
more base cations and barium over strontium compared to other soils.
The base loss index in Maninjau, Marapi and Mt. Singgalang-Tandikek
were relatively similar while the ratio of Ba/Sr leaching in Maninjau
was two times higher than in Marapi and Singgalang-Tandikek. The
depleted amount of basic cations and accrual of Al2O3, Fe2O3, TiO2 and
ZrO2 during soil the weathering process was clearly observable in the
studied soils. The parent material of soils in Mt. Sago, presumably, is
older than those in Marapi, Maninjau, and Singgalang-Tandikek. As

Table 4
A. The canonical loadings of the measured variables of volcanic paddy soils.

Measured variables Canonical variate

I II III

SiO2 (%) 0.6813 0.1422 −0.6273
Al2O3 (%) −0.2326 −0.3662 −0.1685
CaO (%) −0.5018 0.9275 0.5472
MgO (%) −0.0301 −0.1136 −0.4751
K2O (%) 0.3611 −0.0559 0.0220
SO3 (%) 0.8653 −0.7493 0.6218
P2O5 (ppm) −0.2509 0.6779 −0.1931
Fe2O3 (%) 0.7670 −0.2044 −0.6993
Zr −1.1890 −0.2590 0.8250
Ti 0.4848 1.3415 0.2208

B. Canonical details.

Canonical variate

I II III

Eigenvalue 4.861 1.609 0.217
Percent 72.685 24.064 3.251
Cum percent 72.685 96.749 100.000
Canonical

correlation
0.911 0.785 0.423

Likelihood ratio 0.054 0.315 0.821
Approx. F 11.068 5.824 1.848
Num. DF 30.000 18.000 8.000
Den. DF 194.400 134.000 68.000
Prob > F < 0.00-

01
< 0.00-
01

0.083

Table 5
Relationship between canonical structures.

Parameter SiO2 (%) Al2O3 (%) CaO (%) MgO (%) K2O (%) SO3 (%) P2O5 (ppm) Fe2O3 (%) TiO2 ZrO2

Canon1 −0.63853 0.971779 −0.798564 −0.716603 −0.931528 −0.951614 −0.51288 0.9389959 0.9108397 0.998859
Canon2 0.7632177 0.1406542 0.5930379 0.1463079 0.356175 0.1514275 0.8229849 0.1122736 0.3845449 0.0466775
Canon3 −0.098888 −0.189373 0.1029611 −0.681963 0.0734491 0.2673974 0.2442326 −0.325087 −0.149988 −0.01009

Table 6
Pairwise squared distance between four groups of volcanic paddy-soils.

Rotation Sago 2_Singgalang-Tandikek Marapi Maninjau

Sago – 7.26 5.57 4.84
Singgalang-Tandikek 7.26 – 4.15 3.69
Marapi 5.57 4.15 – 5.01
Maninjau 4.84 3.69 5.01 –
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there is no age data available, we can assume that the age of Mt. Sago
tephra is somewhat older than that of Maninjau which was found to be
50 ka for the youngest volcanic deposit (Nishimura, 1980) and also
based on the absence of pumiceous tuff deposit of Maninjau overlying
tephra of Mt. Sago (Mohr, 1944).

3.4. Soil carbon and its fractions

As opposed to geochemical signatures, there is no trend in soil total
C across soils from the 4 volcanoes. This is because the C content of
these soils are quite high (> 2%) and all soils have been used for paddy
cultivation. However, FTIR analysis of the soils reveals some interesting
trends. The mid-infrared reflectance spectra for typical soils of the 4
mountains are shown in Fig. 8. The peak near 2930 cm−1 corresponds
to stretching vibrations of the CeH bonds of aliphatic carbon, while the
peak at 1620 cm−1 is associated with aromatic carbon with C]C bond.
Spectra analysis using the area under the absorbance curve showed that
organic matter is mainly represented by bands at 2930 cm−1,
1620 cm−1, 1530 cm−1 and 1159 cm−1, ranging up to 71, 26, 2 and
1% respectively as shown in Fig. 9. Most organic matter is found at the
2930 cm−1 peak, (and strongly reflects increasing total C) which is
associated with aliphatic (CeH) and considered here as a labile carbon
fraction (Demyan et al., 2012 and Margenot et al., 2015).

Soils of Mt. Sago, which are most weathered, have a high total C
content (mean 3.1%) but the organic matter is strongly represented by
aliphatic CeH compounds (peak 2930 cm−1). Mt. Sago soils have the
highest relative abundance of aliphatic SOM compared to soils of
Maninjau, Singgalang-Tandikek, and Marapi with the average abun-
dance of 77, 71, 71 and 64%, respectively. On the other hand, soils of
Mt. Marapi, which are relatively the least weathered and have the
lowest C content (mean 2.4%), exhibited higher concentrations of the
more stable aromatic C]C fraction (peak 1620 cm−1) and significantlyFig. 6. Oneway analysis of weathering indices by volcano.

Fig. 7. Oneway analysis of base loss and Ba/Sr leaching by volcano.
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different to those present in Singgalang-Tandikek, Maninjau and Sago
averaging at of 33, 26, 25 and 19%, respectively. The other two carbon
fractions (including CeO functional groups) were only minor between 1
and 2% in all soils. The ratio of stable (aromatic) to labile (aliphatic)
determined by 1620/2930 cm−1 as proposed by Demyan et al. (2012),
showed that the stable C decreases with increasing C content (Fig. 10).
This result suggests that there is a limit of the soils to hold the more
stable aromatic C as demonstrated in Mt. Marapi. Soils at Mt. Sago and
Singgalang-Tandikek which have a concentration> 3% are mostly
composed of labile organic matter. Soils with total C< 2% tend to be
dominated by aromatic fractions, while soils> 2% C are dominated by
the more labile aliphatic fractions.

A positive relationship was observed between the absorbance at
peak 1620 cm−1 and SiO2 (r = 0.46) which suggested a higher

capacity of SiO2 to retain or specifically adsorb the aromatic carbon
fraction in soil, as such preventing them from biodegradation. This
finding is in agreement with Pisani et al. (2014) who showed that
volcanic soils of Costa Rica accumulated 73% aliphatic compounds in
the SOM, which highly correlated with the allophane content and was
found more prevalent in grassland than forest. Typical minerals
associated with SiO2 in volcanic soils are allophane and imogolite,
both of which have non-crystalline and para-crystalline structures,
respectively (Dahlgren et al., 2004).

It is also interesting to note on Fig. 8 that soils from Maninjau and
Sago displayed distinct kaolinite signature of OH-stretching region of
3563 cm−1 which implied that they are weathered further than
Singgalang and Marapi which showed broader peaks at 3698 and
3622 cm−1 (Ryan et al., 2016). This FTIR signature is consistent with

Fig. 8. Absorbance spectra of volcanic-paddy soils of West Sumatra.

Fig. 9. Visualization of the entire soil organic matter using scatter plot matrix and their statistical data.
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the desilication index presented in the previous section.

4. Conclusions

This study showed although volcanic soils have been used for many
years as paddy soils in West Sumatra, they still retain their geochemical
signatures. In addition to conventional soil physical and chemical
analysis, geochemical elemental concentration and weathering indices
can be rapidly measured using a portable X-ray fluorescent spectro-
meter. The geochemical parameters revealed that soils of Mt. Sago
demonstrated different chemical characteristics compared to those from
Mts. Marapi, Singgalang-Tandikek, and Maninjau. We established that
soils of Mt. Sago are more weathered as indicated by the high amount of
resistant oxides of Ti, Zr, Al and Fe, low weathering indices, and the
larger loss of base cations compared to other groups of volcanic soils.

Using FTIR, soil carbon fractions from the soils can be quantified.
Aliphatic fractions were the dominant carbon components and con-
sidered as labile with abundances between 64 and 77%. Increasing C
content trended with increases in the labile fractions and decreases in
the more stable aromatic fractions. The data from this study suggests a
saturation limit of about 2% C for the more stable aromatic fraction.

Future studies will consider the field application of a portable XRF
and mid-infrared spectrometer for rapid acquisition of soil's geochem-
ical properties for pedogenesis study (Hartemink and Minasny, 2014).
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