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ABSTEACT

Understanding the weathering processes of pristine volcanic materials iz critical, as these processes determine
subzequent soil characteristics, including ferbility, nutrient availability, and ecological succession Mount Anale
Erakatau, recognized as one of the fastest-growing woleances, underwent a powerful eruption in December 2018,
releazing substantial amounts of tephra. These materials, largely unweathered, present a rare opportunity to
examine early-stage pedogenesis in tropical volcanic environments. This stody investigates the leaching behavior
of Anak Krakatan tephra to predict its transformation under climatic conditions. Tephra samples were collected on
13 August 2019, eight months after the eruption. A 90-day leaching experiment was conducted using three sol-
vents—deionized water (H,0), 0.02 M oxalic acid (H,C,0, ). and 0.02 M citric acid (C,H, 0. ). Results showed a
marked increase in pH from an initial range of 393499 to 5.12-8.11, and a rize in organic carbon content by
approximately 0.2 to 1 point. This increase in organie-C is associated with an enhanced cation exchange capacity
(CEC), which rose from 2.13 to 5.36 emol kg™. Morphological observations also indicated surface weathering and
algal colonization on the tephra. The urgency of this research stems from the limited understanding of rapid so4l
formation following major tropical voleanic eruptions, particularly in island ecosystems vulnerable to ecological
dizruption. This study contributes valuable insights into the early weathering dynamics of voleanic tephra, offer-
ing implications for soil penesis, post-eruption landscape recovery, and long-term environmental management in

voleanic regions.
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INTRODUCTION

Volcanic sotls mvestigation in Indonesia has
been conducted by many sotl scientists (Supriyo et
al, 1992; VanRanstetal., 2004, 2008; Fiantis etal.,
2010, 2011, 2016; Utam et al, 2019; Anda and
Dahlgren, 2020; Settawati et al | 2020; Fiantis et al |
2021). Most of these studies were conducted in
developed volcanic soils and focused on the
relationship between the physico-chemistry of soul
characteristics (bulk density, base saturation, and
P-retention) with the mineralogy composition.
However, research conducted in very young
volcanic soil needs to be improved, particularly in
Mhiount Anak Krakatau due to the 1solated location
and the massive volcanic activities. Recent studies
exploring the soil and tephra of Mount Anak
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Erakatau were reported by Fiantis et al | (2019),
Setiawati et al., (2020), and Fiantis et al., (2021).
Research on very young volcanic soils 1s crucial
as it demonstrates the soil formation process through
the changes in soil chemical properties dunng the
weathering process. After Mount Anak Krakatan
2018’s eruption, the first study about the change 1n
501l chemical properties was done by Fiantis et al |
(2021). This research reported that the pH value of
Mount Anak Krakatau samples collected at 63 days
and 82 days after the eruption was 5 9 (std dev.0.6),
the CEC of the materials was very low but variable
(3.11+23 cmol_kg) and the cations easily leached
in order were (Mg>=Ca>K>Na) as extracted
successively with H O and CH,COONH,. While
climate plays a crucial role in weathering process,
research focusing on changes in soal chemistry
charactenistics of tephra Mount Anak Krakatau
through a continuous leaching experiment design is
needed. Furthermore, this research explored the
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changes in soil chemistry characteristics of tephra
Mount Anak Krakatau through a leaching
experiment in a given peniod. When tephra samples
were taken, Mount Anak EKrakatan was still in its
first weathering stage. Hence, leaching expeniment
data, including the changes of tephra characteristics
after the leaching peniod, can be valuable information
to predict the characteristics of the soals in the future
as a function of climate and weathering process.

The leaching experiment provides primary data
explaining how soil develops its unique
charactenistics. Interaction of tephra after deposition
with H O or other acids 15 one of the critical
geochemical processes (Fiantis et al | 2010). This
process releases several essential nutrients required
for plant growth and indicates the chemical
weathering process. Climatic factors, particularly
precipitation, and temperature, dramatically influence
z01l properties by affecting types and rates of
physical, chemical, and biological weathering
processes (Dahlgren et al, 1997). Indeed, the
weathering process study 1s the first step to
determining so1l formation and the changes 1n so1l
properties.

Weathering parent materials by water and
organic acid 1s the crucial cyele in soil formation.
These interactions are the essential geochemustry
in the stage of parent materials weathering and
releasing essential nutrients needed for plant growth
and the environment (Fiantis et al . 2010). Organic
acid found in soil solutions and groundwater plays a
vital role 1n weathenng primary minerals, where
chelation 1s implicated as a weathering mechanism
(Sohalscha et al | 1967). Chemical weathering of
sotl mmerals 15 a sustamning and dynamic geochemical
process enhancing the supply of base cations
determining the long-term availability of plant
nutrients and the chemical status of the soil (Duan
et al., 2002). Therefore_ this paper reports the
changes in soil chemistry characteristics of tephra
Mount Anak Krakatau as a function of the chemical
weathering process through a leaching experiment.

MATERIALS AND METHODS

Geological Setting

Krakatau volcanic complex lies in the Sunda
Strait (Indonesia) between Java and Sumatra islands.
It belongs to the volcanic arc related to the
subduction of the Indo-Australian plate beneath the
South-East Asian plate (Deplus et al.. 1994).
Erakatau Mountain (Rakata, Danan_and Perbuatan)
erupted violently for the first time on Avgust 25—
27th, 1883 (after being dormant for + 200 vears).

This massive eruption remains half of Rakata Island
and 1s recorded as one of the two deadliest volcanic
events in historical times after the great Tambora
eruption n 1815 (Verbeek, 1884; Francis and
Oppenheimer, 2004). Mount Anak Krakatau 1s an
active cone that built up in the caldera of Krakatau
volcano after the 1883 cataclysmuc eruption that
appeared for the first time on sea level in 1930(Zen,
1970; Ninkovich, 1979; Yokohama_ 1987; Deplus et
al _1994; Bam etal , 2015).

Anak Krakatau is considered one of the fastest-
growing volcanoes on Earth (Hoffmann-Rothe et
al , 2006). This volcano ejects a more comprehensrve
compositional range of materials than other
volcanoes in the Sunda Arch subduction system
(Harjono et al. 1989). Furthermore, before of
December 20187 eruption, the volcano had been
vegetated by several pioneer plants such as
Barringtonia asiatica. Terminalia catappa,
Casuarina, and Ipomoea pescaprae and already
had about 340 m a s 1 height. However, the eruption
of December 2018 has completely changed the
morphology of the volcano, including reducing the
volcano’s height (130 m a.s 1) and sweeping all
the vegetated areas.

Fieldwork and Sample Collection

Tephra sampling was conducted on 13
Angustus 2019 (eight months after the eruption of
December 2018). As the condition of the field study
was hazardous, with many loose matenials and the
probability of the volcano experiencing unpredictable
eruption, tephra samples were collected quackly. It
took approximately five to six hours in the field to
take the tephra sample, where the leading teams of
the survey were divided mto four teams. Four tephra
sampling sites were selected along the northern slope
of Mount Anak Krakatau using topo sequence soil
survey methods with four intervals of elevations
(Figure 1). Each location was symbolized by P
(profile of tephra): (1) (PI(£ 10mas 1) PO(+£25
m asl); PIO (= 40 m asl); PIV (£ 47 m asl).
Tephra samples were collected 1n every depth
(layer) of site observation. There were four depths
m PI: five in PIT six in PIIT: and four in PIV
(Figure 1). The color of tephra was assessed on
field moist soil using asoil Munsell color chart (Table
1). Undisturbed so1l samples for bulk density analysis
were done only at the first depth.

Design of Leaching Experiment

Tephra samples were leached by deiomzed
water (FH,0O), oxalic acid (H,C,0,) 0.02 M, and citric
acid (C,H,0,) 0.02 M (solvents). Deiomzed water
was used to represent rainfall in weathering process,
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Figure 1. Sampling locations and the tephra profiles.

while H,C O, and C H O. were used to represent
the effect of organic acid produced by metabolic-
organism during the weathering process.

The leaching experiment was arranged for 90
days through a design mmitating the weathering

process in nature (Figure 2). Transparent PVP pipes
with 3 mches of diameter were used as leaching
columns. 250 g of tephra sample (in each depth)
was placed into the columns and arranged
systematically according to its order in nature.

Table 1. Description of sampling location and samples’ color of tephra Mount Anak Krakatau.

Tephra Geo gi’ﬂ-.ph:i.l:- Diepth Elevation Tephra color Deszcription
profile location {cem) (masl)
I 0-3% 10 5Y 372 datk: grey
06°05°35 8 35-60 5Y 2572 black
and 103°25"36 TE 60-28 5Y-32.572 black
28-100 5¥ 2.5/ black
I 0-56 23 T5Y 51 grey
56-85 2.5¥ 51 ;
oty s 25-106 25731 very iraz grey
and 103°25°359E
106-143 2.5Y 411 dark grey
143-170 25 41 dark grey
11| 0-50 40 2.5Y 51 grey
50-67 23Y351 grey
06°05°36,6 8 67-103 2.5Y 31 grey
dan 103°25'36 6 E 103-125 25¥ 251 black
125-139 Y251 black
139200 o 2 BT | black
IV 0-23 47 Y 641 grey
06°05°37.38 2347 Y 31 grey
dan 105°25'366E  47.87 SY 31 iy Ak e
27-100 5Y 2.51 black
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Figure 2. Leaching experiment design.

Infusion hoses were used to arrange the speed and
volume of the leachate. The leaching experiment
started at 9.00 AM to 3.00 PM. and the
accommodated extract solution was collected and
transferred to other bottles. The environment
temperature was set at room temperature (£ 25 °C).
Afterward, the volume of the leachate was
measured before being transferred to another bottle
for element measurement. Ca and Mg elements
were measured by Atomic Absorption
Spectrophotometry (AAS), while K and Na
elements were measured using a flame photometer.

Sample preparation and analvtical technigues
Physical and chemical analysis

Samples were collected 1 each depth of the
tephra profile. The samples were immediately packed
in a polyethylene bag that was tightly closed. All
samples were air-drnied, sieved to pass a 2-mm (without
crusting the particles), and applied methods
recommended for volcamic soils (Mizota and van
Reeuwyk, 1989). Some parts of the samples were kept
for water content analysis as a correction factor. All
so1l analyses were done with three times repetitions.

The sieve and pipette method detenmined nine
fractions of particle size distnbution analysis (Sudjadi
et al . 1971). Bulk density was determined on an

oven-dry weight basis (gravimetric). The pH of
tephra was measured by electrode potentiometric
using a 1:2.5 ratio (so1l: solution) in H O (pH H,0)
and KCl I N (pH KCl) (Tan, 2005). CEC was
determined by leaching 1 M CH,COONH, pH 7.0.
Exchangeable base cations (Ca, Mg, K. and Na)
were removed by leaching with 1 M of ammonium
acetate solution (pH 7.0), then leachate analysis
using AAS for Ca and Mg and flame photometer
for K and Na. Phosphate retention (P-retention) was
determined by the method of Blakemore et al.
(1981). The potential of K O, Na O, Ca0, and
MgO was measured by extraction of HC1 25% and
measured by mductively coupled plasma optical
emission spectroscopy (ICP-OES). Organic-C
content was determined by Walkey and Black wet
combustion method (Alhson, 1965).

The content of pyrophosphate-extractable Al
and Fe (Alp and Fep) and oxalate-extractable Al
and Fe (Alo and Feo) were measured by ICP-OES.
The content of ferrihydrite was determined using
the expression: % ferrithydrite = 1.7 * Feo (Childs,
1985). Cations (K, Na, Ca, Mg, and Fe) from the
leachate were measured by AAS. SEM-EDX
analysis used ZEISS/EVO MA 10 instrument.
Samples were prepared by adhering the tephra grain
(<2 mm) samples onto an Al sample holder with
double-sided tape and coated with gold.
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RESULTS AND DISCUSSION

Particle size distribution and chemical
properties of tephra Anak Krakatau velcano
before leaching experiment.

Particle size distribution and bulk density of
tephra Mount Anak Krakatan

Particle size distribution 1s an essential soil
parameter, influencing numerous soil properties
{Zimmermann & Horn 2020), such as CEC, base
saturation, and soil surface charge. Soil particle-size
distribution was sumilar among the four sampling
sites, dominated by a fine sand fraction (0.25-0.1
mm) (Tahle 2}—the percentage of fine sand fraction
inPIwas 2621 -32%; PII(11.49-2597 %); PIIL
(16.46 - 24.20 %): and PIV (17.98 - 21.97 %). The
coarse sand fraction (1 - 0.5 mm) had the lowest
percentage compared to other fractions. The
increase in depth is followed by an increase in coarse
sand fraction: PI (16.55 - 23.33 %): PII (21.21 -
30.41 %): PII (22.10 - 3012 %): PIV (26.16 -

27.92%). On the other hand, the percentage of sand
fraction (very coarse sand fraction) (2 - 1 mm) was
low compared to that of other sand fractions. The
percentage of sand-fraction fluctuated: PT (4 95 -
11.50 %): PII (10.78 - 30.46%): PIII (9.66 -
21.70%); and PIV (14.86 - 22.54 %).

As a sand fraction dominated particles sizes
distribution, the weathering process of Mount Anak
Krakatau is categorized in the new stage of the
weathering process, where this process probably
will be fast and easily weathered due to the
domination of fine fraction (0.25 — 0.1 mm)._ Particle
size distribution has a tight relationship with the rate
of soil formation and could provide pedogenetic
evidence (Villas etal 2022).

The value of bulk density (D, ) was categorized
as high (1.43 - 1.61 g cm?®) (Table 2). The
dominance of particles more than 2 mm in size
(gravel) affected the high value of bulk density. In
addition, as the tephra was still at the first stage of
weathering, these materials were predicted to lack
secondary minerals in amorphous form and organic-

Table 3. General chemustry characteristics of Mount Anak Krakatau's tephra before the leaching ex-

periment.
pH Amoniom asetat extract B3
Profil Depth Bepdd Dmedd Bavdd
MNumber {cm) Mg
H:0 KCl ApH “I?g‘ﬂ" cmol: Kg'! %
PI 0-33 453 395 -058 025 0.00047 0.013 022 0008 9874
35-65 418 403 -0.15 0.26 000045 0.015 024 0000 10382
65-88 4.449 309 030 0.27 0.00027 0.016 0.26 0008 10240
88-100 484 399 _0385 0.29 0.00045 0.014 025 0010 9562
PII 0-36 4687 398 089 0.33 0.00037 0.008 0.35 0002 11185
36-25 4.54 3% -0.38 (.35 0.00047 4.009 038 0002 11468
83-106 473 413 -0.60 038 0.00024 0.012 .40 0003 11043
106-143 4.74 402 -0.72 0:27 0.00019 0.013 0.46 0004 177.58
143-170 498 436 -062 0.46 000024 0.013 0.47 0002 10395
BIII 0-30 483 416 -0.67 042 0.00042 0.013 048 0.000 12026
30-67 4.80 434 046 0.63 0.00034 0.016 0.37 0011 6297
67-103 492 442 030 0.56 0.00029 0.014 038 000 7122
103-125 455 434 021 (.69 0.00024 0.013 .39 o0 5911
123-139 499 £356 -063 0.63 0.00024 0012 042 010 6707
139200 495 472 023 0.61 0.00045 0.014 042 0011 T185
PIV 0-23 4.409 392 057 0.56 000037 0.014 0.29 0006 5343
23-47 447 395 0352 0.57 000032  0.012 0.35 0.000 6533
47-87 453 449 004 0.63 0.00030 0.011 49 0008  B0.33
87-100 452 431 021 0.70 0.0048 0.013 049 0010 7363

Note: CEC = Cation Exchange Capacity; Exc = exchangeable cations; BS = Base saturation
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C, contributing to low porosity and high bulk density
value. The abundance of amorphous and poorly
crystalline materials and organic matter that
contribute to highly stable and very well-structured
so1ls under natural conditions contributes to the low
value of bulk density (Anda & Dahlgren 2020).

Chemistry characteristic of Tephra Anak
Krakatau volcano before and after the leaching
experiment

General soil chemistry characteristics related
to pedogenesis processes

Soil pH

In general. the pH H O and KCl value increased
through the increasing depth in each profile—the
pH H,O at PI was about 4.18 — 4.84; PII (4.54 -
4.98): PIII (4.55 - 4.99); PIV (4.47 - 4.53) (Table
3). ThepHof KCln PIwas 395-403; P2(3.98-
4.36); P3(4.16-4.72); P4(3.92 - 4.49). There was
a similar pattern between the value of pH H O with
the percentage of clay fraction (0 - 2 pm). The pH
H.O value of Mount Anak Krakatau tephra was
low compared to that of other volcanic soils or
volcamic ashes in Indonesia. Fiantis (2019) reported
that the pH of the volcanic ash of Mount Talang in
west Sumatra was approximately 3 to 6. Anda and
Dahlgren (2020) reported that the pH H,O of
volcanic soils southeast of Mount Tangkuban Perahu
was 4.4 to 6.1, and the pH KECI was 4.2 to 5.6.
Utami et al., (2019) reported that the pH of HO
from soils affected by quaternary volcamic ash along
a climatic gradient on Java Island was about 4.7 -
6.2, and the pH of KCl was 5.0 - 6.0. The low pH
of Mount Anak Krakatau was probably caused by
the volcanic material containing more sulfur and
acid. Moreover, soil in the first stage of weathering
15 affected by the amount of reduced cations base.

Interestingly, the increase in so1l pH after the
leaching experiment period was sigmificant (Table
4). The pHvalue of H,O and KCl after the leaching
experiment in each extraction was higher than the
pH of H,O and KC1 before the leaching experiment.
However, the pH value in each layer fairly fluctuated
and was near neutral. The pH of H,O extracted by
H_O was approximately: 4.47 to 7.79, with H,.C O,
(6.35 to 8.34) and C.HO. (6.10 to 7.67).
Meanwhile, the pH of KCl extracted by H O was
about 5.12 to 7.67, with H.C O, (6.55 to 8.11) and
CHO. (529 to 6.53). Overall, the amount of pH
KCl was lower than pH H,0. It indicated that the
soil of Mount Anak Krakatau had a negative (-)
charge after the leaching experiment.

The higher pH value after the leaching
experiment was estimated to be caused by
continuous leaching (90 days). Several cations and
hydroxide (OH') have been released from the tephra
complex to the surface during the leaching period.
In this stage, base cations were accumulated on the
surface of the tephra particle while the tephra
particle started disintegrating due to the weathenng
process. As a result, this condition was assumed to
contribute to elevating the pH after 90 days of the
leaching experiment.

In addition, duning the leaching period. orgamic
acid from H,C,0O, and C,H,O, had been chelating
the Fe and Al as a hgand or complex reaction. Thus,
Fe and Al become tightly bound and not contributing
H"to the solution. It can be proved that the tephra
pH after leaching by H,C,0, and C.H,O. was
higher than the tephra leached by water due to the
strength of organic acid to hold the Fe and Al pH
played a core role in the organo mineral stabilization
(N etal , 2023)

CEC (Cation Exchange Capacity) and organic
carbon

The amount of clay fraction in soil highly affects
CEC content as it 15 related to physicochemical
properties (Shoji et al | 1994). As the Anak Krakatau
volcanos’ tephra was dominated by a sand fraction,
the CEC of tephra was very low (0.25 —0.70 cmol
kg') (Table 3). However, Fiantis et al., 2021
reported that the amount of CEC of velcanic ash
was 3.38 cmol kgt with Std dev 2.96.

Before weathering process, tephra had a low
amount of CEC due to the lack of clay particles and
the domination of sand-size particles that were
chemically inactive. Furthermore, the amount of
CEC increases along with the increasing weathering
rate affected by the presence of clay as a
weathering product. Clay fraction 1s crucial as an
inorganic-soil-colloid (Thurn and Buschiazzo, 2014).
Indeed, Particles with smaller diameters have a
higher surface area to mass ratio than larger
particles. Before the eruption of December 2018,
materials from these volcanoes had been weathered,
particularly in low altitudes. Therefore, these
weathered materizls contributed to low CEC,
approximately 0.41 - 2.03 cmol kg-1 (Setiawats et
al., 2020).

In addition_ the distribution of CEC 1n the tephra
profile was influenced by the distribution of clay (2 -
0 pm) and organic carbon. Clay fraction and C organic
carbon are crucial for CEC as soil colloids. As the
vegetation was destroyed duning the eruption, the
percentage of carbon organic of tephra Mount Analk



0T'L8 99°¢8  IEPS PP IEY  I€E PR0 090 690  S80-  I1'0- €0~ SE€9 689 609 OTL 00L 6£9  00I°L8
BE°RE ¥ 98 19°ER e £EI'E £’ S6'0 w0 €900 160 €0 R0 IT9 00°L 619 1L T1L 9€% LR-LY
Ofh R 97 cs o rat ILE 1£E 680 01 SL0 BO'I-  LFO- $TO- 009 £EL TI9 BOL OBL 9%9 LFEC
6068 L8 cl'os L T LT OI'l sO°'1 080 L) el o0 gL Z08 E09 SF9 LR LG £T-0 Ald

16°CE S6'98 LLER 96T 18T 18 €80 vL0 #L0 PO~ PEC- 110~ TF9 96L €99 89 0£8 rL9  00T6E]
16'68 06’98 6Ess FLE 65T  6SE F80 €80 FL0 890~ #FO-  1€0  06'S STL 1SS BE9 69L 0TS 6El-STI
11768 LEER |9°E8 9L’ 1€ ITCT 180 §90 SLO T¥PO0- 110~ 81D 895 669 685 019 O1L 1TS STIE01
09°LE PP s FT o8 ZLE EI'T EI'T 680 B0 0RO 990 10~ L¥0- 08 089 9¢% 999 069 €85 L0119
6T 98 CO'98 b8°LE 8t oFd oFT W0 6L0  SV0  LK1- TG TE0-  69'¢ ¥TL EIUE 9L9 9L ¥E L9-0% nrd
£res LT98 L17F8 Fe 9T 9T 80 090 #0 180 90 980 #¥¥S LEL 695 SF9 66L 509 050

91'LE S1'88 8I'F8 £ 00t 00t 080 SL0 650 €01 1- ITO- 6TS 659 0.9 TE9 65L 169 OLISEF]
E9°98 10°ss Ure elI't 9Tt STt SR80 SL0  SL0 90 T0 880 09¢ S§9 S9C 0T9 S99 Llv VOO0
06°98 LPER TGI8 SET OTE  OTE 680 FLO 690  EEO- 0 LE'D 8RS 9L 9¢'S 1T9 99L 6br  F0I-S8
EDLE L1 o 66T8 9TE EEE EET 880 #80 IS0 t¥0- E€T0- 600 8®S 68L LOL TE9 TIW 9L SBYE Iwd
0698 L] EER VT ISE bST 680 S6'0 BRO0  BLOD- ETO- BCO 009 I8 BYL BLY9 FER O¥L 95-0

01°88 CLCR AN LTFT BOE BTE 680 SLO 650 801~ €10 90 99 TOL 689 vSL 689 SeL  OOI-8R
SL8R £L¥8 6 E8 L 60T ITE RO RO 650 FIIL- oo PO ES9 9L SEL LOL 9L 6LL BE-09 I'd
6598 68'58 cl'es EIE ¥CE OTE w01 SL0 090 Le0- LI~ BOO- S0'9 €08 00L TOL QTR SO0°L 09-c¢
08°9%8 L8 G8°CR SE'E I0E  BOE 060 680 #L°0 w0l- ET0- 150 #1'9 CL°L SO'L BI'L B6'L 9571 S0

AN e O'H 2D JMEXO  OFH W) JEXQ OFH dMID  MEXO  OTH QMDD SHEXO OFH UMD JNEND OFH (w2) Jaquinpy

(9) 1SU3Y-d (@yj0wd) 340 (5) Y1uR10-) Hdy 133 Hd OH Hd pdag  Juodd

AR Setiawati et al.; Changes of Soil Chemisiry Characteristics of Mount Anak Krakatau Tephra

quatiuadxe Funpoea] e eayda) s,nEIENEY YEUY JUNOW J0 S00SUADEIEYD ANSTUAYD ‘& 9[qEL



65

3770

respectively, in each solvent. During the leaching

period, the microorgamism (algae) that lived at the
Microorganisms secrete a wide range of organic

compounds into the environment However, 1t 1s
tephra (dunng the weathering process) to capture

widely believed that the increase of organic-C after
the leachihg experiment was due to the ability of

created a living cycle (Figure 7, 8, 9).

tephra surface was starting to photosynthesis and

that organic-C increased more than 100 times

tephra leached by C . H O. (Table 4)_ It 1s assumed
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+0.08 to 0.32 % (Table 3).

T
=

The percentage of organic carbon after the

associated with SOM (Soil Organic Carbon), with
only a minor contribution from clay minerals, as
leaching experiment increased significantly to 0 44

- 0.88 % 1n tephra leached by water, 0.74 - 1.05 %
in tephra leached by HC,0,, and 0.74 - 1.10 % in

between the total of organic carbon (C) and the total
of CEC (Gruba & Mulder, 2015).

snggested by a small intercept of the linear relationship

Generally, the total of CEC/CEC, was predomunantly

Krakatau was very low
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C from the atmosphere. Minasny et al | (2021)
reported that there are two mechanisms of carbon
capture: (1) through weathering and (2) through the
accumulation of organic matter.

A Higher amount of organic-C after the leaching
experiment contributes significantly to mncreasing the
CE period was tephra leached by CH.O, (235 to
5.36 cmol_kg'). followed by H,C.0, (2.13 to 4.31
cmol_kg) and water (2.18 to 3.54 cmol_kg™) (Table
4). Humus contains many acid groups and 1s an
essential source of vaniable charge (Zhang & Zhao,
1997). These negative charges originate mainly from
carboxyl groups (C-0-OH). There is a strong
correlation between organic-C with the total CEC
(Gruba & Mulder 2015).

Total of exchange cations and base saturation

Exchangeable cations were considerably low:
exchangeable K (0.00019 - 0.048 cmol kg');
exchangeable Na (0.008 - 0.016 cmol: kg ');
exchangeable Ca (0.22 - 0.49 cmol_kg'); and
exchangeable Mg (0.004-0.011 ecmol_kg') (Table

3). The order of exchangeable cation was

Cuiiw 3% D 223% IFLTO0T
[y

Ca=Mg=Na=K_ The lowvalue of exchangeable was
presumably caused by the matenial of tephra
dominated by sand fraction. Sand fraction released
elements slower than other finest fractions. Rapid
dissolution of ultrafine particles and high-energy sites
may also contribute to the rapid consumption of H*
through silicate hydrolysis (Dahlgren et al. 1999).

In contrast. the percentage of base saturation
of tephra was considerably high (55 43 - 177_.58%)
as the total of exchangeable cations was higher than
the amount of CEC content. The in-weathered rich
parent material caused the high value of base
saturation. Similarly, Anda and Dahlgren (2020)
reported that the percentage of base saturation of
andisols in the southeast slope of Mount Tangkuban
Perahu, west Java, under horficultural crops was
163 - 312 %

Soil chemistry of tephra Mount Anak Krakatan
related to the volcanic soils properties

The amount of K O extracted by HCI 25 %
was 0.008 - 0.03 % Na, O (0.083 - 0.872%); Ca0
(0.33 - 0.65%): and MeO (0.47 - 0.71%). The order
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Figure 3. Scanmng electron microscope (SEM-EDX) images of tephra before the leaching experiment
showing the absence of biological activities in the tephra surface.
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of release was MgO=Ca0>Na O0=K O (Table 5).
The low amount of Al and Fe extracted by
ammonium oxalate indicated that the tephra of
Mount Anak Krakatau had a meager reactive form
of Al and Fe in the solid phase. The percentage of
Aloand Feowas 0.164t0 0276 % and 0.039-1.172
%5, respectively. The higher percentage of Feo than
Alo content indicates that non-crystalline Fe is
predominant in these volcanic deposits. Alo + 0.5
Feo was 0.030 - 0.854%, which was not qualified
for soil andic properties (Alo + 0.5 Feo1s =2 %),

In addition, ferrihydnite content was
considerably low: 0.066 - 1.965 %. These results
indicated that short-range order minerals (allophane
or immogolite) can be neghgible as these volcanic
materials were still pristine and vitric state dominated
by volcanic glass and primary crystalline minerals.
Subsequently, these minerals will be transformed into
secondary minerals in the future_ such as allophane,
mmogolite, and fernhydrite (Fiantis etal. 2021). The
percentage of P retention has fairly fluctuated among
the tephra profile and depth: PI(83.71 to 20.79 %%);
PII(84.86 to 87.17 %): PIII (83.32 to 89.29): PIV
(85.75 to B7.23 %) (Tabel 4). These percentages
were similar to the P retention of Mount Anak

i o s -
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P g pl 0y T
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Erakatau before December 2018 eruption: 82.10%
up to 84.74% (Settawati et al. 2020). Furthermore,
there were no significant differences in P retention
value among the solvents after the leaching
experiment (approximately = 80 %). However, it
can be noticed that the percentage of retention
leached by water was low compared to tephra
leached by H,C, O, and CH O, (it was about 2
points lower).

Tephra surface texture (SEM-EDX Analysis)

The tephra’s surface texture can detect
weathering’s impact through the leaching
experiment. Samples were selected representing the
condition of volatile tephra (tephra before the
leaching experiment) and after the leaching
experiment. Before the leaching experiment (Figure
3), the surface of the tephra was undamaged and
unconsolidated. As expected. the surface texture
of the tephra after the leaching period was
completely different from the surface of the tephra
before the leaching experiment.

There were three pieces of evidence of
weathenng process occurring that can be mentioned:
(1) the surface of tephra after the leaching
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Figure 4. Scanning electron microscope (SEM-EDX) images of tephra leached by water showing

algae colonies in the tephra surface.
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Figure 5. Scanning electron microscope (SEM-EDX) images of tephra leached by oxalic acid showing
algae colonies in tephra surface.
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Figure 6. Scanning electron microscope (SEM-EDX) tmages of tephra leached by citric acid showing
algae colonies in tephra surface.
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experiment seems broken clearly (Figure 4, 5. 6);
(2) there 1s a sigmificant amount of algae can be
found as weathered tephra provides harboring
dynamic microbial colonies supported by light-
dependent carbon fixation by algae; (3) the algae
has been aggregating the finer particle from the
weathering product become a single aggregate (1t
was found at tephra leached by C.H O, Figure 6).
As HC O, and CHO, are energy sources for
microorganisms (algae), it 13 presumed that the
number of algae in tephra leached by C.H,O. was
greater than algae intephra leached by H,C, 0, than
by water. These results were assumed as part of
the biochemical weathering process. Biomechanical
weathenng imtegrates the effects of living orgamsms
on physical changes in soils, regolith, and bedrock
(Yatsu 1988: Pawlik et al 2020).

CONCLUSIONS

Several characteristics of the tephra Mount
Anak Krakatau increased significantly after the
leaching experiment as an impact of the weathering
process. The pH of tephra increased from = 3.95 —
49910 5.12 to 8.11. The Organic carbon rose about
(.2 to 1 point higher than the orgamc-C of tephra
before the leaching experrment. The increasing value
of organic carbon 1s predicted to increase the CEC
of tephra as well CH O. and H,C,0, were two
solvents releasing elements rapidly. In addition, after
the leaching experiment, there was evidence that
the weathering process has been destroying and
aggregating the finer articles of tephra.
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