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Abstract: Volcanic rocks mining activity will undoubtedly remove vegetation cover and cause the physical environment
changes. Revegetation effort as part of land rehabilitation program then often found many obstacles because it was mostly
conducted without adequate knowledge of detailed morphology and soil characteristics at the post-mining area. This study
investigates the geopedogenetic changes, including land surface morphology, recent geomorphic processes, and soil
properties caused by andesite rocks exploitation at the northern flank of Mt. Ungaran, Central Java Province of Indonesia. A
digital terrain model was firstly generated from small format aerial photography acquired by an unmanned aerial vehicle
(UAV) to identify the surface morphology changes due to the mining. Soil observation on field and laboratory tests were
conducted from samples at the affected and unaffected mining areas to analyze the changes in physicochemical properties.
This research exhibits that the mining activities have altered a single 60 m convex hill into a complex land surface morphology
consisting of the sloping zone, basins, and flat area. Human disturbance on the pedogenetic process at the mining area is in
the form of parent material alteration that makes them return to the early stage of soil development and topsoil reduction that
modifies its genetic horizons. In addition, the changes in surface morphology and the absence of vegetation cover right after
the mining ends also triggered new geomorphic processes in the form of incision and deposition on slopes and basins
respectively. The finer deposit layers then become a new parent material at the basin zone. Soil laboratory data demonstrate
that the affected soils tend to have a high level of base saturation for more than 10%, but lower C-organic ca. 0.71% on Horizon
A and 0.08% on Horizon B and N-total levels ca. 0.15% on Horizon A and 0.12% in Horizon B, which result in a less favorable
environment for supporting vegetation growth. A precise surface morphology design, extra soil surface protection, and
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organic matter enhancement could be wise recommendations for land managers to control soil incision and support vegetation
growth at the andesite post-mining area.

Keywords: geopedogenetic; andesite mining; surface morphology.

Resumo: A atividade de mineracado de rochas vulcanicas sem duivida removerd a cobertura vegetal e causara mudangas no
ambiente fisico. O esfor¢o de revegetagao como parte do programa de reabilitacdo do solo frequentemente encontrou muitos
obstaculos porque foi conduzido principalmente sem o conhecimento adequado da morfologia detalhada e das caracteristicas
do solo na drea pés-mineracao. Este estudo investiga as mudangas geopedogenéticas, incluindo morfologia da superficie da
terra, processos geomorficos recentes e propriedades do solo causadas pela exploragao de rochas de andesito no flanco norte
do Monte Ungaran, Provincia de Java Central da Indonésia. Um modelo digital de terreno foi inicialmente gerado a partir de
uma fotografia aérea de pequeno formato adquirida por um veiculo aéreo ndo tripulado (VANT) para identificar as mudancas
na morfologia da superficie devido a mineragdo. A observagao do solo em testes de campo e de laboratdrio foi conduzida a
partir de amostras nas areas de mineragao afetadas e nao afetadas, a fim de analisar as mudangas nas propriedades fisico-
quimicas. Esta pesquisa mostra que as atividades de mineracdo alteraram uma unica colina convexa de 60 m em uma
morfologia de superficie de terra complexa que consiste em zona inclinada, bacias e area plana. A perturbacao humana no
processo pedogenético na area de mineragao se da na forma de alteragdo do material original que o faz retornar ao estagio
inicial de desenvolvimento do solo e redugao da camada superficial do solo que modifica seus horizontes genéticos. Além
disso, as mudangas na morfologia da superficie e a auséncia de cobertura vegetal logo apds o término da mineragao também
desencadearam novos processos geomorficos na forma de incisdo e deposigdo em encostas e bacias, respectivamente. As
camadas de depdsito mais finas tornam-se entdo um novo material de origem na zona da bacia. Dados de laboratério de solo
demonstram que os solos afetados tendem a ter um alto nivel de saturacao de base para mais de 10%, mas menor ca. 0,71%
no Horizonte A e 0,08% no Horizonte B e niveis N-total ca. 0,15% no Horizonte A e 0,12% no Horizonte B, o que resulta em
um ambiente menos favoravel para suportar o crescimento da vegetacdo. Um projeto de morfologia de superficie precisa,
protecao extra da superficie do solo e aprimoramento de matéria organica podem ser recomendacdes sabias para os gestores
de terras para controlar a incisao do solo e apoiar o crescimento da vegetagao na area pds-mineragao do andesito.

Palavras-chave: geopedogenética; minera¢ao de andesito; morfologia de superficie.

1. Introduction

Geomorphology is the study of landforms both above and below sea level, which emphasizes the origin and
development in the future as well as its context with the environment (Thornbury, 1954; Verstappen, 1983). The
study of geomorphology can be interpreted as having a broad study scope, however, from the existing definitions,
it can be summarized into three main studies, namely the shape of the earth's surface itself (morphology),
processes, and materials as a result of processes in existing landforms (Summerfield, 1991; Verstappen, 1983).

Volcanic environments are known for their plentiful natural resources, such as fertile soil, abundant water,
breathtaking views, and earth materials with high economic value (Liu et al.,, 2012; Santamarta et al., 2014). These
natural resources attract people to live and conduct activities around the slopes of the volcanoes (Duncan et al.,
1981; Kelman & Mather, 2008). However, the growth in populations will also intensify interaction with nature. As
a consequence, changes to the physical condition of the environment are inevitable (Juhadi et al., 2021, 2020;
Rockstrom et al., 2009; Trihatmoko et al., 2021). One human activity in volcano environments that can dramatically
change environmental conditions is stone mining exploration. The processes of dredging, hoarding, and
transporting heavy materials, as well as the methods of waste material processing, can significantly change the
surface morphology (Xiang et al., 2018) and soil conditions (Feng et al., 2019; Shrestha & Lal, 2011).

Dejun et al (2016) report that mining activities in China have resulted in land subsidence, which has eventually
changed the physical properties of soil, such as bulk density, porosity, and dry density. Soil chemical properties,
such as actual pH, potential pH, cation exchange capacity (CEC), and the content of heavy metal elements, are also
prone to anomalies on the soil surface contaminated by the waste materials from mining activities. Chenot, et al
(2018) found that in ex-mining areas the rate of soil development will tend to be slower than in the original soil.
On the other hand, Koch (2007) reports that the arsenic content of the soil in ex-mineral mining areas will be
affected by the type of source rock.

Literature reviews demonstrates that human activities, for example, earth material mining, will lead to changes
in the physical and chemical properties of soil. The changes are unique and varied in each location, depending on
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the type of mining, the waste management, and the original physical condition of the area. In Indonesia, there have
been few detailed studies on the impact of mining activities on changes in the physiochemical condition of the soil,
and this only focuses on ex-coal mining areas and areas of ore deposits. Mizwar and Trihadiningrum (2015)
conducted research on the temporal dynamics of organic carbon in the soil around coal mines in East Kalimantan,
while Nurtjahya, et al (2017) studied the effect of tin mining activities in Bangka Belitung about changes in the
content of phosphates and Potassium, pH and soil texture. In addition, Mizwar and Trihadiningrum (Mizwar &
Trihadiningrum, 2015) studied the polycyclic aromatic hydrocarbon contamination of soil in ex-mining areas in
South Kalimantan, and Harijoko, et al (2010) investigated the increase in the content of mercury and arsenic in soil
in ex-gold mining areas in Central Java. However, research on changes to the physical and chemical properties of
soil due to andesite mining activities in volcano areas has not been conducted. Moreover, this kind of mining is
common in a location that was formed by volcanic processes (Da Silva et al., 2021; Siefert & Santos, 2021), especially
in Indonesia.

This research shed light on the impact of andesite mining activities on geopedogenetic changes on the
northern slope of Ungaran Volcano, Central Java. The geopedogenetic analysis focuses on the understanding of
the soil development (pedogenetic) disturbance due to morphological changes caused by andesite exploitation. A
high-resolution Digital Terrain Model (DTM) was established from unmanned aerial vehicles (UAV) to picture
micro-morphological change at the ex-mining area. Afterward, soil properties observation was conducted in any
morphological difference to understand the effect of mining activities on soil development. The research is vital in
documenting post-mining soil characteristics on a detailed scale. The data produced will be very useful for
environmental managers as a reference for soil conservation in ex-mining areas (Koch, 2007).

2. Studi Area

The research was conducted in an andesite post-mining area at the northern foot slope of Mt. Ungaran, at an
elevation of around 250 meters above sea level. Mt. ungaran is located in the middle of Central Java Province (409
km eastward from the Jakarta Capital City), Java Island — the most populated island in Indonesia. Morphologically,
the area comprises a rolling slope at about 8 to 16%; geologically the andesite formation (Tma) is the result of
tertiary sub-intrusion, while the area around it is a part of the Kaligetas formation (Qpkg), originating from the
sedimentation of volcanic materials in the early eruption phase of Ungaran Volcano, such as volcanic breccias, lava
flow, tuf, and tufan sandstone (Fig. 1). These two formations act as soil parent material that has developed around
the mining area. The different hardness levels of parent rocks mean soil developing from weathered andesite tends
to be thinner than volcanic pyroclastics. The soil develops in tropical climates with an annual rainfall of more than
3000 mm. Mixed garden land use dominates the area around the mining site, including Durio zibethinus, Parkia
speciose, musa, Nephelium lappaceum, etc.
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Figure 1. Geological map of the study area (black square). The central of mining activity is at the Turun hill composed by
Tertiary Augite Hornblende Andesite (Tma) and located at the middle of the Quaternary volcanic deposition area
(Kaligetas Formation/Qpkg; Kaligesik Volcanic/QTd; Jongkong Formation/Qpj; The Kemalon and Sangku Volcanics/Qks;
Gajahmungkur Volcanics/Qhg; Kabuh Formation/Qpk).

3. Materials and Methods

By combining multi-temporal satellite imagery interpretation, DEM analysis, and field surveys, the areas
affected by mining can be easily revealed, especially for surface shapes and soil conditions.

3.1. Data Acquisition

The research began with a before-and-after morphological comparison of the andesite mining area. Surface
morphology before mining was obtained from a 1:25,000 scale topographic map of Indonesia (Peta Rupa Bumi
Indonesia) issued in 2001, while post-mining morphology was obtained from a digital terrain model captured by
UAV in 2019, two years after mining activities had ended. UAV technology is widely known as an effective method
for mapping topography with detailed scales and resolutions of less than 10 centimeters in narrow areas (Beretta
et al., 2018; Jianping et al., 2015; Ren et al., 2019). The flight lines were set to portray an ex-mining area of around
12 hectares. Seven points to establish the position of x, y, and z from the GPS geodetic measurements were installed
in several locations as ground control points. The processes of creating mosaic and orthophotos were performed
using Agisoft Metashape Pro software, while the DTM was developed using Pix4D software. Morphological
changes due to mining activities were classified into certain zones using visual interpretation of 3D DTM
geovisualization. Finally, zones where markedly distinct morphological differences existed, were used as the basis
for determining soil sampling sites.

3.2. Soil Properties

Soil samples were then taken at the areas affected and unaffected by the mining, based on before-and-after
morphological analysis. It was assumed that there had been no significant morphological changes in the area
unaffected by mining during the two periods, but that there had been significant changes in the affected area. The
soil sampling points were decided based on the variation in surface morphology detail and the type of parent
material. Soil development was analyzed by horizon observation at the site and by physiochemical composition
identified in the laboratory (Junior & Thomaz, 2018; Von Ahn & Simon, 2017). The physiochemical soil
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compositions consisted of texture, color, soil moisture, bulk density as the physical characteristics, and soil organic
carbon (C-Organic), nitrogen total (N-Total), phosphorus pentoxide (P,Os) availability, pH, cation exchange
capacity (CEC), kalium exchange, and sodium exchange as the chemical characteristics.

4. Result

The integrated method has satisfactorily produced a more comprehensive analysis of the
pedogeomorphological process changes due to human disturbance in a mining area. The area affected by mining
activities identified from multi-temporal satellite imagery, and the newest aerial photograph generated by UAYV is
12 ha. Generally, DEM analysis shows that the rock dredging process has transformed a 60 m high convex hill into
an area with relatively flat morphology (Fig 2). On a more detailed scale, five zones are identified as affected areas
from a series of mining processes, which are then predicted to have significant changes in geomorphological and
pedological processes. The five zones are (i) highwall zone, (ii) cutbanks zone (iii) drainage pits zone, (iv)
reclamation zone, and (v) scalped zone.
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Figure 2. Impact of mining activity on morphological change. a) Morphological form before mining. b)
Morphological form after mining. c¢) Morphological cross-section before and after mining.

4.1. Highwall zone (S1)

The Highwall zone is a cliff as high as 60 m caused by the rock dredging process. This area can be found on
the outermost boundary of the west side of the mine area with a slope of almost 70 degrees (Fig 3). Along the wall,
we can see the original soil profile that developed from weathered andesite rocks. The surface of the Miocene new
rock has weathered and formed the parent material of the soil. Referring to the physical and chemical
characteristics (see Table 1), the soil was entering its early mature stage, characterized by the formation of an A-
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Horizon at the upper layer with a thickness of around 60 cm and a small granular structure, dark brown and with
high silt content.

The original soil developed from andesite weathering in the highwall zone had higher levels of C-organic,
total N, and CEC compared to other zones: 1.28%, 0.16%, and 26,195, respectively. In contrast, it has the lowest
range of available Phosphate and base saturation which were only 0.48% and 7.04%, respectively, while the content

of Exch. Ca, Exch. Na, Exch. K and Exch. Mg showed no significant differences with other zones.
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Figure 3. a) A steep slope along the highwall on the outer zone of the mining area. b) the outcrop showing the original
soil developed from andesite rock.

The steep slope in the highwall zone results in low stability to keep the slope standstill. As a result, along the
highwall zone, it is prone to landslides and cliff erosion (Juhadi et al., 2020). Slope failure displaces not only the
surface soil layer but also the parent material and andesite rock. Mass wasting can reduce the volume of soil
significantly, while the process of cliff erosion contributes to reducing soil mass with a smaller volume but with
high intensity (Passos et al., 2020). The two processes of soil and rock mass transfer will undoubtedly impact the
disruption of the soil formation process in the highwall zone. Collapsed deposits consisting of a mixture of rock
and soil can be found at the base of the cliff.

4.2. Cutbanks zone (S2)

The dredging process of soil material on the east side left an outcrop zone of about 3 meters high (Fig 4). Soil
dredging is carried out to obtain stockpile material for the main ex-mining area. On the outer boundary wall of the
dredging, the original soil outcrop of development from ash and pyroclastic deposits of the Kaligetas formation
can be seen.

Referring to the physical and chemical characteristics (Table 1), the soil at this point showed a higher
development stage than soil developed from andesitic rock (highwall zone). It was marked by the formation of an
A-horizon with a medium granular structure, and a B-horizon with a blocky subangular coarse structure. Soil
developed from volcanic pyroclastics tends to be dark reddish-brown and reddish-brown at the A-horizon and B-
horizon respectively. The B-horizon was very thick (more than 150 cm) and had a sturdier structure due to a higher
clay content than A-horizon.

Horizon A, the original soil developed from volcanic material has a C-Organic of 1.02%, and the level
decreases in the B horizon to only about 0.54%. The levels of Total N in horizons A and B are 0.15% and 0.12%,
respectively. The available Phosphate value was detected relatively high compared to soil horizons in the highwall,
reclamation, and scalped zones, namely 24.6% in horizon A and 17.35% in horizon B. On the other hand, the CEC
value is lower, namely 17.18% in horizon A and 19.40% in horizon B. The Base Saturation values are almost the
same, ranging from 7.89% to 8.47% and the Exch cations range from 0.15 to 1 cmol/kg in both the A and B horizons.
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Figure 4. Soil profile exposed in the cutbanks zone of the mining area.

Because the land outcrop is only about 3 meters high, the process of mass wasting does not occur in this zone.
The geomorphic process observed is horizontal erosion of topsoil and vertical outcrop walls by surface water flow.
However, based on visual observations, the erosion rate is not very high considering that the soil surface is well
protected by various vegetation types such as sengon, durian, mahogany, banana, and grass. Except for the outcrop
walls, the soil will be easily eroded because it is not covered by vegetation or grass.

4.3. Drainage pit zone (S3)

A drainage pit zone is a small basin morphology that is intentionally created to collect rainwater in ex-mining
areas. The collected rainwater can then be used to irrigate crops in the reclamation zone. Based on the results of
aerial photographs and DEM profiles, there are two small drainage pits with a diameter of about 25-30 m and a
depth of 4 m (Fig 6). The pit base is andesite rock, while the walls are only filled with material from the reclamation
zone. Due to the absence of sediment traps and protective structures against the pit walls, the incoming runoff
carries water and sediment. During the dry season, sediment deposits will be exposed to the surface and form new
soil parent material.

Two years after mining ended, the drainage pit zone was covered by two layers of the C horizon consisting
of sedimentary deposits. Referring to the result of physical and chemical characteristics (Table 1), The first C-
horizon located at the upper layer was 5 cm in thickness, yellowish-brown in color and dominated by clay particles,
while the second C-horizon was 30 cm thick, with a dark yellowish-brown colour, and dominated by silt-clay
particles. In dry conditions, both horizons formed a column structure with a diameter of 18 cm and a height of 34
cm. Due to its lower elevation, both layers have relatively higher soil moisture than the other zones.
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Figure 6. Sediment deposits profile showed at the drainage pit zone.

Sediment deposits in the drainage pit zone have C-organic and Total-N levels low as anthropogenic materials
in the reclamation zone. The material was recorded to have the highest available phosphate compared to other
zones, reaching 32.42% in the first layer and 25.55% in the second layer. The measured CEC value is high, which is
more than 20 cmol/kg in both layers while the base saturation has a value of more than 10%. Exch level. cations
also vary from 0.13 to 1.08 cmol/kg.

4.4. Reclamation zone (54)

The reclamation zone is the center of stone mining activities in the past. There has been the most contrasting
morphological change in this zone, which was previously a single hill ridge with a peak at an elevation of 336 m
above sea level but is now a relatively flat area with an average elevation of 285 m above sea level. Former mining
activities have removed surface soil to reveal bedrock, so the backfilling process is carried out to restore surface
soil and repair damaged surface morphology.

Anthropogenic soil materials covered the reclamation zone around 6 m thick (Fig 5). The materials which had
then become the C-horizon were composed of soil with a dark brown color and rocks with a diameter of around
3-6 cm. The soil contains a high value of silt and sands. The measured soil moisture was low at 3.6%, and the bulk
density was recorded at 2.4 g/cm?®. The chemical characteristics of the soil in the reclamation zone also look quite
different from the original soil observed in the highwall zone. The levels of C-Organic and Total N were deficient
at only 0.39% and 0.08%, respectively. However, the condition of Available Phosphate was measured to be quite
high, reaching 21.67%. Base saturation is also high compared to other zones, which is 11.33, although the CEC level
is only around 19.44 cmol/kg. The Exch value of cations also varies from 0.15 to 1.04 cmol/kg.
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Figure 5. a) Flat morphology covered by sparse vegetation in the reclamation zone. b) Anthropogenic material
containing rock and soil fragments.

The process of revegetation of the reclamation zone has been carried out since 2018 by planting several types
of plants such as sengon and bananas. Vegetation is grown at a sparse density, so there is still a lot of areas left
vacant. Two years after planting, some of the ground surfaces have begun to be overgrown with grass and low-
density shrubs, while the presence of sengon and bananas has not been able to protect the soil surface below fully.
Such conditions make this area prone to erosion during the rainy season. Apart from the fact that the soil surface
is not protected by vegetation cover, the texture of the anthropogenic material dominated by silt is one factor that
can increase the rate of surface erosion.

4.5. Scalped zone (S5)

The scalped zone is an area where the surface soil material has been dredged to be used as a mixture of
stockpile material in the reclamation zone (Fig 7). The scalped zone is located on the northern side of the
reclamation zone and has a relatively flat morphology. Shortly after the surface soil was dredged, this zone was
immediately re-vegetated by planting sengon plants. The density of the vegetation is high enough that almost all
of the soil surface is covered by leaf litter and grass.

e

Figure 7. Soil profile showed at the scalped zone of the mining area.
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Referring to the physical and chemical characteristics (Table 1), soil in this zone is developed from pyroclastics
material just like we found in the cutbanks zone. The thin A-Horizon has developed on top of B-Horizon which
has a firmer structure at the bottom. The soil in this zone also has the same base color (5YR) and texture as the soil
developed from pyroclastic materials. However, the C-organic content tends to be less, which is only 0.71% on
Horizon A and 0.08% on Horizon B. The Total-N value is not much different, ranging from 0.05-to 0.1%. The value
of Available phosphate is measured at 13.97% in Horizon A and 28.72% in Horizon B. The level of CEC is also
relatively lower compared to other zones, which is around 16.83% in Horizon A and 17.01 on Horizon B. Soil has
varying levels of exch.cations between 0.1-0.8 cmol/kg with a Base Saturation of no more than 10% on either
horizon.

Table 1. Physiochemical description of soil horizons in each sampling site.

Unaffected/Original soil Affected soil
Soil Sample S1 S2 S3 S4 S5
Location Highwall Cutbanks Reclamation Drainage pit  Scalped
Outcrops zone zone zone zone
Parent material Weathered Volcanic Anthropo-  Sedimentary = Volcanic
Andesite pyroclastic genic deposits pyroclastic
s material s
Horizon A A/B C C1/C2 A/B
Physical characteristics
Texture (%)
Sand 16.9 23.5/7.3 25.5 1.0/6.7 21.5/16.9
Silt 62.8 53.5/43.6 58.5 44.4/62.9 53.0/52.2
Clay 20.3 23.0/49.1 16.0 54.6/30.4 25.5/30.9
Colour 7.5YR % 5YR 3/4/ 7.5YR 3/3 10YR 5/4 / 5YR 4/6 /
5YR 3/6 10YR 3/4 5YR %
Soil moisture (%) 6.0 4.7/6.1 3.6 8.8/10.0 6.7/9.6
Bulk density ( g/cm?) 3.1 3.2/2.2 2.4 2.1/1.7 1.7/2.0
Chemical characteristics
C-Organik (%) 1.28 1.02/0.54 0.39 0.38/0.28 0.71/0.08
Total N (%) 0.16 0.15/0.12 0.08 0.10/0.09 0.1/0.05
Avail. P,Os (%) 0.48 24.6/17.35 21.67 32.42/25.55  13.97/28.72
pH 6.2 5.8/5.7 6.5 6.1/6 6/6.3
CEC (cmol/kg) 26.19 17.18/19.40 19.44 25.04/23.01  16.83/17.01
Exch.K (cmol/kg) 0.27 0.49/1.02 0.53 1.00/0.65 0.80/0.27
Exch. Na (cmol/kg) 0.14 0.12/0.15 0.15 0.15/0.13 0.14/0.13
Exch.Ca (cmol/kg) 0.96 0.48/0.3 1.04 1.08/1.24 0.43/0.26
Exch. Mg (cmol/kg) 0.47 0.26/0.19 0.49 0.55/0.50 0.21/0.16
Base Saturation (%) 7.04 7.89/8.47 11.33 11.08/10.95 9.37/4.76

5. Discussion

5.1. Geopedogenetic change at the post-mining area

Mining activities have retarded soil development, as can be seen in the change in the horizon arrangement
and physical morphology (Figure 8 - Figure 10). The process of mining andesite on a single conical hill has led to
the loss of the entire A-horizon and C-horizon from the original soil, and consequently has uncovered massive
andesite rocks on the surface (Sheoran et al., 2010). Some of the rocks that were not restored have become a small
drainage pit (S3), while the others were buried by anthropogenic material (54). Two years after mining ceased, the
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two points only comprised the C-horizon, indicating the early stage of soil development (Junior & Thomaz, 2018;

Siefert & Santos, 2021).
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Figure 8. Sketches of soil horizon arrangement at the areas unaffected (S1, S2) and affected (S3, S4, S5) by mining.
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Figure 9. The multiyear imageries captured by the Google earth satellite have shown different shapes
and sizes of mining sites indicating different levels of mining activity.
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The formation of the C-horizon at the drainage pit (53) was due to the concave or basin morphology which
has a lower elevation than the surrounding area. Two years after mining finished, the bedrocks were covered by
overland flow deposition occurring in the rainy season. The results of the field observation show two layers of
sediment which then became the new soil parent material (C-horizon) in that location. The first sediment appeared
thicker than the second layer because the area on which anthropogenic materials had been dumped had no
vegetation-covered at the surface. This condition leads to the erosion process and causes sedimentation at the
drainage pit. In the second year after mining ended, intentionally planted grass and vegetation could be seen on
the soil surface, such as Albizia chinensis and banana, causing it to be quite well protected from erosion, with the
production of thinner sediment materials.

The C-horizon which was formed at reclamation zone (54) originated from the dumping of anthropogenic
materials in an attempt at post-mining restoration. Two years after mining finished, the area showed no significant
soil development, as proven by the absence of an A-horizon. Anthropogenic materials are known to have low
nutrient levels and bad sorting due to the presence of many rough fragments. This will hamper the growth of
vegetation and soil organisms which are important to the process of weathering and the production of organic
materials. Consequently, the pedogenetic process will tend to be slower (Chenot et al., 2017).

5746747
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2007 2009 2010 2012 2004 2015 2016 2017

Figure 10. Changes in land clearing area (no vegetation) due to mining from 2007 to 2017. Reduced in the
area indicates that revegetation has been carried out in the post-mining zone.

A different appearance at the scalped zone (S5) for the thin A-horizon shows significant soil development
after the process of dredging the soil surface. The reformation of the A-horizon after being completely lost due to
the process of dredging was probably because of the type of parent material, for example is volcanic ash. This is
unconsolidated and has a fine texture, meaning it causes the weathering process to take place faster faster (Babiera
& Takahashi, 1997; Hong et al., 2017; Tsai et al., 2010). Furthermore, the process of dredging ended in 2015, and
Albizia chinensis was immediately planted. Based on field observations in 2019, or 4 years after replanting, the A-
horizon has been reformed with a looser structure and higher levels of organic materials than the B-horizon below
it. This also demonstrates that replanting the area affected by mining was one of the attempts to restore the soil
quality, especially in forming its essential element, organic materials (Cavalcante et al., 2019; Maiti & Ahirwal,
2018). The roots of the vegetation also help in the process of re-loosening the upper soil layer compressed by heavy
mining equipment.

Mining activities consisting of the removal and burial of new materials have significantly changed the C-
organic and nitrogen content in the upper soil layer. High levels of these are often found in upper soil layers, as
their sources originate from the results of plant decomposition and the metabolism of organisms living on the
surface (Bingham & Cotrufo, 2016). This means that when the soil upper layer is dredged or changed by the
addition of new materials, its contents will be drastically reduced. Low levels of C-organic and nitrogen have been
a problem commonly found in soil affected by mining activities (Chenot et al., 2018).

The measured level of base saturation in the soil affected by mining was higher than that of the original soil.
The laboratory results show an increase in BS of 55% at the drainage pit and reclamation zone from the original
soil in the highwall zone. The same condition was seen at the A-horizon of the scalped zone (55), where there was
an increase of BS of 13% from the A-horizon of cutbanks zone (52). This condition was because the alkaline contents
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of the new parent material remained concentrated in the upper layer. In contrast, alkaline matter in the developing
soil had been leached downward due to long-standing infiltration.

The insignificant difference in the exchangeable fraction of Na, Ca, Mg, and K was probably due to many
factors. The distribution of base ions in the soil can be affected by parent material, climate, human activity, and
types of vegetation (Chandra et al., 2011; Prusty & Azeez, 2007). In this respect, the inconsistency of the Na, Ca,
Mg, and K content was caused by the change of soil parent material due to human intervention. Anthropogenic
materials which were dumped would become the new soil parent material in most ex-mining areas, such as S3.
The runoff which occurred during the last two rainy seasons transported sediment and formed the new soil parent
material in the drainage pit. Finally, soil dredging at the scalped zone has uncovered the B-horizon from the
volcanic ash to the surface, which marks the beginning of new soil development.

CEC s highly affected by the number of colloids able to absorb cations in soil. Soil colloids can be clay particles
or organic materials; the higher the number of clay particles or organic material, the higher the CEC in soil (Blume
et al., 2016; Velde & Meunier, 2008). This explains why there was no significant difference in the CEC values in the
mining-affected soil and why the soil was not affected by mining. The original soil measured at the highwall zone
had the highest level of CEC, probably due to the high organic material content. The second highest CEC was
obtained from the sample of the mining-affected soil at the drainage pit, owing to its location in the lower elevation,
which caused the clay content to be higher than in the other locations (See Table 1).

Insignificant available phosphate might be caused by different fertilizer input from farmers. High contents of
phosphate were measured in the unaffected soil of 52, where there was a mixed garden. However, the soil was not
frequently cultivated, although the fruit and Albizia chinensis were often fertilized due to their high economic
value. The high phosphate content in the reclamation zone (54) was probably due to the high level of fertilization
of the Albizia chinensis planted in raw material lacking organic matter. In addition, the high phosphate content in
the drainage pit (53) was probably because the chemical elements had been carried by overland flow from the
reclamation zone (54). The location of S5 also had the same conditions, probably due to fertilization in the plant
treatment process. Conversely, the unaffected soil at the location highwall zone had a low phosphate content, as it
was not used for productive agriculture such as bush or bamboo.

The soil moisture content also showed inconsistent trends, probably due to the micro-landform conditions as
a result of mining activities. The highest content of soil moisture was measured at the mining-affected area of
drainage pit (S3), with a basin morphology. Such a morphology leads to a high concentration of runoff when rain
falls and increases the amount of water absorbed by the soil. On the other hand, the lowest soil moisture was
detected on the flat morphology of the ex-mining backfill area at the reclamation zone (S4). Poorly sorted grains of
backfill materials give rise to low water absorption capability. In addition, low organic material content also plays
a significant role in reducing soil moisture content at that site.

5.2. Land rehabilitation recommendation

Paying attention to the geopedogenetic aspect at the post-mining area is very crucial for the success of
environmental rehabilitation. For example, the detailed post-mining morphology should be well designed to lower
erosion and avoid rapid silting at the basin zone. The thickness of C-Horizons at drainage pit (S3) (Fig. 3) showed
that there was still a large amount of surface water with high content of sediment flowing through that site as
shown in Figure 4. Creating small trenches in the surrounding area could be one of the solutions to holding the
sediment before flowing into the basin. In addition, because C2-Horizon is thicker than C1-Horizon, it brings to
mind for every land manager to take extra protection against anthropogenic soil ahead of the first rainy season.
Letting the grass grow and Covering the soil surface using mulch could be good choices to slow down the overland
flow and decrease soil erosion. Protecting the basin is important to keep its function as a water storage especially
in the dry season. It plays a big role to increase soil moisture content in anthropogenic soil during the revegetation
program.

Ensuring that the soil conditions are favorable for vegetation growth is also a major concern of the
rehabilitation program in post-mining areas. Soil affected by mining has very low C-organic and Nitrogen content
(Fig. 4a and 4b), but both are essential elements for vegetation to grow. Therefore, one of the main rehabilitation
targets is how to restore or increase the content of C-organic and N-content in the soil as quickly as possible. It
could be done by adding compost and/or manure.
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6. Conclusions

This research confirmed that human activities in the form of andesite rock exploitation have directly affected
the change of geopedogenetic processes. By using the integrated method, the comprehensive analysis of the
pedogeomorphological process changes due to human disturbance is able to be achieved. Micro-relief modification
and surface material conversion have triggered the erosion and sedimentation process that promoted various types
of soil development. The main area of rock excavation, which is now covered by new parent material from
anthropogenic soil and sedimentary flow, has reverted soil development to the initial stage, while the topsoil in
the surrounding area has also been disturbed by mining traffic.

The statistical analysis showed that some soil properties in the area affected by rock mining are significantly
different from those of the unaffected soil. The mining activities have dramatically lowered the C-organic and total
N content. In contrast, the level of base saturation tends to be high in the areas affected by mining. On the other
hand, rock mining activities have not significantly changed the soil water content, available phosphate, CEC, or
the exchangeable fraction of Na, Ca, Mg, and K.

Based on this result findings, a detailed surface morphology design at the post-mining area and the presence
of soil surface protection are essential to counter the erosion problem, while adding more C-organic and N-content
are needed for ensuring vegetation to grow at anthropogenic soil. This research strengthens that conducting
geopedogenetic analysis at the post-mining area is very important to evaluate and define the appropriate land
rehabilitation measures.
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