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The dynamics of soil carbon sequestration-in the revegetated
post-coal mining sites: A case study in Berau, East Kalimantan,
Indonesia

{Ahu-mjrom_ skt ittg-ts-an-initiel-epen pit mining practioes enuse the loss of vegetation cover as well as soil degradatio A—
Post-mining land ree! 0 d revegetation are therefore enforoed to recover the vegetation and soil quality. While several studigs

have revealed the vegetation su

on following post-mining revegetation, on limited studies have focused on carbon dynan
]

soil. -in-the-eenl mining system—This-practioe-contributes-to-the-elimination-of land cover-whieh-contains-ab in vepet unfl
ikmaterial-Thus;its-funetion-as-a-cnrben-storage facility-is-no-longer available A rehabilitation-stage-is needed 1o restore-this-essentigl
Fanetion he-nvailable-carbon-(C)-eontent-sbove-the-ground-hav-an-impertant-eontribution-te-absorbing-CO;-in-the-air-forplas

photesynthesis-purposess its-determination-is-required in-order-to-suosessfully enhanoe the rehabilition-of the-pest-coal mining land anfl
also-to-prediet-ils-emission-redustion—This study aimed to investigateestimate the dynamics of soil carbon stockthe content-of-C-in-tife
soil alter-due to mining operation and_how it changed following revegetation, -rehabilitation-of post-mining-land. The research was
carried out in the concession -working area of a coal mining _company_in-PF-Berau-Coal; Berau, East Kalimantan which were divideld
into three sites: Sambarata Mining Operation (SMO) Site, Binungan Mining Operation (BMO) Site, and Lati Mining Operation (LM(})
Site. At Ecach site, cight sampling plots were established - ight-plots-rep ing land with varying vegetational conditiong,
namely original land and post mined lands with varying and-vosl post-mining revegetation stages land-from open land to 12-year-ol

vegetation. The percentage of C content was caloulated from 288 disturbed soil samples, while bulk density was analyzed from 144
whole soil samples using the Walkey & Black and gravimetric methods. We found that the C stock at
operation was very low, Coal mining activities caused a foss of C in soil with an avera; F 21.29%
bigeest 1oss oceurred al the SMO site (44.97%. or 13.04 Lons/ha), while the smallest was
The carboy i L after revegetation, particularly in the SMO and LMO s the rate n stock enhanc
he-C-in-the-soil-of-the-coal-post-mining-revegetation-aren 30-om-was-greater-than-that-of the 010 ¢4
low-(VL) to-low-(L)—Conl-mining-activities-coused-a-loss-of C-in soil-with-an-average-value-of 21-20%d

5654 Aan—Tk I.f:-ﬂ 4} d-at-the-SMO-site-£44-070 13-04-4 Jvad—swhile-th Hest £ d-at-the-LA
. g t t-toss at-Hre-ovd the-{H o ta-bd-tonsha)-white-th twas-tound-at-the-Liv

2, . i —-The results also showed that soil carbon in the pos t-mining arca of 10-30 om was greater than that of tlh
0-10 cm layer.In-general:this-study-demonstrates-the-current status-of soil-organic-earbon (SOC) n-the successful-rehabilitation of pest-
miningland—in—the-area—studied -for future land—us gement—pury - Along with the asing age of plants, the verticl
di i stock shifted from the lower layer to the upper layer.

arbon stook enhancement in (N

o

el
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Running title: Carbon sequestration in the revegetated post-coal mining

INTRODUCTION

The mining sector is considered one of the most essential sectors for Indonesia’s economic development. It contributes
to approximately 10% of the national total gross domestic product (GDP) (Lestari et al. 2019). In_the lagt
decadesMNewadayy, accelerated growth has been seen in the coal mining sector -(Chandrarin et al. 2022), with Indonesi
being the most important country in Southeast Asia in terms of coal producers, alongside Vietnam and the Philippines
(Clark et al. 2020). At national context of Indonesia. €coal has a significant role in fulfilling energy supply forfer domesty
purposes which is usedapplied in electricity generation with 33 GW of coal-fired power plant facilities (Ordonez et aj.
2022).-1n-2013; At global context, in 2013 Indonesia supplied 38% of global coal demand and half of total exports in Asi
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(Friederich and Leeuwen 2017). This contribution is increasing from year to year, making Indonesia ; as it can-be-abserved
Hrom-the-obtained-status-of -this—eountry-as-as the sccond greatest coal exporter in the world since 2018 (Baskoro et al,
2021) with -Tthe five biggest coal importers are China, Japan, India, Korea, and Chinese Taipei (Dutu 2016). It has been
forecasted that global coal usage will continue to increase from 171 to 208 GJ by 2040 (Aguirre-Villegas and Benson
2017). 4'“—9#5-&%—4’%&“%—@9%9}%%49%4—&&lﬂ_[juj;}uggi,u_ is estimated to have around 3.5% of the everall-global
coal reserves (The British Petroleum, 2019) with total of 140.48 billion tons discovered-in-Indenesia- Aecording to-the data
ebtained-from-(Idenesia’s-Ministry of Energy and Mineral Resources (2018)the-entire-eonlres s-t-this Tt
estimated-to-reach-140.48 billion-tons, Such reserves are mostly located in three provinces, i.e. The-mest abundanee-amenyg
atbprovinee-istoundin-Fast Kalimantan, South Kalimantan, and South Sumatra (Pratiwi etal. 2021).

Although it plays important role in energy provision and economic developmentoffors-various advantages, coal mining
generates inevitable adverse environmental impacts during its extraction. In particular, open-cut mining, which is the most
commonly used technique in Indonesia, causes irreversible damage to the landscapes of natural ccosystems (Sudarmadiji
and Hartati 2016; Yuan et al. 2016; Bucka et al. 2021: Pudelko ef al. 2021; Wang et al. 2022). [Furthermore—it-strongly
removes vegelationbiomass, topsoil, and subsoil-cover, which are the major sinks of carbon (C) (Ahirwal and Maiti 2017).
Since the > majority of coal reserves arcMestly located in the forested area, the coal mini ng operation proeess-sigaifieantly
fluencescauses up-seale-deforestation (Mukhopadhyay and Masto 2022). Soil, also known as C reservoirs, contains three
times more C than any combination of biomass and atmosphere (Hublova and Frouz 2021). As a consequence, there is
evidence that soil degradation caused by minin 3 these-degraded-lands-will-leadcontributes to an increased global warming
risk by releasing CO; into the atmosphere (Yan et al. 2020). It will take a very long time to naturally recover the biological
and physical qualities of the soil in post-conl-mined site soil-(Singh et al. 2015). Common conditions of the post-mined
soil, including high temperature, poor moisture, poor soil organic carbon (SOC), and low nutrient and hi gh acidityee, could
be barriers that inhibit successful natural succession (Singh et al. 2022).

Reclamation and revegetation hre_enforced to recover h m_and ecological functions of ng site.
These activities improve the above-ground biomass biodiversity, soil gualities and microclimate cond ( nanto et
al._ 2021 Fherefore—rehubilitation—siuge—is—fundamental iy - In_term of enhancement of soil gualities,

Rereclamation and revegetation forestationin post-min ing site also haves the potential to make a significant contribution to
provide a sink of CO;z by improving SOC through the plant litter, root and above-ground biomass (Das and Maiti 2016),

The studies deseribing-investigating the dynamics of carbon stockC-sequestration in post-mining areas in Indonesia’s
pest-arining-areas-have been previously reported by several authors, such as in Kutai Kartangera, East Kalimantan
(Yunanto et al. 2022) and Kolaka, Southeast Sulawesi (Purnomo et al. 2022). In this study, we evaluated the changes in the
C content in the soil after mining and rehabilitation of post-coal mining land in the- it o >
whieh-isJocated in Berau, East Kalimantan. | n doing, we focused on Ttwo layers of soil at each point of collection (0-10
em and > 10-30 em) were-investigated, We expected this study might enrich the existing knowledge on soil ecology of
post-mining site, particularly in the contexts of coal mining and Kalimantan region.

MATERIALS AND METHODS

Study area

The research was carried out in the concession-working area of a coal mining company—4 BerayCosl—whieh-is
located in Berau District, East Kalimantan, Indonesia. The research location was divided into three siteseetions: Sambarata
Mining Operation (SMO) Site: Binungan Mining Operation (BMO) Site; and Lati Mining Operation (LMO) Site.
Geographically, SMO is located at the coordinates of 01 © 52'26.74 "-02 © 25'09.78" NL and 117 ° 07'44.54 "-117 ©
3826.46" EE, BMO is located between the coordinates of 03 © 53'35 "-03 © 5§'37" NL and 117 © 35'02"-117 ° 37'07" EL,
while LMO is located at the coordinates of 02 © 12'18"-02 © [7'52" NE and 117 © 33'32"-117 © 36'32" EL. The detailed
research sites can be seen in Figure 1,

Jdimate condition
infall in the research sites occurs throu shout the vear. The highest intensity occurs in December, while the lowest

intensity occurs in August. The hottest temperature generally occurs in June. whoreas the coldest temperature oceurs in

January. The annual average of air humidity is 86.3% with a maximum value of 98% and a minimum value of 60%, and
1 ; of Sambarata and Lati have type A

and Fe

Land physiogr
Generally, there are river plains and hills in the research location with altitudes ranging from 1 10 90 m above sea level,

River plains consist of floodplains, levee plains. back swamps, and river terraces. The river plains have slope variations of
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Figure 1. Map of Rresearch location in a the-mining concession arca of PT Berau-Coal.in Berau, East Kalimantan, Indonesia

Sampling method

The estimation of soil C sequestration was determined using eight research measurement plots (RMP). One of the
RMPs was treatednoted as the representative of original land (OL), namely forested land outside the mining operatione
sequence. The other RMPs represented coal post-mining revegetation land (PMRL) with a variety of stand age classes,
starting from open coal post-mining land (after soil spreading-ASS) to 10-12 years old with a 2 year interval. The size of
cach RMP was 10 m » 25 m. Then, for the purposes of soil sampling, the RMP was divided into 10 sub-RMPs (Figure 2).
The soil samples for C sequestration estimation were taken to a depth of 30 cm (Manuri et al. 2011). In this study, soil
samples were taken from two (two) layers of soil at each point of collection, i.e., 010 ¢m and >10-30 cm.

D Point of disturbed soil sampling

B Point of undisturbed soil sampling

Sm 1 Jm
i 25 m

Sm

.

SRR

Figure 2. Detail of the research measurement plots (RMPs) used in this study

Two types of soil samples were collected in this study. The disturbed soil samples were used for C analysis, while the
undisturbed soil samples were used for bBulk dPensity analysis. Each type of sample was collected for each layer of the
sampling point. Each plot represented 6 points of sampliag-disturbed soil sampling and 3 points of sampling-undisturbed
soil sampling, as displayed in Figure 2. Among the collected soil samples, 288 samples were taken for C analysis and 144
samples were taken for bulk density analysis. The Walkey and Black method as previously reported by Enang et al. (2018)
was used for C analysis (%). In this study, we used gravimetric method for determination of bulk density. Furthermore,
estimation of C soil sequestration to the top 30 em depth was calculated based on the sum of C content per hectare for 0
10 om soil layer and > 10-30 em as. Hs eelenlation used- the following equation:

Ct=KdxpxCyxf (nH

Where Ct is the soil carbon content (g/em?), Kd is the depth of soil samples (cm), p is the bulk density (g/em®), C is the
percentage of C content measured from laboratory analysis (%), and f is the unit of conversion factor from kgfem? to
ton/ha (100).

Data analysis

The changes in soil C sequestration in coal post-mining land were observed by comparing the value of the average C
content at 30 cm of the upper soil layer on open post-mining land before revegetation activities, revegetated land, and
original land both overall and at each site. The potential of coal post-mining land fo store C was determined based on
criteria developed by the Soil Research Center and the comparison of the C-soil sequestration in several places
representing land cover types, as previously described in our report (Hartati and Sudarmadii 2016).

RESULTS AND DISCUSSION

Climate-condition

Fhe-distribution-of-rainfal-in-the-researoh-sites—PT Berau-Conl_wvas evenly-spread-threughout-the-vesr—The-highest
irtensity-ocours-in-December,—while-the lowest ntensity ocours-in-August.—The-hettest temperatire generally-oeeurs-in
June whereay-the coldest temperature-oveurs-in January—Their-ennual-average-of air-humidi ty-has been reported-at-86.3%%,
with-e-maximuni-—value-of -98% and-a-minimum-value-of 60%—and-the average-sunlight-was 47.4% (Sudarmadji-and
Hartati; 2016)—-Aecording to-the-classification-of climate introduced by Sehmidt-and Ferguson-(1951). sites in-Sambarata
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rack-shalal drock ductfeilicia AW hal senll 1h 1 + sk 4 4 Lyall 3Tk
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Soil-and-geology

Fi % i il ) : lat 1] 1cal KA I

- H ls—HE DAY _TE 33 i al s A H
Fhe-types-of-seil-in-the-riverplains are-Huvisels-FAO Y- or-entisols-(HSP A The-type-of-seth-in-the-areais
by-luvisols and-ecambisols (FAQ) or-ultisols-inceptisols—(USDA)—The-seil-fertility is-characterized low. oaloulated-b)

Lald-4-5-6-23 taisl ) S04y i tont (9 8 0 f0.0 d
T D-02b); t=t2% Hept{aa—t6%);

dominated
aeifhate

e a1 ! s - +

eidie—soth-resetion(f ydesnbn e o OFBHHE-fH er ot tre-epte
exchange-capueity-(<16-meq-100g). The-potential cation exchange capacity-of-less than-35-meg 100 g-of soil indicat
relatively-moderate-buse-saturation—The -availability—of phosphorus—(P}-and-petassium (I }-elements s suffieient.—T]
structure-found-in-hilly areas-is-lumpys-while-the-valley-plains-have-partially-ustructured-soil. The-soil-texture overall-
characterized as mederate—to-small-(dusty-clay- to- sandy—elay). The-olassesof-soil-texture i-the-hillsides are generall
consistent-from-the surfuce layerto-the deep laver-but gravel-forming-strata are-oceasionally-found. The-soil-texture in the
area-of-the vertical-plains-is unstable - in-which gruvel rooks-are-dominantly-found aleng the profile.

.
T g

Vegetations
According the-field-observation-eembined with some-information- obtained from-the PT-Berau Coul.-the vegetationts
grown-i-this-a . i - ve-tRhizaphora-sp-y-nipah-Aypa frticans)—rambia- e froxil

attan (Calamus—sp-y.

sagi)—prasses—meranti-(Shorea-sp)—ulin-(J: ideroxylon-ewagerii), keruing- {Pipteracarpus-sp-y:
deFris

rubber—(Havaa—brasiliensis). Wby Hord)—juckirit{Arocarpus—heterophyling)—sambwian—Nepheling:
lappacewnsy:-durian - (Durio-zibethinus), petai-(Parkia-speciosa).-cempedak (Arioearpuy integery-and-oil- palm-(Elaes
grincensis)—Fhetoeal—e ities—elose-to-the-area-also—plantedvarious-agricultu 4—T 5 H
various-plams-as-post-mining-rehabilitation-efforts, including sengon-(Faleataria-mollueana); sengon-buto-(Enferolobium
i H inh. L4 facal, ) Faer} Fyacds A ali '’y Ly vz £

Fredeit-angHimn, - feben—{-intoeephalns—spi—angsana—Fierocarpuy-indiensy—gmeling ool hepts
Senta-siamea)—trembesi (Albizia-saman)-and Centrosema-pubescens—They-also grow-—various types o
N 13 L Fcal - 44 3. Haray! ) Capciad J i I
teh—ts—lime-(Divebalatops— e Shored—s feroxvlion-zwagerty—aekfruft
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Dynamics of soil carbon sequestration-content
The biosphere is-defined-as-the-past-of-the-earth-that-stores more carbon than the atmosphere. In_the biosphere, I
: : more than 1.550 Gt of carbon iswes stored in the soil, while approximately 560 Gt of carbon wasj
available in other reservoirssinks, such as living organisms (Ledo et al. 2020). Therefore, § Hi i it
for-the biosphere_plays an essential role 1o store carbon especially in_the form of -to-be-a-great-soil organic carbon (SOC)
pool. On the other hand, the largest proporlion Mest-of-the-amennt-of carbon stored in living organisms is_in the form df
forest biomass-from-forest-resources, Thus, Wwhen the living organisms on the forest are decomposed, the carbon will
accumulated in the forest soil. Since deforestation is incrensing due to changes in land uses, including coal minin
aclivities (Woodbury et al. 2020), it could potentially move carbon from the biosphere into the atmosphere. Thus.-th

g

s

phenomenen-1t will significantlvexpenentially contribute to the negative-eeotogieal-impaet-due-te-increase ind greenhousp
R

o

gas emission. Therefore, theR-rehabilitation of degraded lands, including on_post-mined sites, is step-with-a-goal-d
reforested lund is an-important activity to recover the degraded arca. One indicator for “Fthe successful rehabilitation coul
be observed from the improvement of carbon in the soil, particularly after the revegetation forestation stepactivity.

The percentage of SOC in the soil commonly ranges from 2.01% o 3.00%, while its bulk density (BD) varies from 1.0
to 1.7 kg/dm® (Hardjowigeno 2010). As the age of vegetation increases, Fthe soil bulk density is declining while e-i
BD-ismml]y-—l-buné--wlmn—ilw-enhmoﬁdqalnnl -ages—However,in—this—situation. -the amount of organic matter will{s
increasinge, especially in the top soil. Therefore, the C level in the topsoil is generally higher than in other layers, such
subsoil, which commonly has a higher bulk density. The result of our study shows that . According-to-the data presented-i
‘Fable-l- the C level deteeted fromof all soil depths ranged-{romol 0-30 cm at open-post mining land (ASS) hadsheowed
average value of 0.56% (Table 1). This value is demonstralod that-itwas classified as very low fertility. Furthermore;(

the other hand, all the revegetated post-mining areas af any ages and the original land (O1.) were also classified as very Ioy
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to low, in which their average values of C level were 0.88%

all the revegetated post-mining area and the OL

had a C level in the layer of 0-10 ¢m higher than those of 10-30 em

except the ASS in the BMO site, which had a C level for the upper and lower layer with similar value (0.66%). In general

the results of this studyis work was inlinein line w

ith the previous study reported by Kunlanit et al. (2019).
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Table 1. SPercentage-of s0il organic carbon (%) at-different researchacross observation sites, soil depths and stand age classes I
Stand age clnss
Site Soil depth (em) ASS =3 13 G 638 510 1012 Average OL
SMO 0-10 0.33 0.64 0.54 1.24 2.06 1.24 1.67 1.23 1.88
10 -30 0.47 1.14 0.37 0.74 1.34 0.50 0.78 0.81 0.77 I
BMO 0-10 0.66 0.45 0.36 0.34 0.92 0.57 1.49 0.69 2.23
10 -30 0.66 0.61 0.46 0.29 0.37 0.17 0.51 0.40 0.55
LMO 0--10 0.65 .36 0.68 0.76 1.66 1.87 1.98 1.22 118
10--30 0.57 0.34 0.45 0.59 1.86 1.29 0.90 0.91 0.73
Average (0 -230 0.56 0.59 0.48 0.66 1.37 0.94 1.22 0.88 1.22
Note: ASS i aftersoil spronding, snd OL = is original land; | e
As l]w result of revegetation, there was an increase in the soil C levels. especially in_the SMO and LMO sites in_ajl

sﬂggted (Table 1). At the e SMO site, the C level in the revegetated lar Iand ruu,hcd a penl\ at
sed. At th n
e of 6-12 years ( o]d ()n thuolhcr hund nl thg,i'i (@]
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2016).

The results of C level were then used to estim: te the C stock in an area (ton/ha) calculated from combi nation of th
concentration (%) and the soil B Bil{gg/dm‘) It could be observed from Table 2 that the C stock of the top 3 soil laydr
in_the ASS._ revegetated post-mining land the OL was 17.23-28.41 tons’ha, 10.32-66.47 ons/ha, an .55-41.3]
ton/ha, respectively. The result presented in 1 Table 2 suggests that the he revegetation activity in the studied area is successfi|l
in enhancing carbon stock since the average value as enhanced from 23.78 tons/ha at the ASS site to 32 A7 tons/ha at

vegelation sites, althoug h it was still slightly lower than that in O) with 33.34 tons/ha. The carbon stock obiained
maximum value at the the stand age of 6-8 years af t the SMO site and 8-10 10 years old at the LMO site. In contrast, at the BM()

site had lower carbon stock than that of ASS at any stand ages

Table 2. Soil carbon stockequestration (ton/ha) across observation sites, goil depths and stand age classcset-different arch-sitesol}
dopth-and stand-age-elass v}

d age of 6-8

Stand age class
Site Soil depth (cm) ASS =2 T4 a6 68 810 1012 Aversge OL

SMO 0-10 4.72 9.51 7.91 1553 2412 1538  17.39 1497 16.06

10 -30 12.51 3447 1082 1769 3707 1365  18.88 22,10 16.10 |
BMO 0-10 9.25 6.65 5.21 4.66 10,65 6.49 15.17 8.23 27.50

10 -30 19.16 1847 1387  7.80 .75 3.83 13.25 10.83 13.81
LMO 0--10 9.38 5.12 1049 10.93 1927 2883 2497 16.60 10.65

10 --30 16.33 9.83 1350 18.53 4441  37.64 2423 24.69 15.90
Average 0 -30 23.78 2802 2060 2505 4776 3527 3814 3247 3334

Note: ASS is= after soil spreading; and OL is= original land PE— .
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280 even-from-the-beginning-age until-12 years-old;—the-vulue-was-still lower-than—that of ASS—This situation was-never
281 reaehed-as-far—The-sequestration-of-G-atthis- site-was-also-lower-than-the-OL-
282 More than 65% of the soil C stock-soilser feestration of-at the ASS site was found in layers of 10-30 em (Figure 3).
283 Conversely, at the OL site showed its high that the proportion of C sequestration-stock was higher inat the layer of 0-10
284 cm_than that at the 10-30 cm layver. Along with the increasing age of plants, the vertical distribution of C sequestration - )
285 k distribution-of C-shifted from the lower layer to the upper layer. At the sites of SMO and BEMO, C sequestration Commented [AR10]: Did you mean BMO? Please check again |
286 stock obtained a maximum percentage in the layer of 0-10 when the stand age was 8-10 vears old, while at the LMO site for consistency between what presented in the tables/figure with what
287 it was occurred at 10-12 years old.-The-value-also-indicated-equal value with-the-OL. While all sites had similar trends explained in the text. S
288 regarding the relationship between the vertical distribution of C stock and the stand age, Fihe distributien-efproportion of
289  C sequestration stock significantly differed among all three sites evaluated. The soils in the SMO and LMO sites with finer
290 textures kept the C in the upper layer carlier at the time when the stand age was 2-4 years old which —1+-was different from
291 the rough texture found at the BMO site.
292
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295 Figure 3. Vertical distribution of C stock of top soil (0-10 em) and sub soil (10-30 cm): A) Sambarata Mining Operation (SMO) Site; B)
296 Operation (LMO) Site. Notes: ASS = after soil spreading and OL =
297
298 ‘
299 Qur findings demonstrated the impact of mining activities and the revegetation of the post-mining land. Based on the C

[300  soil content in the three sitesarens, it was suspected that the reduction in C content in the soil was caused by coal mining
301 activities. The content of C soil at the SMO site was 24,14 tons'ha, but after the conversion into mining areas, there was a
1302 change in-this C-soilvontent-A-decrease of 13.04 tong/ha, or 54.03%, caused by land clearing was detected. The average C
303 content of the revegetated land was 27.50 tons/ha. This value was higher by 16.40 tons/ha than the ASS. When compared
304 to the OL, this area showed an increased value of 13.93%. or 3.36 tonstha. At OL of the BMO Site. the C content was
305 22.36 tons/ha. A reduction in C content was also observed after the area was converted into a mining area. The average C
306 soil content on the vegetated land of the BMO site was 13.63 tons’ha. This was 5.22 tons/ha (27.70%) lower than ASS.
307 When compared to OL, the BMO site lost 39.03% of its C content, or 8.73 tons’ha. This phenomenon might be due to
308 erosion that occurred at the land surface in the ASS and on vegetated post-mining land. The soil texture at the BMO site,
309 which was dominated by the sand fraction, caused the soil to become casily eroded. In addition, the site's annual rainfall
|'3 10 was also quite high (2,439 mm). so the C-organic s0il is potentially washed along with erosion.
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Higure-3-C-Sequestration-distribution-of-top-soil (0-10-om)-and-bettom- €10-30-0m)-at-Sambarata-Mining-Operation-Site- (Al
Binungen-Operation-Site-(B)-and Lati- Operation-Site {€)-ASS-is-alter soil spreading and-OL is original-land:

After the implementation of coal mining activities, there was a loss of C content of around 2.24%, or 0.40 tons’ha,
from the OL to the ASS. The OL of the LMO site had a C content of 17.92 tons/ha, in which the ASS contained 15.52
tons/ha. The existence of revegetation at the ASS of LMO site increased the C content in the soil by 39.97% (11.67
tons’ha). This could be seen from the increasing value of the ASS to the vegetated land. When compared to OL. the
vegetated land had an inorease in C content of around 38.59%, or 11.26 tons/ha. When observed from the three sites
studied, there was a loss of C due to coal mining activities. The loss of the amount of soil C ranged from 2.24% to 54.03%,
or equal to 0.40 to 13.04 tons/ha. The biggest reduction occurred at the SMO site, while a small part oceurred at the LMO
site. The revegetation of land contributed to increasing the C content in the soil after mining activities. This was evidenced
by the increase in the amount of land C at the SMO and LMO sites, A similar situation did not oceur at the BMO site
because the texture on this site was dominated by the sand fraction, which resulted in erodible soil and washed young C-
organic. Thus, the C-organic content on the BMO site tended to decrease.

Potential of soil carbon sequestration-stock

The potential of soil carbon eontentstock in all collected soil samples was assessed by classification according to sofl
fertility levels measured at a soil thickness of 30 em. The information summarized in Table 3 showed the potential offor ¢
eordentstock in the revegetated land, which was classified as very low to low with- Fthe average value indicated was vei
low. Only a few of them were characterized as low, including < 2 years and 6-8 years at the SMO site; OL at the BMO
site; and 6-8 years, 8-10 years, and 1012 years at the LMO site. The highest C content in the OL was found at the BMO
site, while the highest C stock potential among all revegetated lands was found at the LMO site.

- ’..Eomnmd {AR-.I. 1]: Reading the text in these two paragraphs is |

confusing since it is niot clear which results are referred to. The
numbers ioned in the text is i i with any data presented
in the tables and figures. For example, which tables or figures that
presented the content of C soil at the SMO site was 24.14 tons/ha.
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_mentioned in the text and data presented in tables and figures.
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“Table 3. Potential of soil carbon stock in the studied area studied and ifs classification based on soil fertility classes

Site Soll depth (em)  ASS = o age S‘“’“"‘;;"’ T BT oL

SMO 0-30 17.23 43.98 18.73 33.22 61.19 29.03 36.27 3216
Classification VL L VL VL L VL VL VL

BMO 0-30 28.41 25.12 19.08 12.46 18.40 10.32 28.96 41,31
Classification VL VL VL VL VL VL VL L

LMO 0_-30 25.71 14.95 23.99 29.46 63.68 66.47 49.20 26..56
Classification VL VL VL VL 1. L L VL

Note: ASS is= after soil spreading; OL is= original land; L i== low; VI, is= very low
We compared the soil carbon stock in the area studied to other sites in Indonesia under various land covers (Table 4),

In this study. the average value of soil carbon stock of all revegetated sites was 31,49 tons'ha. This value is higher than the
soil carbon stock in an agricultural land in North Lombok. West Nusa Tenggara, which has a carbon stock of 10,30 tons/ha
(Kusumo et al, 2018). Surprisingly. although located in the same province, soil carbon stock in this study area is higher
than that of various land cover types in Samb oja, East Kalimantan, such as primary forest (21.15 tons/ha), secondary forest
(18.70), and bumed forest (16,51 tonstha) (Van der Kamp et al, 2009), Nevertheless, the C stock in the study area is lower

than that in several places. For instance, a forest plantation | longing to PT Finnantara Intiga in West Kalimantan Province

showed a soil carbon stock of 40.59 tons/ha, The carbon stock in the peatland forest of North Kayong, West Kalimantan

was 111.56 tons/ha. while the value in the mangrove fc [ Karimun Java Island, Central Juva, reached 158.37 tons/ha,
Furthermore, gr ict, Aceh have been reported to have C potential of around

Table 4, Comparison of soil carbon stockeententin-thesoil of various land cover types in Tndonesia

Laocation Carbon stock (ton/ha) Land cover Source

PT Berau Coal (SMO), East Kalimantan 33.98 Post-coal mining This study

PT Bersu Coal (BMO), East Kalimantan 23.01 Post-coal mining This study

PT Berau Coal (LMO), East K alimantan 37.50 Post-coal mining This study

Aceh Besar District, Acch 124.48 Grassland Abdullah et al. 2022

Acch Besar District, Aceh 131.61 Bush forest Abdullah ct al. 2022

North Lombok, West Nusa Tenggara 10.30 Agrioulture Kusumo et al. 2018

North Kayong, West Kalimantan 111.56 Peatland forest Astiani et al. 2017

Karimun Java Island, Central Java 158.37 Mangrove forest Nehren and Wicaksono 2018
Sungai Wain, Samboja, East Kalimantan 2115 Primary forest Van der Kamp et al. 2009
Sungai Wain, Samboja, East Kalimantan 18.70 Secondary forest Va
Sungai Wain, Samboja, East Kalimantan 16.51 Burned forest Nan

PT Finnantara Intiga, West Kalimantan 40.59 Plantation forest Widhanarto ct al. 2016

We-tlse-compared-the-eondition-ef-C-potentiak-in-the-area-studied P13 tat-Coal-to-other-soil-conditionsin-lind
under-various land-eovers (Table4). In-this-study--the average value-of calculated C- among all-revegetated siteswas 31.49

tonstha—Thi 1 + 1 +h ! 11 L in-Nerth-1 bak—Weat A

N Y ' A 1 e o

“ORYRaTIRIEae Was-superior-eompared-to-the-agrienhural-land-in-North-Lombelk—West Nusa Fenggare—which-has-«
earbon-stoek of-10.30-tons/ha-Surprisingly; although located-in-the same-province (Hast-Kalimantan)-it-could be observed
that-its-surbon-content-was-still-higher-than-that-of various-ypes of-land. such-as primary-forest 2145 1onsha); |
forest-(18-70)-and bumed-forest 65 tensha)H .,A" e-C-content-in-the-PT-Berau-Coal¢ ion-was-lower-than
in-other-places. For-instance,-a-forest-plantation-belonging to PT Finnantara Intiga-in-West Kalimantan Provinee showed-a
Coontent—of-40-39-tons/ha—The-carbon—stock-in—the peatiand-forest-of -North—Kayong— West-Kalimantan—was—111-56
tonstha—while -the --vehm——iﬂAhe--nmngr(wa—tbfewkﬂf Karimun-Java—Island, Central— Java;-reached—158.37-tons/ha.
Furthermere-grassland-and-bush-forestin-Aceh-Besas Distriet/Aeeh-have-been— ported-to-have-C—potentinl-of-around
124.48 tons! ha-and-131-6-ens/ha; respeotively.

Finally—{This study reported the-eurrent-condition—of-soil-organie carbon sequesteation-at a_revegetaiedthe post-coal
mining area of P Berau-Coal-which-is located-in Berau District, East Kalimantan, Indonesia. The C sequestration-stock
offrem-the varying land conditions (i.e. original land, after soil spreading, until the revegetation site with varving stages
from < 2 years to 1012 years) has been comprehensively summarized. We concluded that the C eontentstock whenat the
initial soil spreading was characterized as very low fertility. The carbon stockC content-has improved after revegetation,
particularly in the SMO and LMO sites, suggesting the rate of carbon stock enhancement in_the soil differed across sites.
Compared to_other sites across Indonesia, —The-soil fertility in_the study area is classified as low due
t-diffor-from-other-provinees-since-it-also-hud-different-oharaet tsties—sueh-as-lower C co . Hence,
the results obtained from this study could enrich existing knowledge of soil ecology in the context of mining activities an
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revegetation of post-mining. be used-as-basie knowledge to- manage the-revegated-area-in-East Kalimantan- espectally-in l’-r
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Abstract. Hartati W, Sudarmadji T. 2022, The dynamics of soil carbon in revegetated post-coal mining sites: A case study in Berau,
East Kalimantan, Indonesia. Biodiversitas 23: wrrx. Open pit mining practices cause the loss of vegetation cover as well as soil

degradation. Post-mining land reclamation and revegetation are therefore enforced to recover the vegetation and soil quality, While
several studies have revealed the vegetation succession following post-mining revegetation, limited studies have focused on carbon
dynamics of the soil. This study aimed to investigate the dynamics of soil carbon stock due to mining operation and how it changed
following revegetation. The rescarch was carried out in the concession arca of a coal mining company in Berau, East Kalimantan which
were divided into three sites: Sambarata Mining Operation (SMO) Site, Binungan Mining Operation (BMO) Site, and Lati Mining
Operation (LMO) Site. At each site, eight sampling plots were established representing land with varying vegetational conditions,
namely original land and post mined lands with varying revegetation stages from open land to 12-year-old vegetation. The percentage of
C content was calculated from 288 disturbed soil samples, while bulk density was analyzed from 144 whole soil samples using the
Walkey & Black and gravimetric methods. We found that the C stock at the initial state after mining operation was very low. Coal
mining activities caused a loss of C in soil with an average value of 21.29%, or equal to 5.65 tons/ha. The biggest loss occurred at the
SMO site (44.97%, or 13.04 tons/ha), while the smallest loss was found at the LMO site (2.24%. or 0.40 tons/ha). The carbon stock
improved after revegetation, particularly in the SMO and LMO sites, and the rate of carbon stock enhancement in the soil differed across
sites. The results also showed that soil carbon in the post-mining area of 10-30 cm was greater than that of the 0-10 em layer. Along
with the increasing age of plants, the vertical distribution of C stock shifted from the lower layer to the upper layer.

Keywords: Carbon sequestration, coal, land rehabilitation, post-mining, revegetation

INTRODUCTION

The mining sector is considered one of the most
essential sectors for Indonesia’s economic development. It
contributes to approximately 10% of the national total
gross domestic product (GDP) (Lestari et al. 2019). In the
last decades, accelerated growth has been seen in the coal
mining sector (Chandrarin et al. 2022). It has been
forecasted that global coal usage will continue to increase
from 171 to 208 GJ by 2040 (Aguirre-Villegas and Benson
2017). In the context of Southeast Asia region, Indonesia is
the most important country in terms of coal producers,
alongside Vietnam and the Philippines (Clark et al. 2020).
At global context, in 2013 Indonesia supplied 38% of
global coal demand and half of total exports in Asia
(Friederich and Leeuwen 2017). This contribution is
increasing from year to year, making Indonesia as the
second greatest coal exporter in the world since 2018
(Baskoro et al. 2021) with the five biggest coal importers
are China, Japan, India, Korea, and Chinese Taipei (Dutu
2016). Indonesia is estimated to have around 3.5% of the
global coal reserves (The British Petroleum, 2019) with
total of 140.48 billion tons (Ministry of Energy and
Mineral Resources 2018). Such reserves are mostly located
in three provinces, i.e. East Kalimantan, South Kalimantan,

and South Sumatra (Pratiwi et al. 2021), At national
context of Indonesia, coal has a significant role in fulfilling
energy supply for domestic use which is used in electricity
generation with 33 GW of coal-fired power plant facilities
(Ordonez et al. 2022).

Although it plays important role in energy provision
and economic development, coal mining generates
inevitable adverse environmental impacts during its
extraction. In particular, open-cut mining, which is the
most commonly used technique in Indonesia, causes
irreversible damage to the landscapes of natural ecosystems
(Sudarmadii and Hartati 2016, Yuan et al. 2016; Bucka et
al. 2021; Pudetko et al. 2021; Wang et al. 2022). It removes
vegetation, topsoil, and subsoil, which are the major sinks
of carbon (C) (Ahirwal and Maiti 2017). Since the majority
of coal reserves are located in the forested area, the coal
mining operation causes deforestation (Mukhopadhyay and
Masto 2022). Soil, also known as C reservoirs, contains
three times more C than any combination of biomass and
atmosphere (Hiiblova and Frouz 2021). As a consequence,
there is evidence that soil degradation caused by mining
contributes to an increased global warming risk by
releasing CO; into the atmosphere (Yan et al, 2020). It will
take a very long time to naturally recover the biological and
physical qualities of the soil in post-mined site (Singh et al.
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dynamics of the soil. This study aimed to investigate the dynamics of soil carbon stock due to mining operation and how it changed
following revegetation. The research was carried out in the concession area of a coal mining company in Berau, East Kalimantan which

were divided into three sites: Sambarata Mining Operation (SMO

) Site, Binungan Mining Operation (BMO) Site, and Lati Mining

Operation (LMO) Site. At each site, eight research measurement plots (RMP) were established representing land with varying
vegetational conditions, namely original land and post mined lands with varying revegetation stages from open land to 12-year-old
vegetation. The percentage of C content was calculated from 288 disturbed soil samples, while bulk density was analyzed from 144
whole soil samples using the Walkey & Black and gravimetric methods. We found that the C stock at the initial state after mining
operation was very low. Coal mining activities caused a loss of C in soil with an average value of 21.29%, or equal to 5.65 tons/ha. The
biggest loss occurred at the SMO site (44.97%, or 13.04 tons/ha), while the smallest loss was found at the LMO site (2.24%, or 0.40
tonstha). The carbon stock improved afier revegetation, particularly in the SMO and LMO sites, and the rate of carbon stock
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increasing from year to year, making Indonesia as the
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(Baskoro et al. 2021) with the five biggest coal importers
are China, Japan, India, Korea, and Chinese Taipei (Dutu
2016). Indonesia is estimated to have around 3.5% of the
global coal reserves (The British Petroleum, 2019) with
total of 140.48 billion tons (Ministry of Energy and
Mineral Resources 2018). Such reserves are mostly located

in three provinces, i.e. East Kalimantan, South Kalimantan,
and South Sumatra (Pratiwi et al. 2021). At national
context of Indonesia, coal has a significant role in fulfilling
energy supply for domestic use which is used in electricity
generation with 33 GW of coal-fired power plant facilities
(Ordonez et al. 2022).

Although it plays important role in energy provision
and economic development, coal mining generates
ingvitable adverse environmental impacts during its
extraction. In particular, open-cut mining, which is the
most commonly used technique in Indonesia, causes
irreversible damage to the landscapes of natural ecosystems
(Sudarmadji and Hartati 2016; Yuan et al. 2016; Bucka et
al. 2021; Pudetko et al. 2021; Wang et al. 2022). It removes
vegetation, topsoil, and subsoil, which are the major sinks
of carbon (C) (Ahirwal and Maiti 2017). Since the majority
of coal reserves are located in the forested area, the coal
mining operation causes deforestation (Mukhopadhyay and
Masto 2022). Soil, also known as C reservoirs, contains
three times more C than any combination of biomass and
atmosphere (Hiiblova and Frouz 2021). As a consequence,
there is evidence that soil degradation caused by mining
contributes to an increased global warming risk by
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