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Abstract: Among many disposal options of animal carcasses due to animal diseases including
foot-and-mouth disease (FMD) and avian influenza (AI), on-farm burial has been the most frequently
used one in Korea. Animal carcasses generate contaminants such as ammonium-N and chloride.
This study aimed at testing biochar (BC) as a permeable reactive barrier (PRB) material in combination
with fast growing tree species (Populus euramericana) to mitigate groundwater pollution from animal
burial sites. For this, a PRB filled with BC was installed and 400 poplar tree (P. euramericana)
seedlings were planted. Tested BC was obtained from rice husk and its efficiency to mitigate
contaminant migration from a burial site of pig carcasses was tested using ammonium-N, chloride,
electrical conductivity (EC), and pH as monitoring parameters. Monitoring wells downstream from
the burial site were used. Leachates from a monitoring well, three wells inside the burial site close to
PRB and three wells outside the burial site close to PRB were sampled and analyzed for ammonium-N,
Cl−, EC, and pH for four years from PRB installation. The pH, EC, and ammonium-N of leachate
fluctuated during the test period depending on precipitation. pH, EC, and ammonium-N of the
leachate samples collected from outside of the burial site close to PRB decreased compared to those
from inside of the burial site close to PRB. The concentrations of ammonium-N in the leachate from
the monitoring well kept under the threshold value of 10 mg·L−1 for two years from PRB construction.
In addition, the growth of poplar plants appeared to be increased via uptaking available N and P
released from the burial sites. Achieved results suggest that BC PRBs can be used to in situ mitigate
contaminant release from buried animal carcasses.

Keywords: biochar; contaminants leaching; groundwater quality; livestock disease; on-farm burial;
permeable reactive barriers

1. Introduction

Foot-and-mouth disease (FMD) and avian influenza (AI) have frequently occurred in the Republic
of Korea (Korea). For example, the outbreak of these diseases during 2010 and 2011 occasioned the
construction of about 4800 carcass burial sites (4583 for FMD and 216 for AI) in rural Korea. At these
sites, 7 million poultry and 3.8 million cows and pigs were buried [1–3]. On-farm burial has been
the preferred approach for dealing with animal carcass disposal, as it is generally viewed as being
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a relatively quick and affordable method. Conventional alternative methods include composting,
rendering, and incineration [4,5]. In addition, the nearest area of remnant farmland has been
recommended for burial to effectively prevent the spread of animal diseases in adjacent livestock
farms. However, there is a concern regarding the risk of leachate containing high concentrations of
contaminants, including ammonium-N (NH4

+), nitrate-N (NO3
−), chloride (Cl−), and fecal pathogens.

These contaminants resulted from carcass decomposition can negatively influence the quality of soil
and groundwater around the burial sites [5–7].

The literature on contaminant leaching from livestock burial pits is scarce. MacArthur and
Milne [8] and Yuan et al. [5] reported on elevated concentrations of ammonium-N in leachates burial
sites (at 3294 mg·L−1 and 14,640 mg·L−1, respectively.), compared to the threshold value of 10 mg·L−1

in leachate from monitoring wells. Increased chloride concentrations (about 2600 mg·L−1) have been
measured as well [5]. Pratt and Fonstad [9] have found that leachate components might vary depending
on the type of buried animal carcass: poultry (NH4

+-N at 10,400 mg·L−1 and Cl− at 2570 mg·L−1),
cattle (NH4

+-N at 14,100 mg·L−1 and Cl− at 2600 mg·L−1), and pig (NH4
+-N at 13,300 mg·L−1 and

Cl− at 2380 mg·L−1). Moreover, the extent of groundwater contaminants from carcass burial pits is
a function of the scale of the burial site, local soil texture, background water quality, groundwater
flow direction, and water table depth [3,4]. Pratt and Fonstad [9] reported that contaminants such as
ammonium and chloride were detected in the leachate collected 2 years after carcass burial. They also
showed that ammonium concentration in the early stages was the lowest (approximately 5000 mg·L−1),
whereas it increased steadily for 2 years as animal carcass decomposition progressed. Therefore,
countermeasures to mitigate contaminant migration must be applied at the animal carcass burial
sites. An innovative approach is the installation of permeable reactive barriers (PRBs) combined with
fast-growing tree species, such as Populus spp.

A permeable reactive barrier is a passive and cost-effective technology for in situ remediation of
contaminated groundwater [10–12]. PRBs can degrade dissolved contaminants or immobilize them
within the reactive wall. The degradation products are ideally less toxic than their reactants [12–14].
A PRB containing a suitable reactive material is possibly a beneficial tool for in situ remediation
of subsurface soil contaminated with heavy metal, organic compound, nitrogen compounds,
etc. [12,13,15,16]. Various materials including zero valent iron, activated carbon, zeolite, and biochar
(BC) can be used as suitable reactive material for PRBs [10–16].

Biochar (BC) has recently been introduced as cost-effective adsorbents for organic pollutants,
heavy metals, and antibiotics [17–21]. In general, BCs have high cation exchange capacity (CEC) [17–21].
Therefore, BCs could adsorb contaminants in leachate such as heavy metal and ammonium-N
through directly binding or adsorbing contaminants [18]. In earlier studies of Yoon and Kim [22] and
Kim et al. [23], it was found that rice husk BCs could adsorb high concentrations of ammonium-N.
In addition, Kim et al. [23] investigated the potential for remediation of contaminated groundwater
using PRBs filled with rice husk BC and found that they could significantly reduce ammonium-N
and PO4

3−-P. A potential application of phytoremediation through biodegradation of groundwater
contaminants such as excess nutrients or landfill leachates including ammonium-N, nitrate-N,
and PO4

3−-P has been proposed [24].
Application of phytoremediation to animal carcass burial sites has not been reported yet. However,

many researchers reported the use of Populus spp. to soils contaminated with organic contaminants or
for remediation of leachate from landfill sites [25–29]. Since most of the animal carcass burial sites in
Korea are located at agricultural areas, and sites used for animal carcass burial need to be reused in
the future, the application of phytoremediation of soils contaminated with contaminants from animal
carcasses is very important from an environmentally-friendly management point of view.

The present study aimed to investigate the effect of PRBs filled with rice husk BCs on in situ
remediation of leachate and to explore the effect of phytoremediation on soil properties in a pig carcass
burial site over 4 years.
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2. Materials and Methods

2.1. Animal Carcass Disposal Site

A total of 3147 pigs infected with or suspected of foot-and-mouth disease (FMD) were slaughtered
and buried in a pig livestock farm according to the provision of Article 20 of the Act on the
Prevention of Livestock Epidemics by the Ministry of Agriculture, Food and Rural Affairs [2]. A burial
site located in the central part of Korea was selected, designed, and constructed according to the
guideline for environmental management of carcass burial [30] by the Ministry of Environment (MoE),
Korea (Figure 1). The area of the burial site, the depth of the pit, and the thickness of the buried animal
carcass were 400 m2, 4 m, and 1.5 m, respectively. Therefore, the total volume of the animal carcass
burial pit was approximately 600 m3 (400 m2 × 1.5 m). On completion of the burial site, a monitoring
well was installed according to the guidelines of the MoE [30]. Results of the monitoring for the
leachate measured at the monitoring well 1 year after burial showed that the ammonium concentration
exceeded the threshold value (10 mg·L−1) (Table 1) [30].
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Table 1. Korean threshold levels for monitoring leachate from burial site [30].

Threshold Level Criteria for Judgment

Level 1 (high potential) NH4-N ≥ 10 mg·L−1 or Cl− ≥ 100 mg·L−1

Level 2 (medium potential) NH4-N ≥ 2 mg·L−1 or Cl− ≥ 25 mg·L−1 or Electrical conductivity
(EC) ≥ 800 µS·cm−1

Level 3 (low potential)
NH4-N ≥ 0.1 mg·L−1 and Cl− ≥ 4.0 mg·L−1 and

{(Cl−monitoring well/Cl−burial site) ≥ 0.05} and EC ≥ 800 µS·cm−1

2.2. Establishment of Permeable Reactive Barrier

A permeable reactive barrier (PRB) was constructed on the site to reduce the concentrations of
contaminants in leachate, particularly ammonium-N. A preliminary study was conducted to determine
the existence and direction of flow of shallow groundwater. A PRB was installed at the southwest corner
of the carcass burial site based on the results of the preliminary study in March 2013. The dimensions
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of the PRB were 6 m (length) × 1 m (width) × 3 m (height). The PRB was buried at 2 m depth from the
soil surface. The PRB was filled with rice husk biochar (BC) (DAEWON GSI, Chilgok, Korea) which
was produced by slow pyrolysis at about 600 ◦C for 10 h. The pH, EC (electrical conductivity), and CEC
(cation exchange capacity) of the BC used in this study, as analyzed by Kim [31], were 10.2, 0.82 dS·m−1,
and 50.35 cmol·kg−1, respectively. The Fourier transform infrared (FTIR) spectra for the BC reported
by Kim [31] is shown in Figure 2. The FTIR spectrum of the biochar we used showed significant
evidence for alkyl C-O character based on the broad peak centered at 1100 cm−1. The presence of this
stretch is consistent with carboxylate functional groups which contribute cation exchange capacity to
biochar [32].
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2.3. Planting Poplar Trees

Poplar plants are well-known as fast growing species. They have occasionally been used for
biomass production using short-term rotations [33,34]. Based on the results of the preliminary
study [35], a poplar tree species (Populus euramericana) was selected to provide vegetation cover
on the burial site for this study in order to reduce the releases of contaminants outside of the burial site,
particularly soluble N, by plant uptake. This plant species has great capacities in root spreading for
nutrient uptake. It can also adapt to multiple environmental conditions [36]. Particularly, this species
has been previously used as a solution to remediate various soil and water contaminants [25,28,29,37].

In the present study, four hundred stem cuttings of poplar plant (1 m height) enclosed with
a specific guard column were arranged for planting at the burial site. The plant guard column,
developed by Seo et al. [35], can aid the ability of plant roots to spread to deeper soil substrate.
The guard column does not have harmful effects on root development and plant growth. In the study,
poplar trees could be bedded in 1 m deeper position than the control with the specific guard column
(Figure 3). All poplar trees were planted in March 2013. The distance between each tree was one meter.
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2.4. Installation of Wells

For leachate sampling, a total of eight wells (3 m depth) were constructed in situ at the burial site
(Figure 1). A control well installed at the upper gradient of the burial site at the opposite direction
from groundwater flow (10 m distance from the border of burial site); three wells were placed inside of
the burial site within 0.5 m of the PRB; three wells were placed outside of the burial site within 0.5 m
of the PRB; and a monitoring well was located at the lowest gradient place (10 m distance from PRB).

2.5. Soil and Leachate Sampling

Four months after PRB installation and poplar planting, soil sampling (2–3 m depth) was
performed inside and outside of the burial site close to PRB in July 2013. Collected soils were analyzed
to determine properties such as pH, electrical conductivity (EC), organic matter (OM), total N (TN),
total P (TP), ammonium-N, nitrate-N, and Cl−.

Sampling of leachate was conducted over a period of three years to monitor the concentrations of
contaminants released from animal carcasses. Samples were taken from all wells in July and December
2013; April and October 2014; June and October 2015; January, April, June, and October 2016. The pH,
EC, and ammonium-N of the leachate were determined.

Rhizosphere soils of poplar were collected five times to determine EC, TN, and TP from July
2013 to November 2014. Soils were sampled at three different depths (40–60, 60–80, and 80–100 cm)
(n = 6 for each depth). TN and TP in the leaves and stems of poplar trees (n = 6) sampled in 2013 and
2014 were also determined. Plant growth was measured in the field and the laboratory in October
2016 (n = 24), including diameter at breast height (DBH), shoot height (SH), and dry weight (DW).
The potential of aboveground production (PAP) for four years was estimated using the following
Formula (1).

(average DW × total plant number)/area (1)

2.6. Analytical

Air-dried soil samples were sieved using a stainless steel sieve (<2 mm). Soil pH and EC
(1:5W) were measured using a pH meter (MP 220, Mettler, Zurich, Switzerland) and an EC meter
(MC 226, Mellter, Zurich, Switzerland) [38], respectively. For analysis of TN, the air-dried soil was
sieved with a 0.5 mm sieve, digested with concentrated sulfuric acid (H2SO4) and Kjeltabs Se/3,5®

(3.5 g K2SO4 + 3.5 mg Se), and determined using a Kjeldahl distiller (Kjeltec 2300, Foss, Hillerød,
Denmark) [39]. After digestion with a mixture of concentrated nitric acid (HNO3) and perchloric acid
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(HClO4) followed by color reaction with ascorbic acid, TP was measured using a ultraviolet-visual
spectrophotometer (UV-160A, Shimadzu, Kyoto, Japan) at a wavelength of 470 nm. For ammonium-N,
the air-dried soil was extracted with 2 M KCl solution and steam distilled with MgO using a Kjeldahl
distiller (Kjeltec 2300, Foss, Hillerød, Denmark) [40]. After determining ammonium-N, the soil was
steam distilled again with MgO and Devarda’s alloy using a Kjeldahl distiller (Kjeltec 2300, Foss,
Hillerød, Denmark) for nitrate-N [40]. Cl− was determined using ion chromatography [41]. Samples
of leachate collected from wells were stored at 4 ◦C for less than a week prior to analyses. pH, EC,
and ammonium-N concentration of the leachate samples were determined after filtering with Whatman
No. 42 filter paper. Like soil analyses, pH and EC of leachate samples were measured using pH and EC
meters, respectively. The concentration of ammonium-N was determined using a Kjeltec auto analyzer
(Kjeltec 2300, Foss, Hillerød, Denmark).

Prior to plant harvest, DBH and SH of poplar trees were measured at the site. Five representative
poplar trees were selected based on plant growth. The aboveground parts of the five trees were
harvested, cut into pieces, and dried at 65 ◦C in a drying oven for a week. Samples of dried plants were
ground uniformly prior to determination of TN and TP. The plant powder was digested with a mixture
of conc. H2SO4 and 50% HClO4 at 250 ◦C [42]. The resolvent was filtered with Whatman No. 2 filter
paper. Total N was determined using Kjeltec auto analyzer (Kjeltec 2300, Foss, Hillerød, Denmark) and
Total P was analyzed by vanadate methods [43] with a ultraviolet-visual spectrophotometer (UV-160A,
Shimadzu, Kyoto, Japan) at a wavelength of 470 nm.

2.7. Statistical Analyses

Minitab 17 (Minitab Inc., State College, PA, USA) was used for all statistical analyses.
Differences in rhizosphere soil properties (EC, TN, and TP) in response to soil depth and sampling
time were assessed with a one-way analysis of variance (ANOVA) using a Fisher’s Least Significant
Difference (LSD) test (n = 6, p < 0.05). Differences in pH, EC, and ammonium-N of leachate samples in
relation to the location of the wells were also assessed (LSD, n = 3, p < 0.05). To determine effects of
rainfall on leachate composition, a correlation coefficient (r) was calculated to estimate the relationship
between precipitation and leachate properties such as pH, EC, and ammonium-N concentration.

3. Results

3.1. Properties of the Soils

Four months after PRB establishment, substantial differences in soil properties between the soil
inside of the burial site close to PRB and those outside of the burial site close to PRB were found
(Table 2). Compared to soil properties near PRB inside of the burial site, higher soil pH but lower EC,
OM, TN, TP, and Cl− were detected in soil near PRB outside of the burial site. In terms of soluble
N, ammonium-N in the soil near PRB inside of the burial site (170 mg·kg−1) was five times higher
than that in the soil near PRB outside of the burial site (36 mg·kg−1). However, there was no variation
in nitrate-N concentrations between those soils. The pH of the soil around the monitoring well was
higher than that around the PRB, and nitrates were not measured.

Table 2. Variation of soil chemical properties depending on location relative to burial site and permeable
reactive barrier (PRB) after 4 months of the PRB installation (monitoring well is located five meters
down from the PRB).

Location of Soil Samples pH
(1:5W)

EC
(dS·m−1)

OM
(%)

T-N
(%)

T-P
(%)

NH4-N
(mg·kg−1)

NO3-N
(mg·kg−1)

Cl−

(mg·kg−1)

The soil near PRB inside of the burial site 4.9 0.22 12.7 0.14 651 171 22.1 4.84

The soil near PRB outside of the burial site 5.5 0.06 0.61 0.03 299 35.8 22.1 2.75

The soil near monitoring well 6.3 0.08 0.53 0.03 243 38.6 N.M. 1 4.24
1 N.M. (Not Measured).
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3.2. Leachate Properties

During monitoring from June 2013 to October 2016, leachate properties demonstrated observable
changes: pH increased from 6.01 to 7.15; EC increased from 0.12 to 0.31 dS·m−1, and ammonium-N
increased from 11 to 41 mg·L−1 (Figure 4). EC and ammonium-N in the leachate collected from the
wells inside of the burial site close to the PRB appeared to be lower than those collected from the wells
outside of the burial site close to the PRB. The leachate sampled in June 2015 showed sighnificant
differences (LSD, p < 0.05). Among leachates collected from the wells outside of the burial site close
to the PRB over the monitoring period, the highest concentrations of pH, EC, and ammonium-N
were detected in samples collected in June 2016, whereas the lowest concentrations were detected in
the samples collected in April 2014 and June 2015. Similar fluctuation was shown between leachate
properties of the control and monitoring wells for 3 years. However, there were substantial increases
in pH and ammonium-N concentration in the leachate samples collected from the monitoring well in
October 2015.
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3.3. Rhizosphere Soil Properties

Properties of rhizosphere soil used for poplar trees were different depending on soil depth and
sampling time (Figure 5). EC of the soil collected from 80 to 100 cm was significantly (p < 0.05) higher
than that of the shallower soils of 40–60 or 60–80 cm collected in July 2013. The EC was substantially
(p < 0.05) decreased in March 2014. Total N contents in soils were gradually decreased across the
whole soil profile from the middle of 2013 to the end of 2014. Significant (p < 0.05) reductions in
total N contents were found at soil with depths of 40–60 and 60–80 cm over the study period. Total P
contents were marginally decreased in March 2014 in the deepest soil (80–100 cm). At that sampling
date, the concentrations of TP were gradually increased in shallower soils. The concentrations of TP in
shallow soils were higher than those in the deepest soils.
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3.4. Plant Growth

All poplar trees grew very well at the burial site. Plant shoot height (SH) was increased from 1 m
to 7.61 m during the study period (Table 3). DBH and dry weight (DW) of each plant also increased to
about 22 cm and 10 kg, respectively. The potential of plant production in four years was estimated at
approximately 85 ton·ha−1. No significant (p > 0.05) difference in TN or TP of poplar leaves was found
between samples collected in 2013 and 2014. Plant stems contained 5.2 g·kg−1 of TN and 1.2 g·kg−1 of
TP, respectively (Table 4).

Table 3. Measurements of plant growth indicators such as diameter at breast height (DBH), shoot height
(SH), dry weight (DW), and potential of aboveground production (PAP) (value in parenthesis represents
standard error of the mean, n = 24).

DBH (cm) SH (cm) DW (kg/Plant) PAP (ton DW/ha/4 Years)

22.1 (4.1) 761.3 (50.4) 10.7 (4.1) 85.3

Table 4. Total N and P concentrations in leaves and shoots of poplar plants in 2013 and 2014 (value in
parenthesis represents standard error of the mean, n = 5; same letters in superscript indicate no
significant difference, LSD, p < 0.05).

Sampling Year
Total N (g·kg−1) Total P (g·kg−1)

Leaf Stem Leaf Stem

2013 22.6 (1.0) a - 0.5 (0.1) a -
2014 23.7 (1.1) a 5.2 (1.1) 0.4 (<0.1) a 1.2 (0.1)

4. Discussion

4.1. Impacts of PRB on Soil Properties

The PRB filled with rice husk BCs seemed to influence the flow of contaminants from the carcass
burial site in this study. The EC and concentrations of TP, TN, ammonium-N, and chloride were
considerably different between soils collected inside and outside of the burial site close to the PRB
(73%, 54%, 79%, 79%, and 42% higher concentrations were detected in the soil collected from inside of
the burial site close to the PRB, respectively). The differences in contaminant concentrations may be
due to the BC containing high anion exchange capacity (AEC) and CEC, thereby possibly allowing
the BC to adsorb the contaminants in soil [18,44]. Kim et al. [23] have also found that soils collected
from inside of the burial site close to a PRB had an increased amount of contaminants such as TN,
TP, and K compared to the soil collected from outside of the burial site close to the PRB. However,
differences in soil OM appeared not to be associated with the presence of PRB. It was likely due to the
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fact that surface soils covering the carcasses had significantly more amounts of OM than subsurface
soils outside of the burial site. Lime treatment used to eliminate harmful pathogens result in increased
pH of the soil from the burial site. However, the pH of the burial pit soil was lower than surrounding
soils. Such a decrease in pH might be due to bacterial fermentation products via metabolic processes
which could convert sugar to acids, particularly under aerobic conditions [3,5].

4.2. Removal of Leachate Contaminants by PRB

Overall, the pH, EC, and ammonium-N concentrations of the groundwater changed with the
presence of the PRB. The PRB played a role in the elimination of contaminants in leachate by adsorption
on the surface of biochar. Unlike soil pH, lime addition to the burial site might have contributed to
a marginal increase of leachate pH (near neutral) of wells inside of the burial site close to the PRB [9].
Additionally, high concentrations of calcium dissolved from the decomposition of the carcasses might
have raised the pH of the leachate [3]. Particularly, leachate properties seemed to depend on monitoring
season and monthly precipitation in the study area. Winter and spring seasons, representing low
rainfall periods, were less likely to influence the flow of groundwater contaminants. In contrast,
during and after summer, EC and ammonium-N concentrations in the leachate were significantly
increased. The increase in contaminant release might be associated with increased ambient temperature
which is a determinant of decomposition rates [45]. The summer temperature of over 30 ◦C at the burial
site for this study might have facilitated the activities of microorganisms and carrion entomofauna,
thus stimulating the process of carcass decomposition [46]. Moreover, precipitation in rainy season is
likely to increase N leaching from the burial site [46]. A significant correlation between precipitation
and ammonium-N concentration in leachate sampled from the wells inside of the burial site close to
the PRB (r = 0.764, p = 0.01) was found (Figure 6). Although EC appeared to show similar patterns
over the study period, no significant (p > 0.05) correlation between EC and precipitation was found.
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4.3. Phytoremediation Effects

Populus spp. generally has the capacity to develop more fine roots that facilitate the uptake of
water and nutrients. This also benefits the microhabitats of the rhizosphere, thereby enhancing soil
quality [47]. In this study, the rhizosphere of poplar with a specific guard column was formed at soil
depth of approximately 1 m. As a result, relatively more reductions in EC, TN, and TP concentrations
in soil depth of 80–100 cm were found compared to those of shallower soils. Therefore, carcass leachate
containing available nutrients such as ammonium, nitrate, and phosphate appeared to enhance the
growth of poplar plants in the present study. Due to spillover nutrients, aboveground growth rate of
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poplar plants in this study (21.3 ton·ha−1·yr−1) in this study was relatively larger than that of other
populous spp. (from 6.5 to 13.6 ton·ha−1·yr−1) reported in other studies [48–51].

4.4. Improving Removal Efficiency

In this study, leachate sampling was not implemented from the center of burial pits due to
hygienic reasons. However, when considering properties of the leachate collected from the wells
inside of the burial site close to the PRB (1 m distance from the burial pits), the pig burial site of this
study seemed to release relatively lower concentrations of contaminants, particularly ammonium-N,
compared to other in situ burial sites: 9,300 to 13,800 mg·L−1 [52] and 2,833 mg·L−1 [53] in Korea;
12,600 mg·L−1 in Canada [9]; 870 mg·L−1 in UK [54]. The difference in contaminant concentrations
between burial sites might have been affected by carcass burial density and burial depth because the
amount of leachate depends on burial density and volume. Moreover, the type of animals, local climate,
and soil properties such as mineralogy, permeability, and organic C status influence the difference in
contaminant concentrations [3,4,9,55].

However, over the period of leachate monitoring using monitoring wells, EC and ammonium-N
concentrations gradually increased, exceeding 0.8 dS·m−1 and 10 mg·kg−1 of their respective threshold
values (see Table 1) [30]. Although establishments of the PRB and phytoremediation apparently
reduced contaminants leaching in the current study, more effective technologies need to be developed
in order to better address the exponential growth of recent outbreaks of FMD and AI in Korea.
For example, smaller sized particles of reactive medium in PRBs could enhance the capacity of ion
adsorption by increasing the surface area of the media. Thus, the flow of contaminants could be
mediated with the modified internal pore structure in the media of PRBs [18,56]. Kizito et al. [57] have
found that ammonium-N adsorption capacity of a rice husk biochar is increased when its particle
size is decreased. In addition, decreased hydraulic conductivity (HC) of smaller sized biochars may
extend the contacting period with contaminants [58]. The biochar HC used in this study was large
(2 × 10−3 m·s−1). If smaller sized rice husk BCs were used in this study as reactive media for the PRB,
it might have contributed more effectively to in situ remediation of contaminants.

5. Conclusions

Although on-farm burial of animal carcasses has potential risks of contaminants leaching into
the surrounding environment, resulting in the degradation of soil and groundwater quality, it is
a preferred and the only practical approach in Korea so far. A permeable reactive barrier with rice
husk biochar used in this study reduced contaminants leaching from an animal carcass burial site,
particularly ammonium-N. In terms of in situ phytoremediation, poplar plants also appeared to
reduce EC and concentrations of ammonium-N by contaminant uptake. Despite some limitations,
the application of phytoremediation by woody plants and PRB could be one of the attractive options
for environmentally-friendly and sustainable management of animal carcass burial sites constructed in
agricultural areas.
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