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T It [ 3
NATURE-BASED REMEDIATION FOR GROUNDWATER CONTAMINAT ION
CASE STUDY
2 %% Mt
BT AR
FHAR IR AR A TR ]
ABSTRACT

Nature-hased remediation (NBR) is the process of using natural
systems and ecological principles to remediate and restore
contaminated or degraded environments. It leverages natural
processes (e.g., bioremediation, phytoremediation), materials
(e.g., biomass, industrial waste derived), and energy (e.g., solar,
water, wind) to reduce or eliminate the harmful effects of
contaminants. NBR is a sustainable and resilient alternative to
traditional remediation techniques, offering the benefits of
reduced carbon footprint, enhanced ecosystem, and 1improved

cost—effectiveness.

NBR techniques were applied to the case study of a former
chemical manufacturing facility. Historical operations of the
facility had resulted 1n chlorinated solvents 1mpacts to
groundwater with an approximately 2, 000—foot tetrachloroethylene
(PCE) and breakdown product plume. Feasibility study evaluations
selected three NBR techniques in-situ bioremediation (ISB) to
control the source area, phytoremediation to treat the plume area,
and monitored natural attenuation (MNA) to manage the
low—concentration plume fringes. This case study presents the NBR
techniques, field pilot test, and full-scale 1mplementation,
operation, maintenance, and monitoring of sustainable and

resilient remediation at the chlorinated solvent—impacted site.

Keywords: Natural-based remediation, in-situ bioremediation,
phytoremediation, monitored natural attenuation, chlorinated
solvent contamination, field pilot test, full-scale

implementation
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NATURE-BASED REMEDIATION

NBR offers promising alternatives for soil and groundwater
remediation by leveraging natural processes and ecosystems. These
alternatives involve using microorganisms, plants, and natural
materials to degrade, remove, or immobilize contaminants from the

environment.

NBR 1s gaining traction and public acceptance over past decades
with international support from United Nations, European
Commission, and US Environmental Protection Agency (EPA) due to
environmental, economic, and social sustainability. NBR 1s
environmentally sustainable because many of them are implemented
with lower energy consumption than traditional methods resulting
in reduction of carbon footprint and lower environmental footprint.
In addition, NBR enhances ecosystem services by providing
additional benefits of 1mproved water quality, carbon
sequestration, and habitat creation. NBR 1s cost—effectiveness
because they are more affordable, particularly for large—scale or
long—term remediation systems. Overall, NBR 1s perceived
positively by the public increasing their social acceptance and
feasibility.

1.1 Nature — Based Remediation Implementation

NBR implementation 1s specific for soil, groundwater, or
sediments encompassing in—-situ and ex—situ approaches.
In—situ NBR approach can be divided 1into areas of
microbiological, chemical, and combination of microbiological
and chemical. Microbiological remediation includes primary
or co—metabolic bioremediation; chemical remediation includes
reduction—oxidation or hydrolysis reactions. Ex—situ NBR
approach can be divided into areas of
phytoremediation/mycoremediation systems, bioreactors, and
natural vegetation control. Phytoremediation/mycoremediation
systems include wetlands, plants, and fungal based remediation;

bioreactors include microbial or algal based remediation. In
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addition, beneficial re—use is another important aspect of NBR,
such as re-use of <coal ash for metals recovery,
construction/ceramic industry, soil amendments, material
synthesis, etc. (Zhou, H., 2022)

Challenges associated with NBR 1mplementation are
site-specific conditions, longer timelines, 1ntegration
requirement, and limited research and data. The effectiveness
of NBR can vary depending on soil type, contaminant type, and
other site—specific factors. Some NBR, like phytoremediation,
may take longer to achieve desired results compared to
conventional remediation. The implementation of NBR often
requires integration with conventional remediation techniques
or other management strategies. More research 1s needed to
fully understand NBR long—-term effectiveness and optimize

their application.
1.2 Nature — Based Remediation for Brownfield Redevelopment

NBR offers great potential for application in the field of
brownfield redevelopment. There are approximately 600, 000
registered brownfield sites in the United States (USEPA, 2017).
Natural-based redevelopment technologies used for planning and
redevelopment are revegetation at contaminated sites and
integration with landscape architecture, converting 1into
greenspace, green industrial heritage park, or nature reserves,
and providing ground source heating (Song, Y., et al., 2019).
Landscape architecture at former industrial sites may improve
the aesthetic characteristics of the site and transform the
site to a stable ecosystem. Large brownfield sites can be
converted into parks and greenspaces to create a more enjoyable
urban environment and to fulfill sustainability goals.
Brownfield sites can be developed into green 1ndustrial
heritage parks, offering significant socioeconomic benefits.
Depending on the perception of risks by the public and other

stakeholders, brownfield sites may be converted to nature
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reserves with human access. Groundwater remediation was
coupled with a heat—-cold storage technique wusing a
recirculation system to create a constant flow so that heat and
cold could be exchanged with groundwater near constant
temperature (Slenders et al., 2010).

1.3 Nature — Based Remediation Examples

Various NRB techniques have been 1mplemented. Most

applicable NBR examples are:

® Bioremediation — Bacteria and fungi are employed for

degradation or 1mmobilization.

® Phytoremediation - Plants are utilized for
phytoextraction, phytovolatilization,
phytostabilization, or hydraulic control.

® Solar energy application — Solar energy is used as heat
for 1increasing biodegradation, or electricity for
driving control units/pumps.

® (Green materials — Organic materials such as biochar,
plant fibers, or peat are incorporated for adsorption,
bark mulch and cotton burrs are used for biowall.

® Water flow application - The natural flow of
groundwater 1s wutilized as a driving force for
permeable reactive Dbarriers and dispersion of

admixtures.

® Wind power application — Wind power is harnessed for
creating negative pressure for bioventing (Figure 1)
(Dominguez, R. et al., 2012).
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Figure 1 Wind-Driven Bioventing System

In conclusion, NBR offers a promising pathway for
sustainable soil and groundwater remediation, providing a
range of environmental, social, and economic benefits. These
are the benefits of Sustainable Resilient Remediation (SRR)
implying NBR aligned with SSR. SSR considers climate change in
addition green and sustainable remediation. Careful planning,
site-specific assessments, and i1ntegration with other
technologies are crucial for successful implementation of NBR.

2. CASE STUDY: NBR IN-SITU BIOREMEDIATION AND
PHYTOREMEDIATION TO TREAT PCE-IMPACTED GROUNDWATER

The 378-acre former chemical manufacturing facility (the Site)
1s located inCalifornia, US. The manufacturing facility produced
chlorofluorocarbons (CFCs), fuel-additive anti—knock compounds
(AKCs), and white pigments titanium dioxide (Ti02). Production of
CFCs began in 1956. AKCs production was added in 1957 followed by
production of Ti102 1n 1963. All three product lines were
discontinued beginning with AKCs manufacturing in 1981 followed
by CFCs manufacturing in 1995, and Ti02 manufacturing in 1997. The
T102 and CFCs blending operations were shut down in November 1998.
The manufacturing facilities had been demolished at the Site since
then. The Site was zoned for heavy industrial use. Site access
was restricted by a perimeter fence and a guarded entrance.

18



BIEEGAEE 114 5 09-10 A <#EAF >

2.1 Site Background

The former T10: manufacturing area appeared to be the source
for the solvent PCE identified in the Plume 3 area groundwater
above California state cleanup levels. The Plume 3 area began
in the southwest corner of the former Ti02 manufacturing area
and continued northeast toward a river flowing to sea. The
westernmost portion of the Plume 3 area was used for
manufacturing and processing, while the central and eastern

portions remain as undeveloped wetlands (Figure 2).

The groundwater table was measured between 8 and 12 ft below
ground surface, highly 1impacted by tidal effect. The
groundwater total dissolved solids (TDS) concentrations ranged
from 1,000 to 2,000 mg/L, classified as brackish water. Main
contaminant of concerns (COCs) was PCE. Other contaminants
also detected are 1,2-Dichloroethane, carbon tetrachloride,
CFCs, and organo—lead.

LEGEND
— WoOd Lined Trench Conveyance System
[] Waste Management Areas (WAtAS)
] operaticnsi areas
] cane propernty
Manutacturing Areas

Chemaurs Property Boundary
L. ] Comectve Action Facsity Boundary

Figure 2 Site Map with Historic Features
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Groundwater had been investigated and routine quarterly
groundwater had been monitored over the past decade. The
specific groundwater cleanup standards and objectives for
Plume 3 had been provided based on the evaluation of the
potential human and ecological exposures and health risks
associated with PCE 1n groundwater. Specific measures were
recommended to clean up groundwater using NBR techniques ISB,
phytoremediation, and natural attenuation.

2.2 Field Pilot Tests

Field pilot studies were conducted for two NBR techniques
ISB and phytoremediation. ISB and phytoremediation resulted
in reduced carbon footprint, and phytoremediation resulted 1n
generated carbon credit. The field pilot test results were
used to evaluate the effectiveness of the COCs removal and the

design of the full-scale ISB and phytoremediation systems.
2.2.1 In-Situ Bioremediation

A field pilot test was conducted to evaluate the
effectiveness of ISB 1in treating PCE and 1ts daughter
products (trichloroethene [TCE], dichloroethane [DCE], and
vinyl chloride [VC]) within Plume 3. Emulsified vegetable
oil (EVO) of soybean oil was injected as a slow-release
source of organic carbon for anaerobic reductive
dechlorination of the COCs. Sodium lactate was also
included to rapidly provide substrate prior to the slow
degradation of the EVO. The total volume of 1njection
substrate was approximately 5,800 gallons of which 90
percent by weight consisted of groundwater extracted from
the pilot test area. The remainder of the substrate mixture
consisted of approximately 3.5 percent emulsified soybean
o1l, 1.5 percent sodium lactate, and 5 percent pH buffer
by weight.
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ISBpilot test results were shown on Figure 3. Initially
PCE, TCE, and DCE concentrations decreased and VC
concentration increased, implying anaerobic
biodegradation occurred. Three quarters after the
injection, DCE concentration started to rebound slightly
and VC concentration decreased, indicating additional
biostimulation was needed to carry on the anaerobic
biodegradation. Total molar concentration decreased to a
stable concentration after the injection, but slightly
rebound three quarters after the injection indicating a
bioaugmentation might be required to complete the

biodegradation processes to ethene.

i
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Figure 3 Bioremediation Pilot Test Results

2.2.2 Phytoremediation

On—-site existing eucalyptus and willow trees were
sampled for tissue and analyzed for COCs uptake study. 36
eucalyptus and willow tree tissue samples were collected
and preserved with methanol before shipping to the
analytical laboratory. Data indicated COCs uptake occurred

in eucalyptus and willow trees.

Phytoremediation pilot test, 1ncluding sampling

locations and analytical results, were shown on Figure 4.
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The sample results indicated the concentrations of the
daughter products (DCE and chloromethane) were higher than
that of the respective parent products (PCE and chloroform).
The daughter products were easier absorbed than the parent
products because DCE and chloromethane were more readily
biodegradable intermediate in the breakdown of PCE and
chloroform.

UL e “'*:T.i

Figure 4 Phytoremediation Pilot Test Results
2.3 Full-Scale Remedy Implementation

Based on the field pilot test results, the full-scale
remedy was 1mplemented as a combination of i1nstitutional
controls and three NBR techniques: ISB for the source area
control, phytoremediation for the plume area treatment, and MNA

for the plume fringe management for Plume 3 at the Site (Figure
5).

Institutional controls included a 1and use covenant for the
Site to prevent the extraction and use of groundwater other than
for monitoring purposes. The covenant required future
buildings to be constructed to protect public health.
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ISB was applied as biostimulation and bioaugmentation for
the source area control. Biostimulation was to treat PCE and
daughter products i1n groundwater through the addition of
substrates to enhance the anaerobic biodegradation processes
due to i1nsufficient total organic compounds at the Site.
Bioaugmentation was to complete the PCE and daughter products
degradation process to ethene through the addition of
Dehalococcoides (Dhc) microorganisms due to shortage of such

microorganisms.

Phytoremediation was applied for the plume area treatment.
Phytoremediation used eucalyptus and willow trees to treat PCE
and daughter products through three mechanisms: reductive
dichlorination, phytovolatilization, and hydraulic barrier
(0’Connor, D., et al., 2019). The reductive dechlorinaton of
PCE and daughter products was enhanced by plant roots secreting
carbohydrates and enzymes at the root—-soil interface.
Carbohydrates acted as substrates to stimulate microbial
growth, enhancing the reductive dechlorination of PCE and
daughter products. Enzymes facilitated the hydrolysis of
large molecules into smaller and usable substrates for microbes
toutilize for energy and growth. Phytovolatilization of PCE
and daughter products was a passive process driven by
evapotranspiration from leaves and stems. A local cone of
depression was created through evapotranspiration to act as
hydraulic barrier to the advective flow of contaminated
groundwater away from the Site. Routine collection and
analysis of groundwater upgradient and downgradient of the
phytoremediation areas demonstrated the effectiveness of

phytoremediation.

MNA was applied for the plume fringe management. Data
collected during routine groundwater monitoring at the Site
indicated that natural attenuation was effective to treat PCE
and daughter products. Plume status 1s controlled by the
balance of source mass flux and attenuation capacity 1in the
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plume. Plume 1s expanding when the effect of mass flux 1is
higher than natural attenuation, and collapsing when the effect
of mass flux 1s lower than natural attenuation. MNA usually
initiates when plume is stable or collapsing. In addition,
initiation of MNA requires source area remediated to
practicable extent, plume posed minimal risk, and remediation
goals met in reasonable timeframe (Wilson, J., 2011). Routine
groundwater monitoring continued at the Site for the long term,
and data were carefully evaluated to monitor the effectiveness
of natural attenuation.
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Figure 5 Full Scale Remedy Layout

2.3.1 In-Situ Bioremediation — Source Area

A total of 15 1njection wells were installed for the
ISB in the source areas of Plume 3. 10 injection wells were
in Treatment Area C and 5 injection wells were in Treatment
Area D (Figure 6). The injection wells were located on the
upgradient of each treatment area to inject substrates for

biostimulation and microbial culture for bioaugmentation.
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Figure 6 In-situ Bioremediation Substrate/Microbial Culture Injection

A total of approximately 52,800 gallons of liquid
mixtures was injected in 15 wells to treat PCE in Treatment

Area C and D, including:
® Newman Zone® Products — 3,300 gallons
® Neutral Zone® pH Buffer — 1,650 gallons
® \Makeup and recirculation water — 47,850 gallons

Newman Zone® products included slow-release substrate
EVO and quick-release substrate lactate and whey.
Slow—release substrate provided substrate for microbes in
a long—term supply, while quick-release substrate rapidly
stimulated microbial biodegradation. A pH buffer was added
to neutralize organic acids produced from substrate
reactions. Both Newman Zone® products and Neutral Zone®

pH buffer are commercial products in the US.

The 1injected substrate volume was calculated from
“Substrate Estimating Tool for Enhanced Anaerobic
Bioremediation of Chlorinated Solvents” based on treatment
zone physical dimensions, treatment zone hydrogeological
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properties, native electron acceptors, contaminant
electron acceptors, and aquifer geochemistry (ESTCP, 2010).
The calculated volumes of substrates, pH buffer, and makeup

and recirculation water were shown on Table 1.

Table 1 Calculated Substrate Volume

Vertical Injection Well Emulsion Injection Mixture (RNAS Newmans Zone) Total Volume: Estimated
Injection | Screen Number Product Product Soybean Oil Lactic Acid Neutral Zone Makeup Water Water/ Injection | Effective | Radius of
Well Interval Length | of Wells/| Volume Weight Component Lactate Whey Water | Substrate | Recirculation | Substrate| Length | Porosity | Influence

1D (feef) (feet) Points (gallons)  (pounds) | (gallons) (pounds) | (pounds) {pounds) {gallons) | {(pounds) (10%) (gallons) (feet) {percent) (feet)
Vertical Injection Wells
P3 Surficial INJ-1 818 10 1 218 1,794 115 897 58 713 110 1,320 2,900 955 290 3,518 10 14% 10.3
P3 Surficial INJ-2 818 10 1 218 1,794 115 897 58 3 110 1,320 2,900 955 290 3,518 10 14% 103
P3 Surficial INJ-3 818 10 1 218 1,794 115 897 58 3 110 1,320 2,900 955 290 3,518 10 14% 103
P3 Surficial INJ-4 818 10 1 218 1,794 115 897 58 3 110 1,320 2,900 955 290 3,518 10 14% 103
P3 Surficial INJ-5 818 10 1 218 1,794 115 897 58 3 110 1,320 2,900 955 290 3,518 10 14% 103
P3 Surficial INJ-6 818 10 1 218 1,794 115 897 58 3 110 1,320 2,900 955 290 3,518 10 14% 103
P3 Surficial INJ-7 8-18 10 1 218 1,794 115 897 58 73 110 1,320 2,900 955 290 3,518 10 14% 103
P3 Surficial INJ-8 818 10 1 218 1,794 115 897 58 713 110 1,320 2,900 955 290 3,518 10 14% 10.3
P3 Surficial INJ-9 818 10 1 218 1,794 115 897 58 713 110 1,320 2,900 955 290 3,518 10 14% 10.3
P3 Surficial INJ-10 818 10 1 218 1,794 115 897 58 713 110 1,320 2,900 955 290 3,518 10 14% 10.3
P3 Surficial INJ-11 818 10 1 218 1,794 115 897 58 713 110 1,320 2,900 955 290 3,518 10 14% 10.3
P3 Surficial INJ-12 818 10 1 218 1,794 115 897 58 713 110 1,320 2,900 955 290 3,518 10 14% 10.3
P3 Surficial INJ-13 818 10 1 218 1,794 115 897 58 713 110 1,320 2,900 955 290 3,518 10 14% 10.3
P3 Surficial INJ-14 818 10 1 218 1,794 115 897 58 713 110 1,320 2,900 955 290 3,518 10 14% 10.3
P3 Surficial INJ-15 818 10 1 218 1,794 115 897 58 713 110 1,320 2,900 955 290 3,518 10 14% 10.3

SUBTOTALS: 15 3,263 26,916 | 1,725 | 13,458 865 10,701 1,650 | 19,800 | 43,500 | 14,323 4,350 52,763
SUBSTRATE CONCENTRATIONS BIOAUGMENTATION QUANTITIES
Lactic Acid Concentration: 19,019  milligrams per liter Total Volume 199,706 liters
Buffer to Makeup Water by Weight  5.0%  percent Note: Bioaugmentation cultire is applied at a minimum
Buffer Concentration: 13,783 milligrams per liter Total volume of culture 15 liters rate of 1 liter of culture per 20,000 liters of amendment.
Vegetable Oil Concentration: 30,631  milligrams per liter vertical wells will receive one liter each.

Percent Oil by Volume in Substrate Mixture:  3.3%  percent

EFFECTIVE TREATMENT ZONE CONCENTRATIONS

Effective Lactic Acid Concentration: 639 milligrams per liter
Effective Vegetable Oil Concentration : 1,029 milligrams per liter
Total Groundwater Treated 1,570,861 gallons

DESIGN FACTOR ANALYSIS

Lactic Acid Design Factor: 0.35
Vegetable Oil Design Factor: 1.5

Total Design Factor: 1.8
Design Life (years): 4.0

Hydrogen Demand (lbs): 1,032

NOTES: Vegetable Oil Emulsion Product (Newmans Zone)

1. Assumes emulsion product is 46 percent soybean oil by weight.

2. Assumes confribution from emulsifiers is equivalent to 4% by weight soybean oil

3. Product density is 0.99 (per product MSDS), or 8.25 pounds per gallon at room temperature

4. Soybean oillEmulsifier component is 4.95 pounds per gallon of product.

NOTES: Buffer Product (Neutral Zone)

1. Assumes buffer product is 12.0 I1b/gal (per product MSDS)

2. Assumes productis approximately 3.67 Ib/gal solids (12.0 Ib/gal product - 8,33 Ib/gal for water).

Thirty days after the substrate injection to ensure
favorable anaerobic conditions, i.e. dissolved oxygen (DO)
<1 mg/L, negative oxidation reduction potential (ORP), and
neutral pH, Dhc microorganism culture was 1njected
including:

® KB-1® Culture — 1 liter/well

® \Makeup water — 1 gallon on—site clean background
groundwater

® Push water — 30 gallons on—-site clean background

groundwater
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Microbial culture contained Dhc microorganisms to
promote complete dichlorination of PCE and daughter
products to ethene. KB-1® culture is a commercial product
in the US. Favorable anaerobic conditions also can be
reached by adding oxygen scavengers to decrease DO
concentration or lower ORP value.

2.3.2 Phytoremediation — Plume Area

Approximately 550 eucalyptus and willow trees were
planted to treat PCE and daughter products in plume area
and acted as hydraulic barrier. Two solar powered
irrigation stations were installed in upland and wetland
areas using clean background well water and 1mported fresh
water, respectively, as water sources for the first two

years of i1rrigation operation.

Due to lack of power sources and electrical lines, two
solar—powered 1irrigation stations were 1installed: the
upland i1rrigation station and the wetland i1rrigation
station. There were seven zones of phytoremediation area.
The upland irrigation station encompassed four zones of
eucalyptus trees; the wetland i1irrigation station covered
two zones of eucalyptus trees and one zone of willow trees
(Figure 7). In the upland area, the newly implanted trees
and existing eucalyptus trees acted as a hydraulic barrier
for the source area of Plume 3.
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Figure 7 Phytoremediation Layout

Various species of eucalyptus trees were bench tested
for salt tolerance and five species were selected and
cultured for the full-scale phytoremediation. These tree
seeds were propagated from California Polytechnic State
University. The sapling trees were delivered to the Site
for planting. The planting specification was 15 ft by 15
ft grid. Each tree was planted 1ina 1.5 ft diameter hole
at a depth of 10 ft 1n the upland area due to beneath buried
debris and 3 ft in the wetland area due to shallow
groundwater level. Each tree hole was backfilled with
on—-site soi1l mixed with 10% compost from a local municipal
wastewater treatment plant. Drip irrigation emitters were
used to reduce water usage because of water shortage i1ssue

in California.
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The upland irrigation station had a 1, 100—gallon tank
to store on—site groundwater extracted from a downgradient
clean background well. Solar panels were used to power a
submersible pump extracting groundwater from the
downgradient clean background well to the storage tank and
a transfer pump transferring the tank groundwater to the
drip irrigation network (Figure 8). The wetland
irrigation station had a larger 2,600—-gallon tank to store
imported fresh water due to salty groundwater in wetland
area. Solar panels were used to power a transfer pump

transferring tank fresh water to the drip i1rrigation

network.

Figure 8 Upland Solar-Powered Irrigation Station
2.4 Performance Monitoring

The NBR techniques ISB, phytoremediation, and MNA were
implemented from October 2015 to January 2016. Quarterly and
annual ly monitoring had been conducted to monitor and document

each remedy performance and compliance since inception.
2.4.1 In-Situ Bioremediation

Field measurements of neutral pH, negative ORP, less
than 1 mg/L DO, and less than 1 mg/L sulfate concentration
indicated that anaerobic conditions conducive to
biodegradation of PCE had been induced in the ISB treatment
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zone. The concentrations of PCE and 1ts daughter products
(TCE, total 1,2-DCE and VC) had decreased significantly to
non—detection levels in the source area treatment zone
since ISB implementation while background and side gradient
VOC concentrations remain relatively stable, 1ndicating
that the ISB system was successfully destroying contaminant
mass 1in—-situ. Order of magnitude increases in Dhc and
functional gene populations supported the conclusion that
active anaerobic biodegradation was occurring in the ISB

treatment zone.

ISB performance monitoring was shown on Figure 9. The
monitoring well 1s located downgradient of the injection
wells in Treatment Area D. Maximum PCE concentration of
approximately 30,000 pg/L was detected at the well. The
concentration of PCE, TCE, total I, 2-DCE, and VC decreased
to be not detected without rebound approximately three
years after the 1injection, indicating COCs was almost

biodegraded 1n the source area of Plume 3.

2014 05 2016 07 2018

weTotal 12DCE
s PCE
e TCE

ssmsV/iny| Chloride

Figure 9 In-situ Bioremediation Performance Monitoring
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2.4.2 Phytoremediation

Phytoremediation plot trees were growing successfully
with high survival rates despite high soil salt
concentrations. Two years after the phytoremediation
implementation, PCE concentrations in monitoring wells
started to decrease indicating tree roots might have
reached to groundwater table and were taking up
groundwater.

Phytoremediation performance monitoring was shown on
Figure 10. The monitoring well was located in the
eucalyptus zone wetland plot. Maximum PCE concentration
of approximately 1,700 ug/L was detected at the well. The
PCE concentration decreased, but the TCE, total 1, 2-DCE,
and VC concentrations slightly increased, indicating the

performance was affected by both ISB and phytoremediation.
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Figure 10 Phytoremediation Performance Monitoring
2.4.3 Monitored Natural Attenuation

MNA performance monitoring was shown on Figure 11. The
monitoring well was located 1in the plume fringe,
downgradient of phytoremediation wetland plot. Only DCE
was detected at the well with maximum DCE concentration of
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approximately 150 ug/L. The DCE concentration generally
decreased since the ISB injection and phytoremediation
implementation indicating natural attenuation was

occurring and Plume 3 was shrinking.
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Figure 11 MNA Performance Monitoring
2.5 Lesson Learned and Summar

Lessons learned form the 1implementation of ISB and
phytoremediation were provided for future similar application.
The NBR techniques for Plume 3 were summarized to demonstrate the
successful application of ISB for the source area control,
phytoremediation for the plume area treatment, and MNA for the

plume fringe management.
2.5.1 Lessons Learned — In-Situ Bioremediation

Minor substrate spoilage was detected in the totes due
to long—term exposed to sun light. Slower than expected
injection rate was observed due to shallow groundwater
level, low permeable aquifer, and high TDS groundwater.
The 1injection manifold was expanded to maintain minimal
approximately 4 gpm flow rate required for the injection
pump—priming. High pressure direct push technique was
suggested for future 1njection to 1mprove 1njection
efficiency at the source area of Plume 3.
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High TDS can contribute formation of scum when
injecting EVO for Dbioremediation. EVO initially
hydrolyzes 1into readily biodegradable glycerin and
slow-release substrate long—chain fatty acids (LCFAs).

EVO + Water — Glycerin + 3 LCFAs

TDS can react with LCFAs to form insoluble soaps, which
then accumulate as “soap scum”, potentially clogging

injection wells.
2.5.2 Lessons Learned — Phytoremediation

More effort was involved in weeding and mowing than
anticipated the first half year after the phytoremediation
implementation. Both eucalyptus and willow trees had high
survival rate. Eucalyptus species E. Robusta and E.
Occidentalis were observed to have the highest survival
rate among the selected five salt tolerant eucalyptus trees.
Sapling willow trees had to be fenced to prevent from beaver
bite in the wetland area. The irrigation water in the
wetland station was 1mported due to high salinity
groundwater in the wetland area. Solar panels were easily
attracted vandalism in the irrigation stations. Drip

irrigation system stopped after two years of operation
(Figure 12)

Figure 12 Upland Phytoremediation Area (2016 - 2018)
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2.5.3 Summary

Three NBR techniques were applied for Plume 3 at the
Site: ISB for source area control, phytoremediation for
plume area treatment, and MNA for plume fringe management.
These NBR techniques not only reduce carbon footprint, but
also generate carbon credit by phytoremediation. The NBR
techniques implementation for the case study was summarized
as follows:

® Field pilot studies demonstrated the NBR
technologies ISB and phytoremediation successfully
treated the COCs of Plume 3 at the Site.

® [SB was implemented successfully for the source
area of Plume 3. COCs concentrations decreased
significantly in treatment zone wells. Microbes and
volatile fatty acid concentrations were still
detected 1n certain wells three years after the
injection 1mplying biodegradation was occurring.
However, 1injection rate was inefficient due to
shallow groundwater level, low permeable aquifer,

and high TDS groundwater.

® Phytoremediation with solar powered irrigation
systems were successfully implemented for the Plume
3 area. High survival rate was observed for the
selected high salt tolerant eucalyptus trees and
willow trees. The 1rrigation systems were

terminated two years after the operation.

® )MNA monitoring indicated decreasing trend of COCs
concentrations i1n Plume 3 fringe. The monitoring
results implied natural attenuation was occurring

and Plume 3 was shrinking.
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FKICHB@BRREIBISR IR EMEEBD « BFEENEE « £MR
MR REM T
CE T S Y LS AN N LY

BB TR
KR BRARELEE AL S L E TR RN ARG

E (Abstract)

% )& (Total Petroleum Hydrocarbons » TPH) » 45 5] % & H ¥t h
ERWEIEFTL HARZAEABREERBREIRY - R45HELE
B8 i w R SR AR —RF R AR > EFRBKRE - SR EH B
BRERMEAEE - RESE (Insect-remediation) EAFE Keg > B
EX BAEHBESBAILMNRESAEZEERFNBEFES - AR E
B A B KIS & (Hermetia illucens, Black Soldier Fly Larvae
(BSFL)) EAA M RIER > ERIEGREERIBFELEE (ATRRETR
RBE A0 E 10,000 mg/kg) 0 EAT A 21 KR8 BSFL A M 154835
PRIGAE ~ AN BRARTHIGE A Y EEA R LBR P ITHE
BORISE A & o A RAA R o R BEUR) B 1R AR 3L TPH £ L3R S BSFL & 88 9 w8
EE8b - 2 BNETREALARKR - BEHNPNEAE (Triticum aestivum)
HIBEFARIABHERLLIENEDENS  THAAXRERER
(next—-generation sequencing, NGS) &7 » ¥4 H7 575 $£FKEE T BSFL
W38 P BB A 4 R B 4B AR AT IR B 30T o

#F9e 45 R BT > BSFL %135 B B okHh 280 0 2 A& 20 > BPfE
10,000 mg/kg BIMBIRE BAEHT > HETRBEFMA 1.5% © BSFL # TPH
[ AEBEE > B ABTREY 220 ng/kg-day ° EFZZHZ » & GC/FID
SATEE > £3EP TPH RSB RHRE > BNt RELEENE
M BAE > BARBETS R ENR AR EK o & BSFL RIS FRLIER
A RRINAE > DA F RITIE Q0% 0 m AR L H IR ALY 36% A FIE
@ NG BIEHE T T RE- ALY MRABEIER ¢ AR R E
¥R AT o BSFL B N 8978w B -4 3K B (Rhodococcus) » HABH L
BN 0. 92%4 85 &£ & 26.36% * MR A &R NRE I SBER BB o
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RAREFEEEZKRKDERL—HRIEZBEERIHFLNERAYH T
B RESAGHR  EMBRAMERRARE S TES - LBOH
HAERFR B EBEA—EASIRN TEEAYRIES > £RE & TR
%)%= Rhodococcus FHREMMASY - BREBH) AN K RF L eyt
e o BB FEARME ENAYBEREL ARENMEEYTE
CRBALEBERMEBEDERLABREEERRAFHEREN o

Mg Bokdt; AMBE admad; BEMAEY s HRER ; BHR

81 (Introduction)

AAREADIREBFLABHEFRNB 258 > LHE AR B
HpmeZErmiE (mk&RIE - 2R FE)E (Polycyelic Aromatic
Hydrocarbons » fi#% PAHs ) ®)3F A MEILIZEL REMRABEE - 544
LR BERMHEREL —FNGE > AR S - HEBESEE R A M
EMBEENTERIN/ = RFERR > AR EELEHRMEAREREN
¥ HLA518 w4 (Azubuike et al., 2016 ; Yang, 2025) c Z®HF R T 4
MIEHRAE D TRBMEHRAHBEBABNEEZS G > LP AR EMA
% entomoremediation A EEH (Ewuim, 2013 ; Bulak et al.,
2018 5 Fan et al., 2020)  Be A S EHASHRTHEHT » B3R
BRBEEBCRATRILERAOKE o

MEA R L R EH T L EARBIREAZ R E A e
B L BEBEMENZIHBEER > L P4 BSFL (Hermetia illucens )
HRE HEHSHERBUBEAMAENBHARSNRBES  REFES
BPALE "BENAYRIES  RIEAFLEMEZA LD TH R ER AR
% (Fan et al., 2020 ; Bulak et al.,2018) » REAKRYE/AHEE
MEEWENT  BSFL FERIRLE EMRF LMD > REEEENE &
MERBRTFRALTENE  BrAALRRAMATRILEN T @
SEEY o

o b ER 3R entomoremediation—SA B BAEA RMIEE a4 &
THE  HAESEAMENGERATRILYBRALTERNATR > BA
HLBS A M BE R B RE T B AR AR RS IR FE AR o B AE A K B BSFL AE 49
W% b A4 B m &t > R > SRS B - SR E R TR
LAY o BSFL BB S A RE - AR AN (B2 A LM E T ES
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BRNRMA) DREHLEEBLAHRNTEARE A2 2 50H 0T
& o JuSh > BSFL AR BAZ b - HB5E M M3 o T 1) B 2 R
SRR S SRAE X E & W IR R B R OR A AR T AT TR

AR ERRH > AFARGELTIFEBSFLIEA A HIEHETE > RE
BRI R EIRNE S BEE SR B AE R - (1) £1b BSFL &£ F FIH
WM E TG E R G mIE(TPH S M % (2) #R TPH 4 BSFL
BNAYEREE  HEAFRZEE Q) ERIDARAEYEF
W o SHE BSFL #6158 g4 RS M IRAR M 5 (4) F A REKXE
B 3T o AR TR M 75 £ Begh BSFL i5iE S IR B R BE R -
A TERE-MEY ) WREANBSHEE - B > BAFATRRET
4 BSFL JE A £ Z 75 54— (L B 2 AU R 2R IE L3R 35 1 35 o

— - EBRMHNRSWEIE
2-1 ALBEZRHBEELR

BEt— 295 R BEA  AERARKBAZ S RMEIE &
FRRFBREE A48 (10 mesh,2 mm> & H) BB HE > BITHIER
B BB EeBasE AR FRAME - KT EBRHE (S4
i) DRBERALLET » HAAASE R (1) 2 20L 5%
AE BEAEBBHEB I BRES TSRk R(ERR2ER)
R B B RS 2,000 ~ 10, 000 mg/kg SAMESBRBLIGIRIET KK 0 AT
& 4% BSFL M E R AE ST o

2-2 BSFL 4y B F R EZ

MHA BSFL 23 F > A#F%ER 18cm (L) X 25.5cm (W) X 10. 3cm
H BB a&#%E 0.1 g BSF &IP:ETME  RIBE TR TATH X%
0.1 ¢ &P T 3,846 ~ 4,600 & BSFL °

AR IS > B —BERAMEEY  #RHETEME &
ATHE & _MEABEYED £ A REERR A7 RER BET)
BAETRESIHAL (AFEHA38*E15g) HBEITHAINZER =
BERAEREAEY  BAZFREEFEZEIE (1 kg) > RAIR
100 %2 8%k (4osk¥E) 154 BSFL &52 48 > b B T 4 424% BSFL
HEZGL > FAEPHMERNBEEERES 60 ~ 80 % 21 XERAAM - B
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EREFH 0 434% BSFL &58 2 S LRI BEATHHE TR ON - B2 5
L IEREHBITFTE R THRUMCETEA RO KBEERBE
(60 ~ 80 %) °

2-3 TPHER A 45

AR AR BRI AR F N E AR R T & (NIEA. M165) » & E S he
AER (101 v/v) BA SR I ; BAL R A F B TRE R &BITA RE
YR EEATHAE R ECHRERE(1:1 v/v) REEEK 2R > BIRERE
N2 F2 & 5k (NIEA S703.63B) » PARAE B B EAT IR B/ B E
TPH ¥ > ARBE M EAE A DB-624(30 m X 0.53 mm X 3.0 Um) /&
RESHERES ZB-1HT(30m X 0.32mm X 0.1 Kn) A8 #74& (gas
chromatograph/flame ionization detector, GC/FID) ¥ #&tH1E B 5
PRE N2 AZ % (NIEA S703. 63B) 34T ©

2-4 BRI

2-4-1 %@ 4 @58 DNA B94HE

BRI EIEA ST DNA > A A Qiagen A B TEEX®R AL
3 DNA FHECK # 48 (DNeasy power soil kit)i#EAT DNA ZEEL ; BSFL
58 B DNA B9 253X > RIS &8 -20°C /AR 10 9484 - AR H RO K
hiF BRIONBRER AHSRMAEIT NN TLEE  ENE
REESEP BEEBELNBEENBRRAIEKY » AR T RIRIHK
BBEHRNENEL  AMREBOXIGERINABH R >  REFR
B (6000 x g 10 9°4%) > IFE B BP AL+ (De Filippis et. al.,
2023) o 48 T B 2 8% DNA 14 4] B} Bacteria Genomic DNAKit (Qiagen)
FHEL o PTIMECAY DNA RIKF#-20CHE 5 > DNA AR AR R F L B4
AN 5] AT R R ZEF (Next Generation Sequencing, NGS) e

2-4-2 R¥RER

HIEAASRSE BSFL B53E B Frab Ay DNA > o4 b R EBe 280 R
JE (polymerase chain reaction, PCR)3%1% 16S rDNA V3-V4 B3 °
£ A 3] F (Primer) ¥4 341 F (341 F CCTACGGGNGGCWGCAG) & 805 R
(805 R :GACTACHVGGGTATCTAATCC) 4T 16S rDNA V3-V4 & REVIEIE
(KN4 465 bp) 5 BAESE DNA library > A% DNA e/ 2 &2
B MiSeqSystem AT > £ &8 &BF (nerge) B35 5 7| BF 7] EIF R K #Y
B3 o #&E B PTAFHY 16S rRNA B 3RR 4GB IR EBAT E R 047 > sAESF
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PAEDRAMR S o BEFETED KRN EES A > BPTT LT
FRAMEAR ~ Fde TPH R AR BKBHERANEAR - ER
TPH 4 8 2K st 15 38 B A8 - 15 38 bb 9 47 B AR TPH $7 £33 2 K s
B AR SRR B o

2-5 REHER

BAE AR A AT RS BAINE B BB ARG kKB
A REREEK SRS RS RF R BRI RO 2] REZRF L
HEEAT RIS WA 2T AR H 2 R AT T
MRAREREZBE  BEHERNFHAKREMR > THREAT 90 XRER > 3P
WA R R AR B R A o
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= #£REAZTER (Results and Discussion)

3-1 RAMEBER K "AROHE) B THBUREA

1 A 8RR AR A &48 8 # 4% (GC-FID) B3 - 2B TPHZ . & »
PHEFH A BSFL BN XK A4 R R4rE © B 1 A-1 & 2, 000 ng/kg Akt
AR B B TPH B3 47 @R M EMAAS. 2 min-15.4 nin > &
BB > B EHES 327.9 B 1A-2 B~ 48 R B =246 w A2
®LAKRE B S HA > AIEEFM 3.5nin4. 1nin~4.5nin & 4. 8 min
R 5.7min BRBEAGE HEZI>EFEH R A 43.4239.9-37.5-66.6

B 26.5°
A-1 E A-2
v % g
3% 1323 | i -
e R ‘ J\_ J LY L . ft \x s
0 o MU L
B-1 w] B-2
. \ i Py = 3
”i: U l‘ } [ \IJ\U"v‘u\'u»wuhw'f}’u\vuu»VWMMJ"U, k ——i'-ﬁl @
= SR R g s I ’ o v } | \“‘ JH‘ /J. T 74}\_“7“; A
" B-1 B-2
25 @ 1
“ | 2 3
] 1, E J ’ \l '\IJWU,,«MVJL.JL"U\.LJLW b l ;'gl “
o e o i ° e J“..;"\.)‘- ‘“l oo A
s e =1
D-1 1" D-2
" - |
404 ‘
30 ‘
1 PR = 3
l T \“ | I
1 W I |06 O S PV N U
HL . N [N b s o |
=]

1 (A) 2,000mg/kg A28 (B) 4BSFL SikbmmftiE 21 X% L3P (0
08 48 BSFL #4482 (D) BSFL RIZZ Mk a4+ 3E > 21 X% BSFL &52> (1) & E
(2) 158 2 TPH 2 GC/FID 447 B 3L 841k
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1 B-1 #&>1 2,000 mg/kg ¥&khiy A% 48 BSFL RIEH4 21 X > &
BB TPH B 3% 047 > R SR 2% 4 9.9 min~ 10. 4 min & 11. 2 min
EEEMEEEIEEY RS 21.9 ~15.2 R 9.6 2B BREMER
R ABEE T > B~ BSFL TA M AR SR EZ TPH; B 1 B-2 B
AP BE R BB A GREM 3.5 nin~ 4.1 min~ 4.5 min ~ 4. 8
min & 5.7min ARABEMIME HEZ R, @HEL ] A67.0~21.5°21.5
53.2 & 21. 0> A BAZ Sk AR 5 @ A TR AKA45 6 05 ] 2 2008008 38 A oh
Heh 2R T MBS EIlA ST & 44 BSFL R 21 X4 -
1B SR B TPH B BEE Wi M/ Bk (BEmBE TR B39
BERERESEGEHERSE AN EEHE > ARSI RN
LB BA ) B 1-C-1 & BSF R¥E B4 (R&WkH ) BSFL & 21
R RGP BB TPHZ B3 2o B 1-C-1 B A4 B M 7. 8 min ~
9.6 min~ 9.7 min & 10.5. min FARABEMIRME > HEZXZFIBES A
76.827.4~51.8 B 285.2 (M 201% ) EoMithLiEX B2 REL
HIR RIS E B EF R A5 45 BSFL 529 59 5 #% 8L TPH 4 okbd +
ER S mETPH R E S o B 1-C-2 & BSFL R4 (FR4akhY ) -
4 21 R > BSFL &%5% K% 8 TPH 2 B3 47 » B P33 415 & v R
2. 1min2.3min & 3.0min AFRBEAGE HIEBZ By BB 5 72.4
35.4 R 345. 1 AR LB AR RS > BBLKMEIEM 3.5-5. 7Tmin
FABAR R > S AR A R 7 BSFL Z AKX TPH A5 o

1-D-1 28~ % 2, 000 mg/kg ¥AA4H £ 4k & BSFL R *¥Z % 21 X > TPH
BB A RBaAFERMAAR HERSBRS A A 70.9°15. 4
46.6 B 157.8 (#FE 20 £ ) BB E R LA AK » BoF BSFL #HamnEx
TPH BB £ %/ 2 e ) RFE e M EBEENBE 2K ¥
K44 BRI W43 o % BSFL 3%+ TPH A& B3 (B 1D0-2) &
HRAA = MABNFEE2/ZEFMBE(2. 1nin~2.3nin & 3.0min )’
FEA 9.4 min ZRE (HRATFABE)  ERHEHZERTFRK
B BHREXE)BHEYA A 70.6~ 1,333 1,697 B 52.7 » &34 IE
JB 1ok K% B TPH A 45 X & BSFL ¥ A 2R 72 R $23 MRkE o 3 1K B
TPH &= > %A BSFL &AM HE  HF L, THEEEEH > I
ABRE (R ZREIE) -

44 Eat > BSFL &8P ey dE g8t > S IE P RER A T %
A YL B X 3F BSFL L3R TPH YA TRAES) © £ 3% TPH AR5 A% - BALRAS
B BAE N 2 RS & K% B TPH 81K 3f 2 3R /& BSFL {X A% # TPH »
F BSFL T 2 FF ~ & %A TPH, a9 MH - MARAZEMTRERE D
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MLY% B KRB TR ) S AE R A FABT IR 7T £ 40 i BSFL A 5
EAERN R YA BB %Ak (Biomagnification) XXJ& o M
¥ Fan et al. (2020) W9 R AA BRYE BEM % » Fan T RRE
WE R THBRR > AR R E— PR RE B BT LT R K
FREZEEN NERRZLAAYBE > EEKRIEHLIKEL BSFL
B> ZITRBRIAMRESL  BEERLASHMEEER (@
FO ATH) WMEAREBA  #E—EKX "BEHREZ, B TERAAL
IR EHEREX o

3-2 BSFL #4148 S M B A e R A B w S M

B 2 & Zok&tsh & (BSFL) RIEMRFHHF & I8 21 R XS 8RE
WA IR S e B 2(4) & BSFL & &7 F RHHRBE (0, 2000, 6000,
R 10000 mg/kg ) bt > &5 R Z I BSFL S ALRT <M - BFAE AR B
ARBET  RTRGAN 1.5% AHRaBEE LR B 2(%) AL
BEhALWIE (TPH) XBHBRE > BBEBETENMARRXEET » TPHH
MIFEASAHER > B BSFL 20 & B & KA MIEIERD -

500

= C6-C9
400 F == C10-C50

300 F

200 f

100 f

il

o

2000 4000 6000 8000 10000
Fuel oil dosage added(mg/kg)

2000 6000 10000
Fuel oil dosage added(mg/kg)

TPH reduction rate (mg/kgsgij|)* day'1

BSFL & F2 % Rt 4 £ 38 21 X% > (£)BSFL 2 =& (&) SEKE TPH 2 &%

BSFL B2 MEyftME Fan et al. (2020) &h#F 234878 -
ST RAT IR R R AN A2 — > BB 5E IS (PAHs ) %37 BSFL
AESmT S B iE 100 mg/kg BI4EE PAHs (4n % ~ 3E~ 38 ) AR B BHK
MBFIEE MATRANCREHBAGIEASBELZEE - AR
EREIREE T — R R LE — PAHs 2R B AN F BT LY 0 4
8 24, WEXR  #EZE THBRESY, WERER  BSFL £
BB THEFBENE TR  E— P EETHARZ A HERS
EHNRB/E RN THRAEALENSBANEEBZ24 (et E
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P450) BIGEMAE M FEHMEER R H 50 B KRS8
il

e s @ (B 2 4 ) BSFL # kbt n mE RRFER
BANBGRED  EFELHENHESRR B —EFENENILLS
BAZ > HRISLE BSFL R B LA A M RIER &R | 4 £E B E
B BEARIG T L H AT A A% (bicavailability) » fBEHE N
MBS EBENREILOM SR A EHENS T 0 ® Fan et al.
(2020) #1232 BSFL & 4AAE5 % 34. 1%F 84. 2%H) PAHs W43 —3 - &
Fl45 1 BSFL 1A —{B#88 TAHRIES > REXHRERER PRI
AR A o

3-3 TBARHEKRE KR TAHEEL, B TBAKL,

BSFL B/6 WA BB TR AT LN AL AR A LIEL &
DREBEE MG - B 3 2R A ELEE (HR4A) $HIAENBEF R
2 36% > A 0 &4 BSFL RIE 21 X > FRSEEGE &5 & 11E
TRNAEBRTRRERAZE 80%

SLEE WK E BEAT S EMALRERBH 045 (1) AR
BSFL 7 2% [ AR 10 HI AL 40 & ROBDIR A - AR A BB S AE KRR -
Q#HEHR BFL ALBFHENBREFPANTE (ADEH
Bioturbation) 378 L3R4 > Wt IEHILREHBRAME - ) HHE
% 1 BSFL ByHE - & & (Frass) £ —HEE WL M et o

100

80 |

60 |-

40 b

Germination rate(%)

20

contrast 2000 4000 6000 8000 10000
Fuel oil dosage added( mg/kg)

B3 ZkhaitIESBSFL RIE 2] REHIAER YR B
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R AL HBENEDEAEF LASELELBANERHEE -
Labella et al. (2024) WY#FFRH BT RNET > ARG L AL
HREMNERKIEEKERBZAALBSNEERECHE  FeBE) g%
B F R 2 A REAGINMHEIER  THRAZENIEEAEE
By OB EAREME 0 KB (4m 25%) M A T AR A K > M B BEE R AR
BAEEFM o

44 Labella et al. (2024) #9833 > TA2EEHABERFR P
BRI 6% E S0%RYIR S 1 BSFL A sl ARy Aimph A E A
RELBELAGRS HENETTRUGE ) B EELALEBEMG
RFITHRERVEE 1 TRAMNS | FUAEE > KR BSFL
B ERERARBEEREE AN LB BEER  AFERAA
JEHEREBE > PTREEZETHSTHALRAELMCEE RS AKX
fLHE R B DR BAE ) SR AR o KA RMER RIS Labella et
al. (2024) M9#FREI > BSFL BT AMBE AL LA RN T BN E
RENATREEPRAEZENER o
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3-4 BAHEANMAEDRE : BE ' % Rhodococcus A YR EHR

AIR R BSFL SRR AE N A R A8 A RA A R ¥R EFEK
M7 REAT BSFL M8 S LB A M R Eh R S fbo & 1 B — B3| AER
B3R % : A& BSFL B - %45 2,000 mg/kg kb > akB B
(Rhodococcus) BIAB L B e S BB 405 0. 92% I ZE 26.36% » AL A BH
MELRAB FEAERRET LEEMBREMNAELENBEESKT o
MEBZ T HBEREFOEMAEERA ZRAAE T4 o s EF BSFL M FE H
W THEEAMRIES MAG WA RSLEMNZEERAT
RRGELTEBFEFRRBEPBANHIERR o IR IEA—
RN BRIR > TRIBEREMBELNEYS  HEFEHEMA L HIEE
71 %) Rhodococcus AR B M K o

R 1 2R & EE (2, 000-10, 000 mg/ke) 48 BSFL A R FE 21 X% > £3E & BSFL #4534
GEERAC S JAGIIRED)
+iE BSFL # %%
TPH mg/kg TPH mg/kg
e v 2,000 {10,000 # A 0 2,000 6,000 10,000
(contrast)| ™’ ’ (contrast) ™ ' '

Dysgonomonas | 9.86% | 8.05% |8.29% Dysgonomonadaceae unclassified 15.24% 1.58% 10.47%8.75%

Bacteroides 7.65% | 7.05% |3.54% Actinomycetaceae  Actinomyces 9.35%  12.73%9.34% 9.76%

Sphingobacterium | 7.40% | 6.79% |3.54% Enterococcaceae Enterococcus 9.10%  7.35% 15.48% 17.31%

Acinetobacter 5.96% |10.76%|4.42% |achnospiraceae unclassified 7.86%  9.09% 8.50% 8.54%

Enterococcus 1.88% | 2.61% |3.82% Nocardiaceae Rhodococcus 0.92%  26.36%9.59% 8.95%

Martinkova et al. (2009) #9%4& X EkE i Rhodococcus B EA Y
GRRBBNEREN  SHEBABRADRETHA SRR BREA
R AES 45t 5 AE 5 AR BE (A e IS e AU BE ~ & m A BR) AU 1R 4 > EE R
&MY PAHs ERWESBF B "THERK, . AT 4K
B EE R HUK M 4m B B o AR AR AUR MR B T & 4h o RAFRAIHT
Z R AERHE Martinkovdet al. (2009) ¥ Rhodococcus WIT BARES |
FE BSFL B 09 TR R | PEAT SN RE Bk - AR AMBHEFE F L
Bt TRk BREFHAGRLIRERBE KRBT
—HEHN - BENEX  BFENEEINY BSFL 24 TR
¥, g5 £ I A A Rhodococcus BINBRMEDERE > BR—A S ~ 55
BEETH TREA-MAYHAE . HWEBRIEMAENNBREWRER -
IE 5= BSFL AE 49 & 20 ~ 22234 i 3 o AR PR IR i 75 B2 BB S ] o
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3-5 &4&3t 24 TBSFL-WMAY-LB , BRERNADBEEER

SeATtRMAB MR RSB XRRNE - BRI AR B — {8 R
KA GBS R ESERER > B TRA-HAN-LIE
EHZHEMBEREIIEA

1.BSFL 4 & 42 R & {b R 89 B &) : BSFL 3t JF B 4w & At
MAEEEAZLN T3 E o Fh HYERONBRERRITA (4%
AR EF RN ENTH B M - 3T805 24 & 138 BRI R L
I FRE o 2R 0 4= Fan et al. (2020) 2 #FH 3R BSFL A & B4
HE WIS ERR S (Je PAHS) B9 BT S M EHAEES T LBERAE
BHATH A RIHRE > b 22 E TS BT AR BRI ATIR ©

2. HEMFABBEAENERERRBEF L ¢ BSFL 0958 2 A M1t
2 RIBHBSHIT - RILA 4B B FWHERA B R AR R RY
Rl T RREEFA—ESESEOMAER 2L EEME F4e 43R
B /& (Rhodococcus) B 524 &M H > % Martinkovd et al. (2009) it
#J Rhodococcus BI5& K &7 /) T2 )4 o BSFL &5 i A iz
AL 2RI e REA/ A ~ 1BR) G0N A R EIE REA
W)  SEERRRESHAERREEIEPHEARE T E
F-MAEY ) ARG REIG R S BEAERN H sEES

3. LREALBAHRBKBHRLRM . EBSFL REE > LEZK
B4 H R R 275 B4 (TPH) 3R A B A#% > M) &M ARIR 5 5 BSFL
R E-BE (Frass ) HAEIBAIANAREEA S REIIER 4
MR AR ELAE /) 8932 FF o &£ Labella et al. (2024) B9#F%3L8A » B &
MERLHFZERY > SREIBENERRET > LBAEBTRERF M
CAETE o RAFREEF IR 0 AR & BSFL A+ TR M 5%
e BEEIBRAEANRS BRAERN "HE, RnEEL IR

Ny

|

o

B

SR BB R E AT R B A9 B R 364 BSFL BT AL B o my
TGRS ) BB TR RS L B R 0 ERRY BSFL
AW BATRRAE C CR—AEEE - AR - SAENHERTRE
AL AR R BRI S R~ EIRE R AR K RAEH B E
B o
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 FESREARKREE (Conclusion and Future Perspectives)

4-1 %%
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