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ABSTRACT

A leaking refined-oil pipeline is a significant, but frequently overlooked, source of soil and groundwater
contamination. The leakage from underground pipelines can be undetected for extended periods and can travel
vertically through the vadose zone and horizontally in an aquifer, where gasoline, diesel, and associated petroleum
hydrocarbons may accumulate. This review aims to compile existing understanding of detecting, migrating, assessing
risk, and remediating a refined-oil pipeline contamination in a coupled soil groundwater system. Special attention
is devoted to some of the most important pollutants, such as benzene, toluene, ethylbenzene, and xylenes (BTEX),
polycyclic aromatic hydrocarbons, methyl tert-butyl ether, volatile petroleum hydrocarbons, and extractable petroleum
hydrocarbons. The discussion highlights the fact that contamination in the upper layers of soil may not provide a reliable
assessment of subsurface contamination, since unweathered residual petroleum can cause a prolonged secondary source
of contamination to groundwater plumes. Contaminant transport and remediation feasibility are highly influenced by
hydrogeological conditions, such as soil texture, fractures, loess structure, aquifer properties, and groundwater flow
direction. While conventional remediation technologies can deliver quick risk reduction, integrated approaches that
combine bioremediation, monitored natural attenuation, nature-based solutions, emerging treatment technologies, and
long-term monitoring are increasingly required to ensure sustainable management. A representative pipeline leakage

case (Luoyang—Zhumadian) is used throughout to illustrate key concepts, but the review synthesizes findings from
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multiple studies. The article proposes a proactive approach, one that moves beyond a reactive cleanup model to adaptive

and predictive management, using intelligent monitoring, contaminant transport modelling, source-pathway-receptor

analysis, and risk-based decision-making. The integrated approach can enhance protection of the environment, the

effectiveness of remediation, and the security of groundwater resources in areas impacted by refined-oil pipeline spills.

Keywords: Refined-Oil Pipeline Leakage; Soil-Groundwater Contamination; Petroleum Hydrocarbons; Groundwater

Plume; Sustainable Remediation

1. Introduction

Petroleum products are essential to today’s en-
ergy systems, industry, transportation, and agriculture.
Long-distance refined-oil pipelines are generally consid-
ered to be efficient and relatively safe infrastructure for
transporting petroleum fuels . After leakage, particularly
from underground pipelines, refined oil products may trav-
el undetected through the soil and groundwater systems. In
contrast to oil spills that occur on the surface of streams,
rivers, or marine water bodies, the occurrence of subsur-
face oil pipelines is more difficult to detect, delineate, and
remediate because of the hidden source of pollution, the
potential for long-term releases, and the extent to which
site-specific geological and hydrogeological conditions
control the migration of pollution. These properties render
pipeline contamination the most challenging environmen-
tal issue facing the oil and/or gas industry of petroleum
chemistry, hydrogeology, risk assessment, remediation en-
gineering, and long-term environmental management ',

In areas of agriculture and rural development, the en-
vironmental consequences of refined-oil pipeline leaks are
especially pronounced because shallow depth, deep vadose
zones, and groundwater resources are in a direct relation-
ship with agricultural and rural food production, irrigation
systems, and drinking water safety. Leaks in gasoline and
diesel pipelines can release a variety of volatile, semi-vol-
atile, soluble, and persistent pollutants into the subsurface
environment. Common contaminants include benzene, tol-
uene, ethylbenzene, xylene, naphthalene, methyl tert-butyl
ether (MTBE), volatile petroleum hydrocarbons, and ex-
tractable petroleum hydrocarbons. The compounds have
significant differences in volatility, solubility, sorption
affinity, biodegradability, and toxicity, which give rise to
their complex multi-phase migration and transformation.
More soluble components, like MTBE and some BTEX

chemicals, can travel for long distances with the ground-
water, and less soluble petroleum components may be left
behind as a residual contaminant and become long-term
secondary sources. Thus, a refined-oil pipeline leak cannot
be considered only a soil pollution problem, but a coupled
soil-groundwater pollution problem with long-term envi-
ronmental and health impacts **),

The case of pollution to a refined-oil pipeline in cen-
tral China is representative of these challenges. In 2009,
illegal tapping of a buried refinedoil pipeline was discov-
ered, and leaked gasoline and diesel slowly percolated
through surrounding soils and contaminated groundwater.
Visible oil contamination and petroleum odors were sub-
sequently detected in nearby irrigation and drinking wells.
This major investigation involved the collection of histori-
cal data, site visits, interviews, hydrogeological investiga-
tions, soil and groundwater sampling, drilling, laboratory
analysis, and pollution risk assessment from November
2022 to February 2023. The investigation identified 109
locations for sampling soils and 23 locations for monitor-
ing groundwater, showcasing the extent and complexity
needed to properly define the extent of the impacts from
buried pipeline leaks **.

The case also exposes how much contamination of
refined-oil pipelines can be underestimated using only
surface observations. The investigation showed that the
shallow soils in the agricultural areas were predominantly
non-contaminated at levels of concern, with deeper soils
in the vicinity of the leakage point showing high levels of
petroleum contamination. The soil contamination extend-
ed downwards, creating an ‘“umbrella-shaped” distribution
around the leakage place. The groundwater contamination
was more severe than the surface soil contamination and
was present as a plume that extended eastward in the direc-
tion of regional groundwater flow. The estimated ground-

water contamination zone was approximately 700 m long
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in the north—south direction and 1,500 m long in the east—
west direction, with an area of approximately 0.77 km?’.
The results show the significance of not only apparent sur-
face-soil risk but also hidden deep subsurface risk in pipe-
line leakage assessment ',

One of the important scientific questions concern-
ing contamination events is the role of hydrogeological
heterogeneity. In the study area, petroleum contaminants
were allowed to migrate downward through the loess
soils, pass through fractures, permeable layers, and per-
colate through the groundwater flow conditions to be
transported horizontally through the groundwater-bearing
formations. The report found that petroleum contaminants
entered and percolated about 75 m into the soil prior to
reaching the groundwater-bearing formations and that the
nature of groundwater flow and the geological features
in the area significantly affected the migration and per-
sistence of the petroleum contaminants. This means that
the behavior of contaminants cannot be fully understood
based on the properties of the pollutant. In reality, the mi-
gration pathway, plume geometry, attenuation capacity,
and remediation difficulty are all influenced by source
characteristics, vadose-zone structure, aquifer character-
istics, hydraulic gradients, and remediation biogeochemi-
cal transformations """,

Although significant strides have been made in the
technologies available to respond to an oil spill, there are
still some areas of concern with regard to the manage-
ment of leakage from refined-oil pipelines. Firstly, tra-
ditional leak detection techniques, such as delayed sam-
pling, visual inspection, and pressure monitoring, might
not be able to catch small or intermittent subsurface leaks
in time. Secondly, site investigations are often piecemeal,
with attention to pipeline integrity, soil contamination,
and groundwater quality, but not to all three aspects as a
whole system model. Third, many remedial actions are
taken after the pollution has already infiltrated groundwa-
ter, adding to the cost and uncertainty of the remediation
decision. Fourth, traditional remediation methods like
excavation, pump and treat, containment, chemical oxi-
dation, and soil vapor extraction may work in some situ-
ations, but can be costly, energy intensive, disruptive, or
inadequate to address deep vadose-zone and long plumes.

The constraints make review studies imperative, going

beyond the general cleanup of oil spills and specifically
focusing on leaks from refined-oil pipelines in coupled
soil-groundwater systems '*'*.

There are new opportunities to improve pipeline
leakage management that have emerged in recent years.
Early warning and pollution detection can be enhanced
using remote sensing, unmanned aerial vehicle (UAV) sur-
veillance, ground-penetrating radar, electrical resistivity
tomography, fiber-optic sensing, hydro geophysical moni-
toring, Internet of Things (IoT) sensor networks and artifi-
cial intelligence. The use of Geographic Information Sys-
tem (GIS)-based spatial analysis, numerical groundwater
models, source—pathway—receptor frameworks, probabilis-
tic risk assessment, and machine-learning-based prediction
can enhance risk assessment and plume forecasting. In
remediation, monitored natural attenuation, bioaugmenta-
tion, biostimulation, constructed wetlands, biochar amend-
ments, electrokinetic, nanotechnology-assisted remedia-
tion, surfactant-enhanced recovery, and hybrid treatment
systems are being given increased attention. The authors
of the proposed review outline are particularly focused on
this shift from a series of stand-alone response technolo-
gies to a continuum of detection, risk assessment, more
sustainable remediation and adaptive management '*"'".

The novelty of this review is that it focuses on the
leakage of refined oil as a deep soil-groundwater contam-
ination system, as opposed to a typical surface oil spill
or a typical petroleum-contaminated site. To ground this
review in real-world complexity, we draw upon a repre-
sentative refined-oil pipeline leakage case from central
China (Luoyang—Zhumadian) as an illustrative example.
This case is one of several informing the synthesis pre-
sented here. First, the deep vadose zone is the focus of this
review, highlighting vertical migration, residual petroleum
retention, delayed groundwater impact and secondary
source behavior. Secondly, it identifies the potential for the
development of groundwater plumes as a major environ-
mental threat, particularly when soluble petroleum constit-
uents are able to move away from the immediate point of
leakage. Third, it uses hydrogeological controls to connect
the chemistry of contaminants, highlighting the influence
of soil texture, loess structure, fractures, aquifer proper-
ties, groundwater flow, and seasonal dynamics on pollutant

migration and attenuation. Fourth, it brings together detec-
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tion, monitoring, risk assessment, remediation, and post-re-
mediation management under a single roof for refined-oil
pipeline leakage response. This holistic approach is espe-
cially relevant because the success of any one technology
relies on accurate identification of the sources, character-
ization of the pathways, identification of receptors, and
monitoring of the plumes over time ",

This review is also unique in bringing together, in
a single context, case-based environmental investigation
and next-generation management concepts. In the pipe-
line leakage case in central China, the leakage source has
been removed, and concentrations of the contaminants
have been slowly decreasing over a period of years, but the
leakage continues in the subsurface. Emergency repair or
short-term cleaning is not enough for such cases; they need
adaptive management, which is based on continual mon-
itoring, new risk assessment, and adaptive remediation.
Thus, future pipeline leakage management should move
from a reactive approach of 'detect, repair, and remediate’'
to a proactive and adaptive approach that involves the inte-
gration of intelligent monitoring, hydrogeological model-
ling, risk-based prioritisation, sustainable remediation and
governance of the environment over the long term *'.

This review is intended to provide a synthesis of ex-
isting knowledge and technological advances on leakages
in the refined-oil pipeline system in the soil-groundwater
environment. The article begins with a discussion of the
various detection and monitoring techniques used to iden-
tify pipeline leakage and subsurface petroleum contamina-
tion. It then discusses contaminant migration and transfor-
mation pathways, notably vertical infiltration, groundwater
plumes, hydrogeological controls and natural attenuation.
It then reviews the practice of conducting environmental
and health risk assessments using conceptual site models,
contaminant toxicity and exposure pathways and uncer-
tainty analysis. Conventional, biological, nature-based,
emerging, and hybrid remediation technologies are then
assessed in the review with a focus on their relevance to
deep soil and groundwater contamination. Last, it suggests
an integrated and adaptive management plan for the future
response to oil pipeline leaks. This review aims to integrate
knowledge gained from a field study of pipeline pollution
events and the latest monitoring, modeling, risk analysis,

and sustainable remediation technologies to establish a

scientific framework for the safe operation of pipelines,
the effective control of pipeline pollution, and the resilient

. . 22-24
protection of soil and groundwater resources .

2. Detection and Monitoring of Re-
fined-Oil Pipeline Leakage and
Subsurface Pollution

2.1. General Principles of Leakage Detection
and Environmental Monitoring

The key to refined-oil pipeline pollution manage-
ment is detection and monitoring. A subsurface process is
often what buried pipeline leakage entails, as opposed to
the surface oil spill where oil films, odors, or ecological
damage can be quickly noticed. Often, petroleum prod-
ucts will first pool near the pipeline trench; they can sub-
sequently travel vertically through the vadose zone and
into groundwater systems. Monitoring strategies should
not only assess pipeline leakage but also the potential for
contamination of soil, groundwater, vapor pathways, and
receptors.

A leakage event from a refined oil pipeline should
be investigated using a source-pathway-receptor (SPL)
logic. The damaged pipeline section is the source, as is the
illegal tapping point, corroded joint, valve chamber, or lo-
cation of an operational failure. Soil pores, fractures, loess
layers, preferential flow zones, groundwater flow fields,
and vapor migration channels are all included in pathways.
Receptors include agricultural soils, irrigation wells, drink-
ing water wells, residents, crops and ecological systems.
The Luoyang—Zhumadian pipeline case illustrates the need
for this integrated approach: the pipeline leak was related
to illegal tapping, the resulting pollution was not simply a
problem along the pipeline but extended beyond this and
into the deep soil and groundwater, necessitating extensive

environmental investigation **.

2.2.Conventional Leakage Detection Methods

While new technologies play a significant role in
pipeline leak detection, conventional methods are also
valuable because they are the first to indicate that some-
thing is amiss with the pipeline or in the local environ-
ment. These are done through visual inspection, through
patrolling, through pipeline pressure analysis, through

flow-balance, through odor reporting, through surface oil-
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trace, and manual sampling. In rural/agricultural settings,
local inhabitants may also be informal early-warning ob-
servers, particularly when the oil smell is noticed, a film of
oil on wells, or the occurrence of abnormalities in crops is
detected.

However, the conventional methods have definite
drawbacks. A visual inspection is only effective if leak-
age is at the surface or where there is a visible secondary
sign of leakage. Pressure monitoring will only detect large
or sudden releases and may not detect slow, intermittent,
or small leaks. Ground-based sampling is generally reac-
tive, not preventive, and is able to give reliable chemical
information, but by the time the samples are taken, con-
taminants may have spread away from the source. In the
Shanhua Town case, it was observed that the oil contami-
nation was visible in wells after the oil had already leaked
through the subsurface. This shows that after the initial
leak, it takes time for the contamination to become visible
in the environment ***7,

Therefore, conventional detection should be consid-
ered as only one part of the pipeline protection work of the
environment. It is most useful for initial screening, emer-
gency verification and historical reconstruction, but is only
valuable as part of a subsurface investigation and long-
term monitoring of the site to ensure that risk management
is based on accurate data.

2.3.Soil and Groundwater Sampling for Con-
tamination Delineation
Soil and groundwater sampling are still the best
means of establishing refined-oil contamination. Shallow
agricultural soil as well as deeper materials in the vadose
zone should be considered for sampling since the severity
of the contamination in the subsurface could differ from
the surface soil. In the case of pipelines that are buried,
contamination may migrate through the near surface and
become trapped at depth, especially at locations where
the pipeline has leaked below the root zone or where per-
meable strata allow the migration to deeper levels. Thus,
pipeline depth, soil stratigraphy, pipeline leakage history,
groundwater depth, and possibly contaminant pathways
should be taken into account in the sampling design.
The need for groundwater monitoring is even more
important when the refined-oil components that are used

in the product contain compounds that are soluble and mo-

bile in groundwater (e.g., BTEX and MTBE). Monitoring
wells should be located both close to the possible source
and downgradient of the area in the direction of region-
al groundwater flow. Upgradient wells are also needed to
differentiate background water quality from pipeline con-
tamination. It has been found that the Luoyang—Zhumadi-
an investigation involved 109 soil sampling points and 23
groundwater monitoring points, with a high sampling den-
sity that was necessary to define a complex leakage plume.

One of the biggest issues with sampling-based mon-
itoring is the uncertainty of location. Petroleum contami-
nation is frequently heterogeneous because refined oil can
be a free phase, a residual phase, a dissolved phase, or a
vapor phase. Some high concentration areas may not be
encountered by a small number of boreholes, and drill-
ing too many boreholes may lead to higher investigation
costs and/or disturbance of contaminated strata. Sampling
should thus be adaptive; initial results should inform the
location of additional boreholes, the installation of moni-
toring wells, and lab analysis. This gradual approach en-
hances the accuracy of scientific research and the value of

the money (2.28.29]

2.4. Hydrogeological Investigation as a Moni-
toring Prerequisite

The hydrogeological investigation is not only a sup-
porting job but an integral part of the interpretation of de-
tection and monitoring results. Concentrations of contam-
inants can be misleading if information on groundwater
depth, hydraulic gradient, aquifer structure, permeability,
recharge conditions, and preferential pathways is not un-
derstood. A high concentration at one location may be a lo-
cal (residual) source, and a low concentration further from
the source may be a migrating dissolved plume. Likewise,
if shallow soil is not contaminated, then the deeper soil
may be contaminated.

The vadose zone serves as a migration pathway as
well as a long-term contaminant reservoir in the case of a
refined-oil pipeline leakage. Petroleum hydrocarbons can
be stored in the pores of the soil, bound to organic matter,
trapped in low permeability layers, or gradually released
into infiltrating water. However, in fractured media or loess,
preferential flow may slow down the flow and create deep
contamination that can be hard to identify using shallow

sampling. The Shanhua Town case demonstrated that local
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loess soils and fractures allowed pollutants to migrate down-
ward and deep groundwater systems allowed pollutants to
migrate horizontally, creating a large contamination plume.
Based on this evidence, hydrogeological monitor-
ing should be considered at the initial phase of a pipeline
pollution investigation. To assess the direction of contam-
inants, groundwater-level monitoring, borehole logging,
aquifer testing, stratigraphic interpretation, and flow-di-
rection analysis must be performed and a location for the
installation of monitoring wells must be determined. In
this context, hydrogeology is able to move from a reactive
approach to search for contamination to a predictive ap-

proach for delineating the plume "”.

2.5.Remote Sensing and Geophysical Detec-
tion Technologies

The use of remote sensing and geophysical methods
is useful for screening and subsurface characterization at
a larger scale. Anomalies in the surface, vegetation stress,
soil moisture changes, and possible leakage-related dis-
turbances can be detected through satellite imagery, un-
manned aerial vehicles, infrared imaging, hyperspectral
sensing, and thermal monitoring. The techniques are par-
ticularly applicable to long-distance pipelines traversing
farmland, the urban fringe, rivers and environmentally sen-
sitive areas.

Geophysical tools like ground-penetrating radar,
electrical resistivity tomography, electromagnetic methods,
and hydrogeophysical monitoring can assist in determin-
ing abnormal areas relating to petroleum contamination or
disturbed soil, pipeline trenches, and preferential migration
pathways for subsurface contamination. The advantages
are that they are not as destructive as a drill and they can
cover a larger area. Their interpretation is indirect, how-
ever. The geophysical anomalies could be caused by litho-
logical changes, water content, salinity, buried objects, or
by the interference of infrastructure, not by the presence of
petroleum. Geophysical data should not be used to replace
chemical sampling, rather it should be used to help se-
lect sampling locations and to enhance the conceptual site
model !,

Integration is the key to the future potential of re-
mote sensing and geophysical technologies. Together with
borehole data, groundwater monitoring, contaminant anal-

ysis and hydrogeological models, these technologies can

help to minimize the uncertainty in plume mapping and

help to better identify any hidden leakage early.

2.6. Smart Sensing, Artificial Intelligence, and
Real-Time Monitoring

Smart monitoring technologies are becoming increas-
ingly vital to the environmental management of pipelines
in the next generation. Technologies such as distributed fi-
ber-optic sensing, acoustic monitoring, Internet of Things
sensor networks, wireless groundwater sensors, automated
sampling systems, and real-time data platforms can deliver
real-time data on pipeline integrity and environmental con-
ditions. Artificial intelligence (Al) and machine-learning
models can be used to further aid in the identification of ab-
normal pressure signals, leakage probability, sensor anomaly
classification and plume migration forecast.

The key benefit of smart monitoring is from periodic
inspection to dynamic risk management. Operators don't
have to wait for pollution to be seen or for regular sam-
pling events, but instead can detect abnormal signals earli-
er and target high-risk areas on pipelines. Digital twins can
also incorporate pipeline operating information, soil prop-
erties, groundwater flow, contaminant transport, and reme-
diation effectiveness in a single decision support platform.

However, the use of smart systems has practical con-
straints. Maintenance, calibration, data quality control and
site-specific validation are all necessary when using a sen-
sor network. Machine-learning models could be poor if the
amount of training data is small, or if there is a significant
difference in geology between training and testing loca-
tions. So, intelligent monitoring cannot be considered as an
independent solution. Its success requires a team approach
between digital technology, field investigation and regula-

tory control "%,

2.7.Critical Perspective on Integrated Moni-
toring Frameworks

Technology is not the problem in monitoring leakag-
es in refined-oil pipelines; in fact, the technology is avail-
able, but its use is fragmented. Often, operation monitoring
of pipelines, soil sampling, groundwater analysis, hydro-
geological investigation, remote sensing, and risk assess-
ment are carried out individually. This fragmentation can
result in delays in source identification, underestimation

of deep contamination, and a weakened remediation de-
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sign. Detection and monitoring technologies for refined-oil
pipeline leakage are shown in Table 1. An integrated mon-
itoring framework should integrate early pipeline leakage
detection, quick environmental screening, detailed soil and
groundwater investigation, hydrogeological modeling, and
long-term monitoring of the plume. This is especially rele-
vant when shallow soil is considered relatively uncontam-
inated, but deep soil and groundwater are contaminated.
Other critical tools that are also proposed to be important
for intelligent management of spills are integrated monitor-

ing platforms, artificial intelligence, autonomous systems,

Therefore, detection and monitoring should be un-
derstood as an adaptive process rather than a single inves-
tigation stage. Initial detection identifies possible leakage;
detailed investigation defines contamination extent; long-
term monitoring evaluates plume evolution; and intelligent
systems support early warning and decision-making. For
refined-oil pipeline leakage in soil-groundwater systems,
this integrated approach is essential for reducing environ-
mental risk, improving remediation efficiency, and pro-
tecting groundwater resources. An integrated monitoring

architecture linking operational, surface, vadose-zone,

and digital twins ™. groundwater, and digital data streams is shown in Figure 1.
Table 1. Detection and monitoring technologies for refined-oil pipeline leakage.
Monitoring Approach Application Target Strengths Limitations Best Use in Pipeline Leak-

age Management

Visual inspection and patrols

Pipeline pressure and flow
monitoring
Soil sampling

Groundwater monitoring
wells

Geophysical methods

Remote sensing and UAV's

Fiber-optic and IoT sensors

Al and digital twins

Surface oil traces, odor, veg-
etation stress, and evidence
of illegal tapping

Pipeline integrity and leak-
age signals

Surface and deep va-
dose-zone contamination
Dissolved contaminant
plumes

Subsurface anomaly detec-
tion and pathway identifica-
tion

Surface disturbance, veg-
etation stress, large-area
surveillance

Real-time pipeline and envi-
ronmental monitoring
Prediction, anomaly recogni-
tion, decision support

Low cost and easy to imple-
ment

Useful for rapid detection of
large leaks

Provides direct chemical
evidence

Essential for plume mapping
and trend analysis

Non-invasive and spatially
extensive

Efficient for long pipeline
corridors

Enables continuous detection
and early warning

Integrates multi-source data
and improves forecasting

Detects mainly visible or
advanced leakage; poor for
hidden subsurface releases
May miss slow, small, or
intermittent leakage
Spatially limited; may miss
heterogeneous contamination
Requires correct well place-
ment and long-term monitor-
ing

Indirect interpretation;
requires validation by sam-
pling

Limited sensitivity for deep
contamination

Requires installation, cali-
bration, and maintenance
Data-dependent and requires
site-specific validation

Initial screening and emer-
gency confirmation

Operational early warning

Source-zone and vertical
contamination delineation
Groundwater risk assessment
and remediation performance
tracking

Guiding borehole placement
and conceptual site model
development

Regional screening and high-
risk section identification

Intelligent monitoring and
adaptive management
Predictive leakage preven-
tion and plume management

Surface & Remote Surveillance

Remote Sensing
UAV Surveillance
Vegetation-stress Monitoring

Vadose-zone Investigation

Soil Sampling
Soil-gas Monitoring
Ground-penetrating Radar (GPR)

Electrical Resistivity Tomography (ERT)

Pipeline Integrity Monit

ing
Pressure/Flow Monitoring
Fiber-optic Sensing
Acoustic Monitoring
Illegal-tapping Detection

i
o Digital Twins

Groundwater Monitoring

Monitoring Wells

Contaminant Plume Tracking

Hydrogeochemical Indicators (BTEX, DO,

MTBE, ORP, pH)

ll
PR

il

Integrated monitoring framew
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7

surface i

geophysical d

, soil g

monitoring, and intelligent sensing.

1
]
! \i/
1 [
| _} f_ Leakage Early
Warning
\J
Integrated Data
Platform
@ GIS, - Plume
% AL ) Delineation
W5 loT,

\ Risk Assessment &
Decision Support

Figure 1. Integrated detection and monitoring system for refined-oil pipeline leakage.
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3. Contaminant Migration and Trans-
formation in Soil-Groundwater
Systems

3.1. Characteristics of Refined-Oil Contami-

nants

Leaking of refined-oil pipelines releases a complex
mixture into the subsurface environment. Refined products
like gasoline and diesel oil have a high volatile, semi-vol-
atile, soluble and biodegradable fraction of the oil, which
reacts differently when released. Typical contaminants in-
clude benzene, toluene, ethylbenzene, xylene, naphthalene,
methyl tert-butyl ether, volatile petroleum hydrocarbons
and extractable petroleum hydrocarbons. The toxicity, wa-
ter solubility, vapor pressure, sorption potential and bio-
degradation rate also vary among these compounds, and
thus a refined-oil spill cannot be viewed as a single pollut-
ant. It is more a dynamic mixture, one in which elements
separate, move, change and weaken at varying rates rather
than a fixed mixture.

The environmental risk associated with the leakage

of refined oil is mostly due to the lighter, more mobile and
toxic fractions. Of particular concern is benzene, which has
a relatively high solubility and is highly toxic compared
to the heavier petroleum hydrocarbons. MTBE is also of
significance because it is highly soluble, moderately unim-
pressed by soil particles, tends not to undergo rapid natural
degradation, and can travel long distances in groundwater.
Larger diesel-range hydrocarbons (DCHs) and polycyclic
aromatic hydrocarbon (PAH) molecules tend to be less
mobile, but can remain as residual contamination in soil,
thereby producing long-term secondary sources. The abil-
ity to move and stay in the pipeline, combined with the
general persistence of the residual hydrocarbons, makes re-
fined-oil pipeline leakage particularly hard to control. The
attached case summary lists BTEX, naphthalene, MTBE,
volatile organic compounds (VOCs) and extractable pe-
troleum hydrocarbons (EPHCs) as key contaminants that
must be assessed both for short- and long-term mobility
and toxicity. Table 2 presents the major groups of contami-
nants in the refined oil pipeline leak and their environmen-

tal significance ™*>°.

Table 2. Major contaminants associated with refined-oil pipeline leakage and their environmental significance.

Contaminant Representative Com- Main Environmental Behavior Risk Concern Monitoring Significance

Group pounds

BTEX Benzene, toluene, ethylben- Relatively soluble, volatile, and Benzene has a high carcino-  Core indicators for refined-oil

zene, xylene mobile in groundwater genic risk; BTEX may cause  leakage and groundwater risk

acute and chronic toxicity assessment

Oxygenated fuel MTBE Highly soluble, weakly sorbed, Long-distance plume migra-  Useful tracer for gasoline-re-

additives persistent in groundwater tion and drinking-water odor/ lated groundwater contamina-
taste concerns tion

PAHs Naphthalene and heavier Less soluble but persistent; tend Ecological toxicity and poten- Important for evaluating long-

aromatic hydrocarbons
Light gasoline-range hydro-
carbons

Volatile petroleum
hydrocarbons groundwater
Extractable petro-

leum hydrocarbons

Diesel-range and heavier
petroleum fractions sistence in soil
Free-phase petro-

leum

Light non-aqueous phase
liquid (LNAPL) or residual
oil phase

to sorb to soil organic matter
Partition into vapor, soil gas, and

Lower mobility but higher per-

term soil contamination

Important for soil-gas and
vadose-zone monitoring

tial carcinogenicity

Vapor intrusion, inhalation
exposure, and explosion risk
in confined spaces
Long-term residual source and Useful for evaluating residual
ecological stress petroleum mass

May accumulate above the water A continuous secondary source Critical for source-zone delin-
table or remain trapped in pores

of dissolved contamination eation and remediation design

3.2.Release Behavior and Source-Zone For-
mation
Migration starts with the formation of a source zone
around the leakage site. Refined oil that escapes from a
buried pipeline initially enters the surrounding backfill or
native soil. Petroleum can be present as a free-phase lig-
uid, residual-phase liquid, dissolved-phase contaminant in

pore water, or vapor-phase components in soil gas depend-

ing on the amount of leakage, pressure, time of leakage,
type of petroleum, soil texture, and moisture. These stages
don't exist in isolation. Petroleum can flow downward by
gravity; residual petroleum can be slowly dissolved into
infiltrating water; volatile compounds can partition into
soil gas; and soluble fractions can enter groundwater.

One of the challenges with pipeline leaks is the lack

of knowledge about the history of the leak. Sometimes,
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illegal tapping, corrosion, or small pipeline defects can
persist for weeks or months or even years undetected. The
initial source zone may have created a complicated sec-
ondary contamination pattern before the surface signs and
symptoms of contamination were observed. With respect
to the Luoyang-Zhumadian pipeline incident, the pipeline
leakage site was determined to be a result of illegal tapping
found in 2009, and the environmental investigation re-
vealed that contamination had spread away from the pipe-
line and into the ground. This shows that source control is
not sufficient to remove subsurface risk if there is residual
petroleum in deep soil layers.

The sources are also not even. Petroleum does not
migrate evenly through soil; it tends to migrate preferen-
tially through connected pores, fractures, coarser layers
and disturbed materials of the trenches. This results in
non-uniform contamination boundaries and concentration
hot spots. The extent of contamination may be underesti-
mated by a monitoring borehole that is just a few metres
away from a preferential pathway. Hence, the source-zone
characterization needs to be an integration of chemical
sampling, geological logging, hydrogeological interpreta-

tion, and, if available, geophysical evidence """,

3.3. Vertical Migration through the Vadose
Zone

Vertical migration in the vadose zone is one of the
most significant but often overlooked factors in the leak-
age of refined-oil pipelines. The vadose zone is not simply
a passive zone under the ground surface and above the
groundwater. It performs four functions: as a conduit, as
a reservoir for contamination, as a reaction site, and as a
delayed-release reservoir. Petroleum components can flow
downwards due to gravity, capillary forces, infiltration re-
charge and/or pressure differences created by leakage. As
part of this process, part of the petroleum mass remains in
soil pores, part volatilizes, part dissolves into pore water,
and part is biodegraded.

Contamination behavior is closely related to the
depth and structure of the vadose zone. Petroleum can
be rapidly introduced to groundwater in areas of shallow
groundwater, causing rapid groundwater contamination. If
the vadose zone is deep, the downward movement may be
slower, but the contaminants may stay in the deep soil for

a longer time. The Shanhua Town case is especially inter-

esting because the shallow (agricultural) soils were gener-
ally within reasonable limits, while the deeper soils in the
vicinity of the leakage were severely contaminated. The
contamination in the soil was found to have a downward
“umbrella-shaped” distribution around the contamination
area, implying that surface soil quality can be misleading
as an indicator of environmental safety.

The pattern is of significance for investigation and
remediation. Avoid restricting assessment to top soil as
deep residual contamination may not be detected. Remedi-
ation may only involve the removal of topsoil, and the re-
mainder of the soil, the vadose zone, may continue to leach
contaminants into groundwater. So, for the refined-oil
pipeline sites, vertical profiling is necessary. To assess the
presence of residual petroleum that could continue to serve
as a long-term source, deep borehole drilling, multi-depth
sampling, soil gas monitoring, and vadose-zone modeling

will be required **.

3.4.Groundwater Plume Development and
Migration

After petroleum contaminants get to groundwater,
they change from a primarily vertical movement to a most-
ly horizontal movement, or plume migration. Dissolved
contaminants flow on groundwater flow paths where they
transform as a result of advection, dispersion, diffusion,
sorption, biodegradation, and dilution. The plume does not
have to be elliptical. The geometry is influenced by aquifer
heterogeneity, the hydraulic gradient, recharge, pumping
activities, preferential pathways and the persistence of the
source zone.

Groundwater contamination can be more significant
than soil contamination, where it can migrate away from
the impacted area to impact wells, irrigation systems and
drinking water resources. For the Luoyang-Zhumadian
case, the extent of groundwater contamination was more
severe than the surface soil contamination, and the contam-
inant plume extended in the direction of regional ground-
water flow to the east. The reported plume was about 700
m long (north—south) and 1,500 m wide (east-west), to-
taling about 0.77 km’. This spatial resolution represents a
local pipeline leak that becomes a regional problem related
to groundwater management.

Groundwater quality in the groundwater plume also

varies with time. Less soluble compounds can be trans-
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ferred ahead of heavier hydrocarbons and biodegradable
compounds can decrease near the source if electron ac-
ceptors are present. On the other hand, those compounds
that are persistent or weakly sorbed can be detected long
downstream. In time, a decrease in concentration should
therefore be taken with a pinch of salt. A declining trend
can be caused by natural attenuation or the effectiveness of
the remediation, but it can also be caused by plume move-
ment away from the monitoring wells, dilution, or a lack
of monitoring in the lower portions of the plume. The case
summary indicates that pollutant concentrations have over-
all decreased with time because of natural attenuation and
past remediation efforts, but some contamination remains
in a number of groundwater wells. This indicated that there
was a risk of groundwater contamination but it was not

completely removed "%

3.5.Hydrogeological Controls on Migration
and Persistence

Petroleum contaminant migration is governed by the
hydrogeologic regional framework. The movement and ac-
cumulation of contaminants are dependent on soil texture,
permeability, porosity, stratification, fracture development,
groundwater depth, aquifer thickness, hydraulic conductiv-
ity and groundwater flow direction. Contaminant migration
may be somewhat predictable in homogeneous porous me-
dia. However, in a heterogeneous geological environment,
preferential flow paths can generate fast flow in the down-
ward or lateral direction, which might be hard to detect and
model.

Special attention should be given to loess areas, frac-
tured strata and disturbed pipeline trenches. Loess may
possess macropores, fissures and variable permeability
zones that favor preferential infiltration. Pipeline construc-
tion can also disturb (i.e., trenching) natural soil properties
by changing the composition of backfill material compared
to that of the soil. These disorganized areas can serve as
man-made flyways. The geology of the area allowed for
long-distance groundwater contaminant transport, with lo-
cal geology allowing for the downward migration of loess
and the horizontal migration of deep groundwater systems;
the report concluded this.

Hydrogeological controls also affect the possibility
of remediation. Monitored natural attenuation (MNA) or

targeted bioremediation of a shallow, slow-moving plume

in a uniform aquifer may be appropriate. Long-term moni-
toring, hydraulic control and combined treatment technolo-
gies may be necessary for a deep plume in a heterogeneous
aquifer. Thus, the hydrogeological characterization should
not be used as background information but directly inform
the risk assessment, monitoring network design, technolo-

gies selected, and end points for remedial action “**'",

3.6. Transformation and Attenuation Process-
€S

A series of transformation and attenuation reactions
occur in soil-groundwater systems as petroleum contami-
nants travel through the soil. Vapor intrusion can increase
concentrations of some light hydrocarbons, but it can also
decrease concentrations of some light hydrocarbons due to
volatilization. Hydrophobic compounds can become im-
mobile due to sorption, but can also persist in the environ-
ment for long periods of time if they are slowly desorbed.
Dissolution processes move contaminants into groundwa-
ter, making them more mobile in the groundwater. Biodeg-
radation removes contaminant mass, particularly for BTEX
and some petroleum hydrocarbons, and is dependent upon
microbial communities, temperature, nutrients, oxygen,
nitrate, sulfate, iron, methane production and other redox
conditions.

Natural attenuation is therefore both useful and un-
predictable. It can lower concentrations of contaminants
without extensive engineering efforts, though it is not a
given if concentrations lower. Four conditions for natural
attenuation to be scientifically defensible are (1) evidence
of stable or declining plumes; (2) decreasing contaminant
mass; (3) suitable geochemical conditions; and (4) pro-
tection of receptors from degradation by-products. Bio-
degradation of petroleum materials can produce a redox
zonation in an aquifer, in which oxygen is depleted close
to the petroleum source, and anaerobic processes dominate
further downgradient. This zonation has implications for
degradation rates and should be considered in monitoring
programmes "**¥,

One of the drawbacks is that the different compo-
nents of the refined oil will attenuate at various rates.
BTEX compounds can break down in ideal conditions,
while MTBE can break down and travel further. Higher
molecular weight hydrocarbons can be retained in soil and

continue to emit dissolved phase hydrocarbons. As a re-
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sult, a decrease in the concentration of one pollutant group
doesn't necessarily indicate that the entire pollution system
is recovering. Not just total petroleum hydrocarbon trends
should be used when assessing risk; other compounds, par-
ticularly those that are slowest to attenuate and most mo-

bile, should be taken into account.

3.7.Climatic and Land-Use Influences on
Contaminant Behavior

Land use and climate are additional factors that add
to the complexity of contaminant migration. Residual pe-
troleum in the vadose zone can be mobilized and down-
ward leaching can be increased due to rainfall infiltration.
Seasonal changes in groundwater levels may cause pe-
troleum residues to spread out across the capillary fringe,
thereby expanding petroleum-contaminated areas. Drought
conditions can affect dilution and biodegradation, and
heavy rains can affect the recharge and displacement of the
plumes. Irrigation in agricultural areas can change ground-
water flow patterns, leaching, and provide new exposure
opportunities related to crop cultivation and water use.

The proposed article structure is appropriate and
highlights the new challenges of climatic variability and
complex hydrogeological conditions in oil spill manage-
ment. This is becoming a significant problem, as after
initial leakage, groundwater alteration due to changes in
recharge or extraction may change the behavior of the
plumes. The traditional site assessment, which has been
static, may therefore underestimate future risk. A more
resilient approach would consider scenarios related to sea-
sonal and climate change, especially in those locations
where groundwater is utilized for irrigation and/or potable

applications *.

3.8. Critical Synthesis and Research Needs
Refined-oil contamination in a soil-groundwater sys-
tem should be considered a coupled (more than one phase),
time-dependent process. Many site investigations have a
problem by breaking the issues of soil pollution, ground-
water pollution and pipeline failure analysis into distinct
parts. In fact, these components will be dynamically con-
nected. The source zone is formed by a leak in a buried
pipeline; the source zone supplies the vadose zone; the re-
lease of contamination from the vadose zone to groundwa-

ter provides a source path for groundwater transport; and

residual contamination may persist and continue to pose a
risk after the spill is visible.

The case evidence indicates that shallow soils may
be relatively protected, while deep soil and groundwater
are very much impacted. The discovery contradicts the ba-
sic methods of surface-based evaluation and justifies deep
vertical profiling, hydrogeological modelling and long-
term monitoring. Future research should aim to quantify
residual source strength, enhance prediction of preferen-
tial flow in heterogeneous media, identify the differences
between real attenuation and plume displacement, and
incorporate contaminant transport models with real-time
monitoring data. This is a critical improvement that en-
ables moving from a reactive to a predictive, adaptive and
risk-based approach to leakage management on refined-oil

pipelines .

4. Environmental and Health Risk
Assessment

4.1.Conceptual Framework for Risk Assess-
ment

Environmental and health risk assessment is an inte-
gral part of refined-oil pipeline leakage management, as it
transforms contamination information into decision-rele-
vant information. However, risk assessment is not as sim-
ple as comparing pollutant concentrations to regulations in
soil-groundwater systems. A scientifically sound evalua-
tion should include an explanation of how the contaminant
was released, how it traveled, where it ended up, which
receptors may be exposed, and whether the contaminant
risk is growing, leveling off, or decreasing. Thus, the con-
ceptual site model should be considered as the basis for the
assessment.

The conceptual site model should involve elements
of the leakage source, soil and vadose-zone pathways,
groundwater transport pathways, exposure routes and sen-
sitive receptors for refined-oil pipeline leakage. This is
especially significant in situations where contamination is
located above or below the surface and in close proximity
to human activities. In the Luoyang—Zhumadian pipeline,
the shallower layers of agricultural soils generally had
contamination levels that were lower than national guide-

lines, while the deeper layers of soil in the areas where the
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pipeline leaked and groundwater in the zone were highly
contaminated with petroleum. This shows that while there
may appear to be no surface danger, there could be major
subsurface danger .

One of the biggest flaws of many pipeline contam-
ination studies is viewing soil and groundwater as two
distinct environmental media. In fact, they are linked by

leaching, capillary exchange, vapour transfer and fluctu-

ation of groundwater. Even if the surface contamination
seems to be limited, a deep contaminated soil zone can
continue to release soluble pollutants to groundwater for
years. Therefore, risk assessments should consider current
contaminant levels, as well as long-term source strength
and contaminant rebound. The key elements of the SPR
components used to assess the risk of potential leaks from
refined-oil pipelines are summarized in Table 3.

Table 3. Source-pathway receptor framework for environmental and health risk assessment.

Risk Compo-  Main Elements in Refined-Oil Pipeline Critical Assessment Questions Implications for Management

nent Leakage

Source Damaged pipeline, illegal tapping point, s the source removed? Does residual Determines whether source removal, con-
residual petroleum in deep soil, free-phase contamination remain? Is the source still ~ tainment, or long-term control is needed
oil releasing pollutants?

Primary path-  Vertical infiltration, preferential flow, loess How did pollutants migrate downward? Guides deep soil sampling and vadose-zone

ways fractures, pipeline trench backfill Are there fast pathways to groundwater?  monitoring

Secondary path- Groundwater flow, dissolved plume migra- Is the plume expanding, stable, or shrink- Determines monitoring well placement, va-

ways tion, vapor movement, irrigation water use ing? Can vapors reach buildings? por assessment, and water-use restrictions

Human recep-
tors

Residents, farmers, well users, workers,
children, sensitive populations
Ecological
receptors

Risk modifiers

Agricultural soil, crops, soil microorgan-
isms, shallow groundwater ecosystems
Hydrogeology, seasonality, groundwater
extraction, rainfall, land use

ed?

Are people exposed through drinking wa-
ter, irrigation, soil contact, or inhalation?
Is soil function or crop production affect-

Could future conditions change exposure
or plume behavior?

Supports health risk assessment and com-
munity protection

Supports ecological restoration and agri-
cultural land management

Requires adaptive and scenario-based risk
assessment

4.2. Soil Pollution Risk Assessment

There is a need to differentiate surface soil, root-
zone soil, deep vadose-zone soil, and source-zone soil in
soil risk assessment at sites where refined oil leakage has
occurred. The assessment of surface soil is of significance
in agricultural production, dermal contact, dust inhalation,
and ecological exposure. For buried pipeline leakage, how-
ever, the most polluted soil may be found at depth, particu-
larly close to the trench of the pipeline or close to the point
of leakage. Limited assessment of shallow soil can lead to
an underestimation of the contaminant mass in the soil and
future groundwater risk.

The effects of petroleum hydrocarbons in soil de-
pend on their physical and chemical properties. Volatile
chemicals, like benzene and toluene, can be a source of
vapor intrusion and inhalation exposure. Lighter petroleum
fractions may volatilize, while others that are semi-volatile
and heavier can remain in the soil and impact soil struc-
ture, microbial activity, and plant growth. Hydrophobic
compounds can be sorbed onto soil particles for a very
long time and more soluble components can move down-
ward with infiltration. The assessment of soil risk should

not only be based on total petroleum hydrocarbons (TPH)

concentrations but also include concentrations of specif-
ic toxic and mobile contaminants, such as BTEX, PAHs,
MTBE, volatile petroleum hydrocarbons (VPHC), and ex-
tractable petroleum hydrocarbons (EPHC).

The significance of the case summarized in this at-
tached report is that it demonstrates that the contamination
of the soil had an “umbrella-shaped” vertical distribution
around the leakage point. This pattern indicates that down-
ward infiltration and lateral spreading of contamination in
the vadose zone were the controlling factors, not just sur-
face deposition. Three-dimensional delineation is needed
from a risk perspective on such a pattern. The contamina-
tion map would not be sufficient, as the main risk might be

at a depth of tens of metres 7

4.3. Groundwater Pollution Risk Assessment
The primary risk following the leakage of a refined
oil pipeline is often groundwater risk. When a contaminant
is released into an aquifer, it can spread beyond the line of
the pipeline and adversely impact wells, irrigation systems
and drinking-water supplies. Groundwater plumes can
spread along hydraulic gradients and cause regional envi-

ronmental management issues, unlike contaminated soil,
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which is often geographically contained around the source
of the contamination.

The groundwater contamination in the Luoyang—
Zhumadian area created a plume that stretched eastward
and was estimated to cover an area of 0.77 km’. This dis-
covery highlights the need to perform a hydrogeological
interpretation along with the chemical analysis in ground-
water risk assessment. Concentrations alone do not indi-
cate whether a plume is growing, staying the same size, or
decreasing. The monitoring wells should be placed upgra-
dient, in the source zone, across the plume and beyond the
known contamination boundary. This design can minimize
risk, particularly if the plume is narrow, deep, and/or is
controlled by preferential flow, as without this design, the
risk may be underestimated.

Water assessment should be done on exceedance and
plume behavior. Exceedance analysis involves determin-
ing whether concentrations exceed drinking-water, irriga-
tion water or groundwater quality criteria. Plume behavior
analysis involves analyzing migration direction, trends in
plume attenuation, contaminant mass, and future receptor
impacts. The distinction is significant because a column
of decreasing concentration might still be dangerous if it
was moving toward wells. On the other hand, if hydraulic
containment or natural attenuation is effective, a well with
a high concentration in the source zone may be a localized
contamination source and not a wide-spread contamination
hazard. Hence, groundwater risk should be viewed as a dy-

. . 48
namic and not as a compliance outcome **.

4.4. Human Health Risk Assessment

Both carcinogenic and non-carcinogenic risks of
refined-oil contaminants should be considered in human
health risk assessment. Benzene is typically the most im-
portant indicator of carcinogenic compounds, and the other
compounds listed (toluene, ethylbenzene, xylene, naph-
thalene, MTBE, and petroleum hydrocarbon fractions) are
potential for non-carcinogenic effects. Groundwater in-
gestion, dermal exposure when using water, inhalation of
volatiles, vapor intrusion in buildings, soil exposure in ag-
riculture, and indirect exposure due to irrigation and food
production are considered exposure pathways in a rural
and agricultural environment.

A serious difficulty is the fact that the exposure

route can vary with time. Local concern may become the

primary focus after oil leakage if local soils are directly
contaminated or there is visible oil present. Ingestion of
groundwater or irrigation exposure may be more critical as
contaminants travel down. Vapor intrusion can be a con-
cern in the long term if volatile hydrocarbons are present
under buildings or where they are moving along preferen-
tial pathways. Hence, a health risk assessment needs to be
path- and time-sensitive.

The impacted area in the attached report involved
agricultural areas and groundwater resources for irrigation
and local communities. When there is no setting, the iden-
tification of receptors becomes more significant. House-
hold water supplies (from private wells) may pose other
risks to residents than those associated with municipal wa-
ter supplies. Occupational soil and water contact is possi-
ble for farmers. Children, elderly and people with chronic
health conditions may be at greater risk of being exposed.
Average assumptions of exposure should be avoided, and
sensitive subpopulations and realistic local water-use be-
havior should be taken into consideration in a critical as-

sessment %%,

4.5.Ecological and Agricultural Risk Assess-

ment

Ecological and agricultural risks may be less con-
sidered than human health risks, but are quite applicable
for pipeline leakage in rural areas. Petroleum contamina-
tion may impact the physical, chemical, biological and
agronomic characteristics of soil, including aeration, wa-
ter-holding capacity, nutrient cycling, microbial commu-
nity structure, and plant root development. Soil ecological
function can still be affected by soil contaminants even
though levels are not detected at concentrations that are
known to cause adverse health effects in humans. This is
especially crucial for agricultural land where productivity
of soils and safety of crops are of major concern.

Irrigation water quality could also be impacted if
groundwater is contaminated. Petroleum constituents can
be added to the root zone by contaminated groundwa-
ter used for irrigation, which can have an impact on crop
health, soil microorganisms and food safety. The risk is
related to the concentration of contaminants, the frequency
of irrigation, the type of crops, soil characteristics, degra-
dation in the soil and volatilisation. Many of the petroleum

hydrocarbons could not be expected to be sufficiently bio-
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accumulated in edible tissues of plants, but some aromatic
compounds and degradation products may be of concern in
the food chain or ecologically. Thus, chemical safety and
functional soil health are necessary to consider in agricul-
tural risk assessment "%,

One of the major constraints encountered in most pe-
troleum site evaluations is the reduction of ecological risk
to regulatory exceedance. But agricultural systems need to
be considered on wider parameters like microbial activity,
enzyme function, phytotoxicity, crop yield and restoration
potential. These are indicators that can be used to help
answer the question of whether remediation has restored
ecological function or simply lowered the concentration of

contaminants to a numeric value.

4.6. Risk Modeling and Uncertainty Analysis

Assessment of the risk associated with leakage of re-
fined-oil pipelines is always a question of uncertainty. The
extent of leakage, the quantity of water released, its distri-
bution underground, preferential pathways, rates of degra-
dation, and future groundwater use are often not fully un-
derstood. Such uncertainties may have a significant impact
on risk findings. For instance, if the leak duration is esti-
mated too short, then the remaining mass of contaminant
in the deep soil may also be estimated too short. A moni-
toring network designed with one water level survey may
not be adequate to monitor plume movement in ground-
water systems that have seasonal changes in groundwater
flow direction. When natural attenuation is assumed but
supported by inadequate geochemical data, there is the po-
tential for underestimating long-term risk.

Uncertainty can be mitigated but not eliminated by
modeling tools. GIS-based mapping can be used to draw
maps of contamination patterns and receptor locations.
Plume migration and future exposure can be estimated
using groundwater flow and solute transport models. Vari-
ability in exposure parameters and hydrogeological con-
ditions can be accounted for in a probabilistic risk assess-
ment. If the data is large, machine-learning techniques can
help to identify high-risk areas. The proposed soil contami-
nation issues review framework properly brings GIS-based
spatial risk mapping, numerical groundwater transport
modeling, predictive analytics, uncertainty analysis and
scenario simulation to the forefront as key tools of modern

risk assessment 271,

But, if poorly constrained, models can give false
confidence. A numerical model using sparse borehole in-
formation, high uncertainty in hydraulic parameters, or
a short monitoring period may yield visually appealing
predictions of the plume but may be unreliable. Thus, the
results from these models should be interpreted as a sup-
port tool for decision-making and not as a representation
of reality. Calibration, sensitivity analysis and uncertainty
ranges, as well as comparison with independent monitor-

ing data, shall be part of the critical model evaluation.

4.7.Risk Communication and Management
Implications

The aim of risk assessment should be to assist man-
agement decisions. The decisions can range from emer-
gency water-use restrictions to additional monitoring, the
selection of remediation technology; land-use controls,
well replacement, public health protection, and long-term
environmental governance. The ability to communicate is
particularly critical in leak situations, as it may cause un-
certainty, distrust or concern among communities affected
by the leak regarding the safety of their drinking water and
agricultural land.

Risk communication should be clear about what is
known, what is unknown, and steps being taken to pro-
tect others. Excluding excessive safety when it is based
on shallow soil results can lead to a loss of public trust
if groundwater is later found to be contaminated. On the
other hand, if risk is exaggerated and pathways of expo-
sure are not explained, there may be unnecessary fear. A
balanced approach should communicate the distribution of
contamination, the direction of plume movement, impacted
receptors, monitoring outcomes, and planned remediation
actions in a manner that is easily understood “**".

The biggest drawback to the traditional risk assess-
ment method is that it is static. Most assessments are a stat-
ic snapshot of contamination and only partially consider
the evolution of risk. The leakage of refined-oil pipelines is
a long-term dynamic process with source depletion, resid-
ual mass release, groundwater migration, natural attenua-
tion, and potential plume rebound. Risk assessment should
be cyclic, therefore. The conceptual site model should be
updated for each new monitoring phase, along with a re-
evaluation of exposure assumptions, plume behavior, and

management.
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4.8. Critical Synthesis

Environmental and health risk assessment for oil
pipeline refinings, when considering oil pipeline leakage,
must go beyond concentration comparisons. It should in-
clude aspects of contaminant toxicity, three-dimensional
distribution of soil, groundwater plumes, hydrogeological
controls, receptor vulnerability, ecological function and
uncertainty analysis. The attached report illustrates that
contamination of the deep soil and groundwater can persist
despite the apparent lack of these impacts in the shallow
soil, indicating a need for hydrogeologically-informed as-
sessment of contamination to the subsurface.

Risk assessment approaches must be adaptive, prob-
abilistic and receptor-based in the future. They should be
able to locate the contaminants that are already present, as
well as potential areas of migration, the likely timeframe
of site contamination, and potential receptors under vari-
ous conditions. The need for the highest level of research
and practice with soil contamination issues is to build a
decision-making system that combines monitoring, mod-
eling, risk assessment, and remediation. This would enable
pipeline leakage management to move from a reactive pro-
cess to a proactive process of risk mitigation, protecting

soil and groundwater resources over the long term %,

5. Sustainable Remediation and
Adaptive Management Strategies

5.1.Remediation Challenges in Refined-Oil
Pipeline Leakage Sites

Technical challenges exist in remediating oil from re-
fined-oil pipelines because contamination is often found in
multiple environmental media and at varying depths. Bur-
ied pipeline leakage may result in residual petroleum zones
in deep soil and dissolved contaminant plumes in ground-
water that cannot be removed directly as in a surface spill.
These zones are contiguous, but have varying responses to
remediation. The trapped petroleum in the soil pores may
result in source-zone contamination and the downgradient
migration of groundwater may persist long after the origi-
nal leakage has ceased. Remediation should not be thought
of as a one-step process, but rather as a multi-step process
that includes source control, plume management, exposure

prevention, and long-term monitoring *".

This complexity can be seen in the Luoyang—Zhu-
madian pipeline case. The report suggests that the soils
in shallow agricultural areas were primarily within ac-
ceptable limits, while deeper soils near the leakage point
and groundwater sites contained high levels of petroleum
contamination. This groundwater contamination created a
contamination source that turned into a larger groundwater
problem (plume) of about 0.77 km’. This pattern indicates
that the more traditional surface-based remediation might
not be adequate. Any successful strategy has to treat for
the unknown residual contamination in the vadose zone
and stop the ongoing discharge of contaminants into the

groundwater %,

5.2. Conventional Remediation Technologies
and Their Limitations

Traditional remediation methods are still relevant in
the case of refined-oil contamination, particularly where
the levels of pollutants are high or when there is an imme-
diate need to reduce risk. Excavation and off-site disposal
can be quick methods for removing contaminated shal-
low soil, but they are not feasible for deep contamination
as they can become technically challenging and costly. It
may also not be feasible to excavate in a pipeline corridor
where infrastructure safety, land use, or groundwater depth
prevents the removal of large amounts of soil 1"\

A system commonly used for contaminated ground-
water is a pump and treat system. They can offer hydraulic
control, lower the concentration of dissolved contaminants
and limit the migration of the plume to sensitive receptors.
But pump and treat can be labor-intensive and time-con-
suming. It is not as effective if contaminants are constantly
being emitted from remaining source zones, low perme-
ability layers or trapped petroleum phases. When this oc-
curs, the groundwater concentrations can rise again fol-
lowing cessation of pumping. Thus, pump-and-treat is best
suited to use as a containment or risk-control measure for
a complex petroleum plume, rather than as a stand-alone
remediation strategy ',

Soil vapor extraction (SVE) and air sparging have
been effective for volatile petroleum hydrocarbons
(VPHCs) and BTEX compounds. Soil vapor extraction is
used to extract volatile contaminants from the vadose zone
and air sparging is used to introduce air into groundwater

to increase volatilization and aerobic biodegradation. They
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are effective in permeable soil, but are not effective in het-
erogeneous or low-permeability soils. They may also not
be as effective for heavier hydrocarbons with a high-oc-
tane rating, such as diesel, and less volatile hydrocarbons.
Chemical oxidation and thermal treatment can provide
rapid destruction of contaminants, but can be challenging
to control due to potential alteration of the groundwater
chemistry, degradation of soil structure, production of un-
wanted by-products, or significant energy consumption.
Therefore, traditional technologies are very effective but

cannot be considered as a complete solution 7.

5.3.Bioremediation and Monitored Natural
Attenuation

A special aspect of bioremediation is its significance
for leakage from a refined oil pipeline, because many of
the hydrocarbons in petroleum oil are biodegradable under
the appropriate conditions. Microbial degradation, dilution,
sorption, volatilization, and chemical transformation can
remove contaminant mass as a result of natural attenuation,
bioaugmentation, and biostimulation. Monitored natural
attenuation is attractive among these when the concentra-
tions of the pollutants are decreasing, plumes are stable or
decreasing, and receptors are protected. Can minimize re-
mediation costs and ecological disturbance over aggressive
engineering practices.

Natural attenuation should not, however, be a passive
excuse to do nothing. They must be backed by substantial
data, such as trends in concentration over time, stability
of the plume, geochemical characteristics, biodegradation
products, and protection of the receptor. The attached re-
port indicates that concentrations of contaminants in the
groundwater generally decreased with time as a result of
natural attenuation and past remediation activities, with
contamination still being present in some groundwater
wells. This discovery demonstrates the benefits and con-
straints of using natural attenuation. It can help to lower
contamination levels over time, but can not completely re-
move the risk to acceptable levels in a reasonable period of
time if there is residual petroleum contributing to the con-
tamination.

Biostimulation can be achieved by the addition of
oxygen, nutrients, nitrate, sulfate or other electron accep-
tors to enhance biodegradation. Bioaugmentation involves

adding special microbial strains or consortia to increase

degradation capabilities. The methods may work for BTEX
and some petroleum hydrocarbons, but they work best
under specific site conditions, including pH, redox (elec-
tron-donating/accepting) state, nutrients, permeability, and
contaminant concentration. In deep or heterogeneous aqui-
fers, it is frequently the technical limitation that determines
the amendment delivery. Biodegradation might be area
limited if amendments are unable to reach contaminated
areas uniformly. Thus, degradation potential alone must
not be the only basis for designing bioremediation; hydro-

geological transport capacity must also be considered .

5.4.Nature-Based and Low-Carbon Remedia-
tion Approaches

Due to the fact that petroleum contaminated sites
may need to be managed for the long term, rather than
cleaned up in one fell swoop, nature-based approaches are
an increasingly important part of the equation. Constructed
wetlands, rhizoremediation, biochar amendment, phytore-
mediation, and ecological restoration may contribute to
the degradation, immobilization, water purification, and
recovery of soil. In general, the techniques are less energy
consuming and do not have the same impact as many tra-
ditional engineering techniques in an agricultural or rural
setting.

Phytoremediation can help to condition shallow soil
by increasing microbial activity in the rhizosphere, stabi-
lising soil, and encouraging the degradation of hydrocar-
bons. It is not as well suited for deep vadose-zone con-
tamination or deep groundwater plumes, however, since it
may not reach main contaminated layers via plant roots.
Petroleum-impacted water can be treated, and biodegrada-
tion, sorption, sedimentation and plant-microbe interaction
can occur in constructed wetlands, but they need to have
access to land and a proper hydraulic design. Biochar and
organic amendments can enhance soil structure, bind hy-
drophobic compounds, and increase microbial activity, but
can also lower the bioavailability of contaminants without
necessarily lowering the mass of contaminants ).

The key is that nature-based solutions (NbS) are not
a blanket solution for engineering remediation. They are
most appropriate for use in situations of low to moderate
contamination, ecological restoration, polishing treatment,
or long-term risk reduction. Hydraulic control, source re-

moval, or enhanced bioremediation may be needed in con-
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junction with nature-based methods for high-concentration
source zones or when the water table plume is moving
quickly. They are important tools for sustainability and
ecosystem recovery; however, their ability to deal with the
depth, rate, and level of treatment that is accurate needs to

be understood.

5.5.Emerging and Hybrid Remediation Tech-

nologies

New technologies are emerging that provide new
opportunities for remediation of petroleum contamination
in complex soil/groundwater environments. Nanomateri-
al-assisted remediation (NAR) techniques can be used to
improve adsorption, catalytic degradation, or contaminant
immobilization. In low-permeability soils, electrokinetic
remediation (EKR) can enhance the transport and amend-
ment delivery of contaminants. Surfactant-enhanced re-
covery can assist in the mobilization of trapped petroleum
hydrocarbons and enhance removal from the source zone.
Dissolved-phase contamination and plume control can also
be dealt with by applying advanced oxidation, permeable
reactive barriers and in situ amendment delivery systems.

Although the technologies are emerging, they need
to be evaluated carefully before being implemented at
scale. The secondary ecological risks of nanomaterials can
arise from their movement outside of the treatment zone
or their impact on the microbial communities. If hydraulic

control is poor, the mobility of contaminants can be en-

hanced by the use of surfactants. The changes in soil geo-
chemistry and pH are possible in electrokinetic systems,
which require energy input. Advanced oxidation is effec-
tive, but can be expensive, and can create transformation
products. Hence, the efficiency of removal is not the only
criterion for evaluating innovation; sustainability, second-
ary pollution, cost, scalability and compatibility with site
hydrogeology are also important to consider .

It is more realistic to use a combination of technolo-
gies to achieve remediation than to depend on one. A good
approach to creating a pipeline run leak might be to use
excavation or in situ treatment of the highest concentration
source zone, soil vapor extraction for volatile substances,
enhanced bioremediation for residual hydrocarbons, mon-
itored natural attenuation for stable downgradient plumes,
and long-term groundwater monitoring. The outline covers
comparative assessment of remediation pathways for effi-
ciency, cost-effectiveness, carbon footprint, scalability and
suitability of remediation for soil and groundwater con-
tamination, which is well placed. Table 4 summarizes the
comparative assessment of remediation technologies used
to clean up refined-oil-contaminated soil and groundwater.
This comparative perspective is important as the “best”
technology is not necessarily the latest technology, but the
most effective under particular geological, chemical, eco-
nomic, and social circumstances that meet the requirement

of reducing risk "7,

Table 4. Comparative evaluation of remediation technologies for refined-oil-contaminated soil and groundwater.

Remediation Technology =~ Main Target Medium Advantages

Limitations Suitable Application Scenario

Excavation and off-site Shallow contaminated soil
disposal

Pump-and-treat

soil
Contaminated groundwater

containment
Soil vapor extraction Vadose-zone volatile hydro-
carbons compounds
Air sparging Groundwater and capillary
fringe biodegradation

Chemical oxidation

Rapid removal of high-concentration
Provides hydraulic control and plume
Effective for volatile petroleum

Enhances volatilization and aerobic

Costly and impractical for deep Localized shallow source zones

contamination
Slow, energy-intensive, and prone to
rebound

Dissolved plumes threatening
receptors

BTEX-rich vadose-zone contam-
ination

Limited in low-permeability or wet
soils

May spread vapors if poorly con-
trolled

Permeable aquifers with volatile
contaminants

Monitored natural attenua-
tion

Biostimulation and bioaug-
mentation
Phytoremediation

Constructed wetlands
Surfactant-enhanced recov-
ery

Electrokinetic remediation

Hybrid remediation systems

Soil and groundwater source
zones

Groundwater plume
Soil and groundwater

Shallow soil and near-surface
groundwater

Contaminated water or
pumped groundwater
Residual petroleum source
zones

Low-permeability soil

Coupled soil-groundwater
contamination

Rapid contaminant destruction
Low disturbance and low cost

Enhances microbial degradation

Low-carbon and landscape-compati-

ble

Combines biodegradation, sorption,
and ecological treatment

Mobilizes trapped hydrocarbons

Improves contaminant or amendment

transport

Combines the strengths of multiple
methods

High cost; possible secondary geo-
chemical impacts

Requires strong evidence of plume
stability and receptor protection

Amendment delivery may be difficult

in heterogeneous media
Slow and limited by root depth

Requires land and hydraulic control

May increase contaminant mobility
if uncontrolled

Energy demand and pH changes may

occur

More complex design and monitor-
ing

High-risk source zones needing
rapid reduction

Stable or shrinking plumes with
active biodegradation
Biodegradable petroleum con-
tamination

Low-to-moderate shallow con-
tamination

Polishing treatment and rural site
management

Source zones with recoverable
petroleum mass

Fine-grained or low-permeability
contaminated soils

Deep, heterogeneous, long-term
pipeline leakage sites
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5.6. Technology Selection Based on Source—
Pathway—Receptor Control

The selection of remediation technologies should be
based on the source—pathway—receptor model. Pursuit of
source control should be a top priority if the source is ac-
tive or the residual petroleum mass is high. Plume contain-
ment or hydraulic control may be required if groundwater
is moving contaminants to receptors. Then immediate risk
management measures may be necessary (alternative water
supply, well closure, limiting land use, vapor mitigation),
if receptors are already exposed. This hierarchy discourag-
es focusing on reducing concentration rather than exposure
in remediation.

Technology selection can be especially challenging
for deep vadose-zone contamination. It may be impossible
to excavate, and may be difficult to deliver amendments
in situations of low permeability or complex stratigraphy.
In these situations, a combination of source treatment and
long-term groundwater protection may be necessary for re-
mediation. The choice of active remediation or monitored
natural attenuation for groundwater plumes should be de-
termined by the stability of the plume, the distance to the
receptors, the toxicity of the contaminants, the ability of
the groundwater to remediate the contaminants, and a rea-
sonable timeframe for remediation. Monitored natural at-
tenuation may be appropriate for a stable plume away from
receptors, whereas active intervention may be necessary
for a mobile benzene or MTBE plume approaching drink-
ing-water wells """,

There are many remediation projects that have a
deficiency because the technology that is chosen is for
availability or cost and not appropriate for the conceptual
understanding of the site. Even sophisticated technologies
can be unsuccessful if there is no accurate delineation of
source zones, preferential pathways, and plume dynamics.
Thus, it is desirable to keep remediation design iterative:
continuously update the conceptual model based on moni-
toring data, inform technology selection based on the con-
ceptual model, and use remediation performance to inform

future management decisions.

5.7.Adaptive Management and Long-Term
Monitoring
The sites of refined-oil pipeline leaks change over

time, so adaptive management is crucial. The concen-

tration of contaminants can change, increase, shift, and/
or change form. The flow direction of groundwater can
change with the seasons. Petroleum that has not been com-
pletely removed from the soil can slowly dissolve in the
groundwater. Remediation systems can be effective at first,
but lose efficiency when the mass of contaminants that can
be easily removed is reduced. Fixed remediation plans are
not effective in the face of these dynamic processes .

The essence of an adaptive strategy is to establish
baseline characterization, implement phased remediation,
monitor performance, conduct periodic risk reassessments,
and make flexible technology adjustments. For instance,
if there are high concentrations at the source, active reme-
diation may be employed at the outset to lower the con-
centrations, and then monitored natural attenuation can be
applied once the plume has reached a more stable state.
Other treatment or hydraulic control may be needed if
monitoring indicates plume expansion or contaminant re-
bound. This adaptive decision-making is particularly rele-
vant at pipeline leaks, where there is uncertainty regarding
the duration of the leaks and the mass of the contaminants
remaining.

The monitoring of the wells should not be restrict-
ed to compliance wells. It should consist of source-zone
wells, downgradient plume wells, lateral boundary wells,
sentinel wells near receptors, and selected groundwater or
soil-gas monitoring points where vapor or residual con-
tamination is significant. Target concentrations should not
be the only contaminants monitored; groundwater levels,
redox conditions, electron acceptors, degradation products
and changes in hydrogeology should also be monitored.
This wider dataset enables managers to separate remedia-
tion progress from dilution or plume displacement or tem-

. 78
porary concentration decreases """,

5.8. Toward Sustainable and Resilient Reme-
diation Frameworks

Sustainable remediation involves addressing some
of the following: environmental protection, technical fea-
sibility, economics, social acceptance, and carbon impact.
Traditional remediation has tended to focus on the removal
of contaminants but not adequately on energy use, green-
house gas emissions, ecosystem impacts, waste, and long-
term land restoration "), Sustainability is particularly

critical for leaky refined-oil pipelines due to the need for
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remediation over years and the large volume of subsurface
that must be addressed.

Multiple criteria need to be used to assess the reme-
diation options within a sustainable framework, such as:
risk reduction, contaminant mass removal, energy demand,
carbon footprint, secondary pollution, cost, land-use com-
patibility, stakeholder acceptance, and long-term resilience.
The use of digital tools, including GIS platforms, contam-
inant transport models and decision support applications,
can assist in comparing alternative solutions and adapting
remediation plans as new monitoring data becomes avail-
able. The features of the proposed article focus on integrat-
ed, adaptive, and resilient approaches to spill management,
involving real-time decision support, artificial intelligence,
big data, policy governance and community engagement.
Remediation is not a 'bolt-on'; it requires these elements to
be part of the process of transitioning from 'one-off' techni-
cal intervention to long-term environmental governance ™.

In general, remediation of refined-oil pipeline leak-
age needs to be changed from a technology- to a risk- and
system-based model. The objective should go beyond just
lowering pollutant levels at specific sampling locations
to controlling sources, disrupting pathways, safeguarding
receptors, rehabilitating soil-groundwater relations, and
minimizing future risk. This will involve incorporating
traditional engineering, bioremediation, NbS, new technol-
ogies, adaptive monitoring, and community-driven man-
agement. This is a more scientifically defensible approach
and more appropriate for high-complexity pipeline leakage
sites where long-term environmental risk is dominated by
deep-soil contamination and groundwater plume migration
281521 The proposed adaptive and sustainable remediation
framework for refined-oil pipeline leakage management is
presented in Figure 2.

Figure 2. Adaptive and sustainable remediation

framework for refined-oil pipeline leakage.

6. Conclusions

Leakage from refined-oil pipelines is a complex,
long-term environmental hazard because leakage is not
always limited to the spill site. Upon entering the subsur-
face, gasoline, diesel fuel, or mixed refined-oil products

might partition into residual, dissolved, vapor, and sorbed

phases, resulting in multi-media contamination affecting
soil, the vadose zone, groundwater, and potentially human
and ecological receptors. This review demonstrates that a
pipeline leak does not fit the surface spill rubric but should
be recognized as a combined soil-groundwater contamina-
tion event influenced by contaminant chemistry, contam-
ination history, vadose-zone structure, aquifer conditions,
and groundwater flow.

One of the main findings is that shallow soil condi-
tions may not be a good indicator of the extent of subsoil
contamination. Petroleum hydrocarbons can travel verti-
cally through permeable soils, loess layers, fractured soils,
and disturbed pipeline trenches, and into groundwater at
buried pipeline leakage sites. If a contaminant is found in
the deep vadose zone, it can serve as a long-term second-
ary source, releasing soluble contaminants such as BTEX
and MTBE into groundwater. Site investigations should be
conducted not only by examining the surface but also by
taking vertical soil samples to the site depth, monitoring
groundwater, characterizing the hydrogeology, and delin-
eating the groundwater plume.

The most serious risk, often, is groundwater pollu-
tion. After entering aquifers, petroleum contaminants can
travel well beyond the pipeline footprint and pose risks to
drinking water sources, irrigation wells, crops, and com-
munities. Hydraulic gradients, aquifer heterogeneity, re-
charge, seasonal fluctuations, and microbial degradation
capacity play significant roles in the development, per-
sistence, and attenuation of groundwater plumes. Risk as-
sessment should be dynamic and predictive, incorporating
contaminant concentration data, hydrogeological model-
ing, source-pathway-receptor analysis, receptor vulnerabil-
ity, and uncertainty assessment.

The findings of this review also indicate that no sin-
gle remediation technology is suitable for every leakage
site in a refined-oil pipeline. Traditional techniques like ex-
cavation, pump-and-treat, soil vapor extraction, air sparg-
ing, and chemical oxidation offer rapid risk reduction but
can be expensive, energy-intensive, or ineffective when
contamination is deep and/or heterogeneous. More sustain-
able alternatives include bioremediation, monitored natu-
ral attenuation, phytoremediation, constructed wetlands,
biochar amendments, and other nature-based solutions,

but they require further study and research to understand
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their effectiveness based on contaminant type, depth, hy-
drogeology, and risk of exposure. New technologies, such
as nanomaterial-assisted remediation, electrokinetic treat-
ment, surfactant-enhanced recovery, hybrid systems, and
intelligent monitoring, offer new possibilities but must be
assessed carefully for their scalability, secondary effects,
and long-term performance.

Leakage from refined-oil pipelines should be man-
aged in the future not reactively but in an integrated, adap-
tive, and preventive manner within environmental gov-
ernance. This necessitates integrating early detection of
leakage, smart monitoring, hydrogeological investigations,
contaminant transport modeling, risk-based decision-mak-
ing, sustainable remediation, and long-term performance
monitoring. This transition can be aided by Al, digital
twins, sensor networks powered by the Internet of Things,
geophysical monitoring, and GIS-based risk mapping, but
these need to be grounded in solid field data and a site-spe-
cific hydrogeological understanding.

A system-based framework integration of pipeline
integrity, subsurface contaminant behavior, receptor pro-
tection, remediation sustainability, and community risk
communication is needed overall to effectively protect soil
and groundwater resources. This approach can enhance
early warning, reduce uncertainty, help select technology,
and make pipeline infrastructure more resilient to environ-

mental management challenges.
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