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Introduction
The usual method for setting the concentration limits for monitoring or remediation of contaminated sites is to adopt already existing criteria, either given by national regulations or by international standards. However, for highly dangerous contaminants and/or for contaminants requiring financially and technically demanding remediation methods, like in the case of dioxins, such simple approach is not sufficient. The real objective of any remediation is not to reach the required limits/indicators but to minimize the risks for human health, ecosystems, or for local development in general. Therefore any remediation plan must be based on the results of in-depth survey of each contaminated site and on risk assessment which takes into consideration site specific exposure scenarios. These scenarios must assess the natural migration pathways (dependent on hydrogeological and hydrological conditions, or migration by air), potential technological leakages (from technologies, from or through sewage, water supply or drainage systems, from the landfills, etc.), and location and behavior of potential recipients (people working or living within or in the environs of the contaminated area, and sensitive ecosystems). Especially in the case of dioxins the main danger, besides a potential direct exposure, relates to the food chain (contaminated sediments ( contaminated fish or poultry ( endangered people ( transfer from mother to the child). Any remediation or prevention measure must thus consider both technical methods and other possibilities for minimizing the exposure and protecting the people. The paper presents the proposed approach on the example of real exposure scenarios at Bien Hoa airport. The objective is to demonstrate the importance of locally relevant target limits and of locally appropriate remediation and prevention measures.

Materials and methods 
The paper builds on the Long-term monitoring plan for Bien Hoa airbase1) and applies the U.S. EPA methods for health risk assessment as adopted in the Methodological Guidelines for Risk Assessment of Contaminated Sites of the Ministry of Environment of the Czech Republic2). Other sources were taken into consideration as well, in particular the Methodological Guidelines on Contamination Indicators of the Ministry of Environment of the Czech Republic3), the U.S. EPA screening level (SL) tables5), and the RAIS – The Risk Assessment Information System6). A screening risk assessment and elaboration of the relevant target values and possible remediation measures is provided for the most toxic dioxin congener TCDD (2,3,7,8-tetrachlorodibenzo-p-dioxin).
Results and discussion
Historical site use. Bien Hoa airbase was the primary Airbase for Ranch Hand operations in southern Vietnam. Data provided by the US military to the Government of Viet Nam indicates that over 98,000 45-gallon barrels of Agent Orange, 45,000 barrels of Agent White, and 16,000 barrels of Agent Blue were stored or used here.
Geology and hydrogeology. The area of Bien Hoa airbase is formed by sediments from river-sea-swamp of Pleistocene (qp) with components of clay, loam, mixed sand and clay. The thickness of this sedimentary complex reaches 22 – 25 meters. Lower bedrocks are formed by Mesosoic grey-blue clay shale or greenish silt shale. The groundwater table of the first aquifer is attributed at a depth of between 0.4 – 3 m below the surface at the beginning of rainy season and can fall to between 3 – 5 m below the surface at the end of dry season. High level of groundwater table predicts a direct communication and related contamination transfer between groundwater and surface water, especially in rainy season.
The contaminants of concern. Agent Orange, Agent Pink and Agent Purple were predominantly mixtures of 2,4-D (abbreviation for 2,4 dichloro-phenoxy acetic acid) and 2,4,5-T (abbreviation for 2,4,5-trichloro-phenoxy acetic acid). The dioxins, including the most toxic congener TCDD (2,3,7,8-tetrachlorodibenzo-p-dioxin), were identified as components of this herbicide mixture that was formed as a by-product during the production of 2,4,5-T. Unlike the substances 2,4-D and 2,4,5-T, which decompose relatively quickly (within months), dioxins are more stable and persist in the environment for decades. It is obvious that concentrations of dioxins applied during the war in Viet Nam have persisted in the environment until now.
Dioxins is the common name given to a group of 75 organic compounds based on chlorinated isomers of dibenzo-p-dioxin (PCDD) and 135 compounds based on chlorinated derivatives of dibenzofuran (PCDF). These compounds differ in the position of one to eight chlorine atoms in the molecule of a heterocyclic compound; this is accompanied by significant physiological effects that rank the mentioned substance into the group dangerous to human health. Generally, the toxicity of a compound increases with the number of chlorine atoms. The name "dioxins" originates from 2,3,7,8-tetrachlorodibenzo–p-dioxin with common acronym (TCDD) which has the highest toxicity of the whole group and is widely tested and monitored.
Contaminated area. The contaminated area within the airbase exceeds 200,000 m2 and the maximum concentration on specific sites varies between 13,300 ppt and 962,560 ppt TEQ (Toxic Equivalent). The concentration in the lakes (around 16 hectares in total) reaches maximum levels of 5,970 ppt TEQ for sediments and 4,040 ppt TEQ for fish.

Migration pathways.
Air migration of dioxins happens essentially during the dry season when soil particles from the contaminated areas become airborne and are transported around the airbase and to nearby villages by the wind.
Groundwater migration of dioxins may happen in the case of groundwater contamination through the leaching of dioxins from the areas containing contaminated soil. While the groundwater flow direction from the airbase is toward surrounding residential areas, it is assumed that the people using groundwater wells located both within and outside the airbase are potential risk receptors. In addition, there is a communication between groundwater and surface waters, and, in particular, close to the drainage profiles the contaminated groundwater can contribute to contamination of surface waters or sediments.

Surface water migration of dioxins (dissolved or in the sediments) happens when rainwater runs off from the contaminated areas at the airbase and reaches nearby villages and water bodies. Free range animals drinking contaminated surface water, aquatic ecosystems, and the people in the flooded areas are the main receptors.

Contaminated fish - the dominant transport mechanism for removal of dioxins from the water column is believed to be sedimentation and, ultimately, burial in sediments. Sediment re-suspension and remobilization of dioxins vary on a site-by-site basis depending on the nature and extent of physical processes (e.g. winds/waves/currents) and biological processes (disturbance by benthic organisms). The lakes and fish ponds within and outside the airbase are stable water bodies where waves and tides have no influence in sediment disturbance, thus making biological disturbance by benthonic organisms the main cause of remobilization. This is not the case of Dong Nai River, where disturbance by boats and tides is relevant mechanism for dioxin release from the sediments.
Consumption of fish from the lakes inside the airbase is prohibited. Warnings indicating the dangers of dioxins and dioxin contaminated fish can be found next to the lakes and the enforcement has been successful. However, outside the airbase, local people still catch fish from potentially polluted lakes.

Contaminated free range animals (cows, chickens and ducks) roaming within the airbase area were identified. By ingesting contaminated soil and water, these animals are in contact with dioxin contaminated soil, and their consumption (meat, milk and eggs) can pass the contaminants up the food chain.
Pathways of exposure. Direct contact (ingestion, inhalation and dermal contact) and indirect contact (such as bioaccumulation) are the pathways through which the people (within, and in the environs of the airbase) can be exposed to the contaminants of concern:
People living inside the airbase – in the area of 750 ha around 1,200 people is working and partially living. They are exposed to contaminated soils and sediments, contaminated dust and contaminated water, sediments and soil particles that flow from the contaminated sites within the airbase to water bodies located inside the airbase. It has been noticed that, despite efforts to enforce the prohibition of fishing activities in the lakes inside the airbase, people have still been fishing there. In addition, people may also be exposed to dioxins by using contaminated groundwater for washing, washing dishes, bathing/showering and/or direct consumption (limited use proved for drinking/cooking).

People living outside the airbase – Bien Hoa Airbase is located in densely populated area. It is surrounded by communes and wards and is close to the Dong Nai River that flows through the city of Bien Hoa and other parts of the Dong Nai Province which has a population of 2,174,600 inhabitants. In four wards surrounding the airbase (Buu Long, Quang Vinh, Tan Phong and Trung Dung), there are around 111,000 inhabitants and these can be exposed to dioxins by water, sediments and soil particles that flow from the contaminated sites within the airbase to residential area and agricultural fields and also reach the Dong Dai River (which serves as a water source for part of the city’s inhabitants), fishing ponds and other water bodies. The exposure risks are mainly connected with fish consumption from the contaminated lakes. In addition, according to the groundwater flow direction, possible leaking of dioxins from the contaminated soil at the airbase can reach the groundwater – so the groundwater consumption from wells can be also risky. Water and sediments from the surface stream represent risk for domestic animals as well as for people working or fishing in the river close to the mouth of this stream. Also the transport of dust particles by air represents risks for human health.

Exposure scenarios.
Accidental ingestion of dioxins can happen in a number of ways at the airbase: soil ingestion, dust ingestion, surface and groundwater ingestion.

In the case of soil and dust, accidental ingestion is a consequence of unintentional “hand-to-mouth” transfer of impurities into the digestive tract. This pathway of exposure is relevant mainly to people performing manual works (digging holes, working with agricultural crops, etc.) and potentially for children playing on the ground in or next to sites with residual contamination.
In case of groundwater, dioxin exposure relates to consumption of contaminated water from the wells (either directly for drinking or indirectly due to washing fruit, vegetables or dishes). This pathway of exposure is relevant to all people who live downstream of the landfill and of the excavated areas. In addition, the animals or plants that consume this water will also be exposed to dioxins.

Inhalation of dioxins can happen when dioxins present in the soil become airborne through the influence of wind and enter the receptors’ respiratory system. This pathway is relevant to people located close to soils contaminated with dioxins that are being disturbed by excavation or building works for example. Limited risks of inhalation of contaminated air (water vapors) can appear also during showering or watering the crops.

Dermal contact – dermal exposure through the skin happens when the receptors are in direct contact with the contaminant or with contaminated matrixes.
Food ingestion is related to the consumption of contaminated food. The site visit showed that despite the efforts of the authorities to ban the consumption of fish from the lakes affected by dioxin contamination, people still catch and eat the fish that can potentially have higher concentrations of dioxins.
Exposure parameters. For using the U.S. EPA formulas for calculating the human health risks, we must consider the real behavior models of potentially affected people / local inhabitants:

Water ingestion: CDI = CW x IR x EF x ED / (BW x AT)

CDI
chronic daily intake (mg/kg/day)

CW
contaminant concentration in water (mg/l) – let us use the proposed monitoring limit: 1 x 10-9 mg/l
IR
usual water consumption adults: 2 l/day; children (up to 6 years): 1 l/day
EF 
usual exposure frequency: 350 days/year
ED 
exposure duration: lifetime exposure for carcinogens: 70 years; maximum duration of exposure for non-carcinogens (length of stay at a locality): 30 years

BW 
average weight adults: 70 kg, children: 15 kg
AT
averaging time (days): 70 years x 365 days/year for carcinogens; ED (years) x 365 days/year for non-carcinogens

The result for carcinogens (dioxin): CDI adults = 2.7 x 10-11 mg/kg/day; CDI children = 6.4 x 10-11 mg/kg/day.
The cancer risk can be then calculated by a simple formula: ELCR = CDI x SF
ELCR
excessive lifetime cancer risk

CDI
chronic daily intake (mg/kg/day)

SF
slope factor, for TCDD = 1.3 x 105 (mg/kg/day)-1
The estimated level of risk: ELCR for adults = 2.1 x 10-6; ELCR for children = 4.9 x 10-6. This result means cancer probability for 2 adults or for 5 children out of a million. This can be considered for an acceptable threshold for the potentially exposed people around the airbase (111,000 inhabitants in 4 wards).
The similar calculations can be done for remaining exposure scenarios, let us use two more examples.
Accidental ingestion of soil or dust: CDI = CS x IR x CF x FI x EF x ED / (BW x AT)
CS
contaminant concentration in soil (mg/kg) – let us use TCVN 8183:2009 limit: 1.5 x 10-7 mg/kg
CF 
conversion factor (10-6 kg/mg)
FI
ratio of ingestion from contaminated sources – let us use 0.5 (50%)
IR
accidental ingestion of soil adults: 100 mg/day; children (up to 6 years): 200 mg/day
EF 
usual exposure frequency: 220 days/year (not in rainy season)
Other parameters do not differ.
The result for dioxin intake: CDI adults = 6.5 x 10-14 mg/kg/day; CDI children = 6.0 x 10-13 mg/kg/day. The result for level of risk: ELCR adults = 5.0 x 10-9; ELCR for children = 4.6 x 10-8. This result can be considered for an acceptable threshold for the potentially exposed people within or around the airbase; however, for the Southern Z1 area with maximum concentration 13.3 x 10-6 mg/kg the ELCR for adults would be 4.4 x 10-7 and for the Pacer Ivy area with maximum concentration 9.6 x 10-4 mg/kg the ELCR for adults would reach unacceptable level of 3.2 x 10-5 (three people out of 100,000).

Ingestion of contaminated fish: CDI = C x IR x FI x EF x ED / (BW x AT)

C
contaminant concentration in fish (mg/kg) – let us use the reported concentration: 4.04 x 10-6 mg/kg
IR
average quantity of consumed fish: 0,136 kg/meal4)
FI
ratio of consumption of contaminated fish – let us use 0.5 (50%)
EF 
usual exposure frequency: 365 meals/year
Other parameters do not differ.
The result for dioxin intake: CDI adults = 3.9 x 10-9 mg/kg/day and the level of risk ELCR adults = 3 x 10-4 (it means 3 people out of 10,000), which is unacceptable. The consumption of contaminated fish is the most dangerous exposure pathway.

Proposed measures. Based on the screening risk assessment, the monitoring and risk prevention measures must focus on preventing the contamination of fish ponds and of the used groundwater sources. Alternative measures can include preventing consumption of contaminated fish (e.g. ban on fishing in contaminated areas) and preventing consumption of contaminated water (e.g. replacing the wells by municipal water supply system with appropriate treatment). The technical remediation measures should focus on primary sources of contamination (namely highly contaminated soil and sediments) and on interrupting the migration pathways.
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