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ABSTRACT. The atmospheric dispersal of iron fragments ejected from detonated ordnance released within the Nam Souy sub-basin 

during the secret bombing campaign of Laos from 1965 ~ 1973 was simulated through python integration with ArcGIS. The data for the 

study was obtained from the US National Archives and shows that of a total of 7,667,619 weapons delivered in Laos (4.5 million tons), 

19,005 (5,900 tons) were dropped within the study site. The simulation adapted Gaussian isotropic puff modeling for the dust/grain-sized 

fragments and explosive force radial release modeling for the larger fragments into python script to produce temporal raster output 

images of the dispersal patterns of the analyte. The use of code language libraries ArcPy, NumPy, and numba and the logic for their 

application is discussed and reported along with the script developed. The simulation produced 9 m2 resolution raster images displaying 

iron material loading at ground level. Loading density is reported at a range between 0 ~ 7.5 g/m2 washable iron load, 0 ~ 0.65 kg/m2 of 

suspended iron load, and 0 ~ 3.5 kg/m2 of bedded load. The results are intended for use in subsequent studies of surface removal over 

time with a potential application in exposure risk analysis and for the assessment of impact on natural environments. 
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1. Introduction 

As humanity witnesses continuous high-intensity warfare 

and ten-year wars becoming more commonplace, extremely 

large quantities of ordnance are frequently scattered throughout 

the world (WIIPA, 2016). Considering the continuing trend and 

the high possibility of more large-scale bombing campaigns 

occurring in the near future, it is necessary to understand the 

implications of these activities on environments and partic- 

ularly within human habitats. Surely the killing of innocents 

and the destruction of communities by bombing activities is 

tragic and upsetting, it is also crucial to consider the post war 

impact of largescale bombing; to quantify and track the fate of 

all the substances introduced into the environment experi - 

encing war. Because of the excessive amount of material im- 

ported into the sites experiencing high-intensity combat, it is 

important to understand the dynamics and consequences of the 

deposited material, which in many cases amounts to millions 

of tons of a contaminant that may have health implications for 

generations. 

According to mass balance/mass transfer principles, the dis- 
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persal of chemical pollutants throughout an environment can 

be reliably modeled, measured, and tracked, exposing the risks 

on the environment and on human health (Suter II, 2016). Thus, 

after impact, detonation, and dispersal, the various chemical 

components that constitute ordnance can be tracked though mod-

elling and subsequently validated though chemical analysis. A 

model – or set of models – which can be used to determine the 

movement, fate, and abundance of the materials disseminated 

from detonating ordnance can then provide greater insight into 

the behavior of these materials within an environment and sub- 

sequently uncover potential ramifications. 

During the years of the war between the United States and 

the North Vietnamese Communist Party – known as the Vietnam 

War to Americans – the United States Central Investigation 

Agency (CIA), with the assistance mainly from the United 

States Air Force (USAF) but also from other military com- 

mands, conducted a secret bombing campaign in the Peoples 

Republic of Lao (McCoy, 2002). From 1965 to 1973, the United 

States military dropped approximately 4.5 million tons of ord- 

nance throughout Laos – therefore, making it the most densely 

bombed country in the history of warfare (Khamvongsa and 

Russell, 2009). This unfortunate reality makes Laos the ideal 

candidate for developing and testing the detonated ordnance 

mass balance and chemical fate model-set to understand the po- 

tential dispersal patterns of these materials throughout the en- 

vironment. 



U. Gonzalez et al. / Journal of Environmental Informatics Letters 9(2) 87-96 (2023) 

 

88 

 

This project intends to contribute to the development of a 

comprehensive mass balance model-set for determining the dis- 

persal, endpoints and concentrations of the iron derived from 

detonated bombs. Considering that iron represents roughly half 

of the weight of most ordnance deployed during the aforemen- 

tioned bombing campaign (Department of the Army Technical 

Manual, 1966), it was considered a valuable starting point to test 

a mass balance/fate model-set. Such a model could potentially 

be referenced for any largescale ordnance detonation event; this 

model application uses the bombing campaigns in Laos as a case 

study. 

Through the model, it should be possible to find the major 

sinks or endpoints of the iron released from detonating ord- 

nance for the intended study site. It is developed based on the 

characteristics of the bombing campaigns conducted in Laos 

and related to the specific amount of material input of iron in a 

specific area of the country along with the physical-chemical 

characteristics of this site. Fortunately, the United States Na- 

tional Archives contain a fairly complete record of the bombing 

campaigns conducted in Laos during these years. With coor- 

dinates, bomb types, and bomb quantities, it is possible to create 

a very descriptive material input inventory that will be essential 

for the applicability of the model. 

With the help of GIS software, it is possible to observe a 

simulation of the dispersal patterns of the material released from 

detonated ordnance. By applying a well-developed model-set 

and integrating this into GIS software, given reliable param- 

eters, sites of material concentration and estimates of fugitive 

material can be obtained. In this study a python script was writ- 

ten using the ArcGIS supplemental tool ArcPy with which data 

was accessed, processed, and applied to the model, producing 

a simulation of material dispersal. Temporal maps generated 

can allow for an analysis of influx and outflow from the system 

over time. 

The site chosen is one that is considerably safe to navigate 

within and that has experienced a considerably high amount of 

ordnance material input; for the sake of obtaining valuable 

evidence. Thus, for the Nam Souy sub-basin of the Nam Ngum 

River Basin on the western side of Xiangkhouang Province of 

Northeast Laos (Figure 1), a full inventory of input iron was 

created for ordnance dropped within this area, and a subsequent 

fate model was developed based on the nature of the chemical 

components, the characteristics of the soil, weather trends, to- 

pography, bodies of water, and surface runoff; these qualities 

or variables being influencers in the dispersal or sequestration 

of the contaminants. 

In order to develop a model-set to observe material dis- 

persal, it was thought necessary to divide the dispersal into 

phases within which models can reliably evaluate material  

endpoints at medium boundaries. The first phase of material 

dispersal includes the dynamics for material that is thrown into 

the air as ordnance detonates. From this phase, as the material 

reaches the ground new forces and processes influence its fate. 

Thus, a model-set for atmospheric dispersal and another for 

surface dynamics were developed. This report solely considers 

the dynamics that influence the movement of detonated ord- 

nance released iron into the atmosphere. The second report will 

be subsequently presented. 

To develop a reliable model-set for atmospheric distribu- 

tion of the released material, a combination of an explosive ra- 

dial release model used for the fraction of larger fragments un- 

susceptible to atmospheric turbulent forces and an isotropic 

gaussian puff equation for the fraction of smaller fragments that 

are susceptible to turbulent transport were employed. The for- 

mer is an adaptation of Boughton and DeLaurentis (1992) ex- 

plosion radius equation used to determine explosion cloud top 

height and radius. The later is a modification and integration of 

Pistocchi’s isotropic gaussian plume equation with Zannetti’s 

non-reflective gaussian puff equation (Zannetti, 1986; Pistoc- 

chi, 2014). The fragment sizes where parameterized based on 

results from Cohen’s simulation of the Mott equation for pre- 

dicting exploded warhead fragment weight distribution (Co- 

hen, 1981). 

Pistocchi (2014) presented a rather complete methodology 

for simulating a gaussian distribution for assessing chemical 

fate by using the tools available in the ArcGIS toolset. Consid- 

ering the nature of the contamination events considered for this 

study, the applicability of this methodology was limited. While 

the tools and methods described by Pistocchi were valuable for 

designing this report, the Isotropic Gaussian Plume model em- 

ployed by him was not applicable and neither was the Arc-GIS 

tool-set capable of managing the nature of the dataset used for 

this study. The study required a model descriptive of discrete 

puff emissions for thousands of data values as well as the need 

to apply Python code to process the large amount of data through 

the model. 

To test the reliability of the model-set, a chemical analysis 

of the site should be conducted, as noted by Suter II (2016); 

nevertheless, this analysis does not pertain to the scope of this 

study which is a remote simulative study based on the available 

resources found on the internet and within literature as well as 

computer tools to help explain the implicated processes of ma- 

terial dispersal and fate. The results provide valuable evidence 

of an altered chemistry within the soil, sediment, and water bod- 

ies. In the case of materials with toxicological significance, the 

observations of the distribution of these chemicals are believ- 

ed to provide indispensable data for evaluating exposure risk 

and for conducting human health risk assessments. 

2. Project Design 

2.1. Study Site 

The site chosen is the watershed of to the Nam Souy sub-

basin which sits in the Nam Ngum River Basin. It is in the 

northeastern part of Laos on the west side of the Xiangkhouang 

Province. The village of Muang Souy lies at the heart of the 

watershed and the stream outflow is located at 19°30′34″N, 

103°02′55″E (Figure 1). The watershed measures approximate- 

ly 242.57 square kilometers. Based on the digital elevation map 

obtained from the Japan Aerospace Exploration Agency’s map 

databank (2020), the upstream of the watershed is rather hilly 

but flattens out as it reaches the Nam Ngum River. The Nam 
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Ngum River runs southwest and feeds the Nam Ngum Reser- 

voir which provides power and water to the capital Vientiane 

and the surrounding villages (Jayasekera and Kaluarachchi, 

2015). The outflow stream of this dam is a tributary to the 

Mekong River. The town of Muang Souy does not have any 

large-scale development; the farming at the lower altitudes is 

also of very modest intensity as can be seen by the most recent 

aerial images provided by Google Earth (2023). 

 

 
 

Figure 1. Map of the study site (the village of Muang Souy at 

the heart of the watershed; the Nam Souy outlet at the junction 

of the Nam Souy River with the Nam Ngum River). 

 

2.2. Agent Characterization 

The two main iron-based materials to be parameterized are 

steel and various other, mostly unspecified, iron materials. While 

iron materials and steels have varying chemical fractions based 

on purpose and manufacturer, and the weapons inventory as 

well as military manuals are not particularly clear about the 

component steel types, it is considerably difficult to calculate a 

precise iron fraction for all of the inventory weapons included 

in the modeling. Based on studies reporting warhead casing 

fracturing performed by Goto et al. (2008), Stronge et al. (1989), 

Cohen (1981), the iron fractions of the materials tested are 

approximately: 99% Fe (AISI 1018 steel), 99% Fe (Armco iron), 

99% in low carbon steel, respectively (Watmough and O’shea, 

1977). 

By combining the iron fraction estimate within the iron ma- 

terials along with the proportion of missile/rocket components 

which are assumed to be composed of iron and steel, the param- 

etric value for iron content of the total weapon weight is ap- 

proximated at 41% of the total bomb weight. These iron parts 

include the weapon body, the warhead casing, and the main fins. 

The rest consisting of the nitrogen-based explosive, aluminum 

jacket/fins, some electronic accessories made of plastic, con- 

ducting metals, etc. This is a broad simplification of the param- 

eter considering the variety of weapons used and the varying 

reference values. Nevertheless, it represents a low estimate; true 

iron content values are expected to be closer to 50% of the bomb 

weight (Department of the Army Technical Manual, 1966). 

Two main properties of iron influence the containment and 

subsequent release of the explosive: ductility and the ability to 

fracture. By default, a metal casing is used for ordnance because 

of its durability and structural integrity. And over the years, it 

has been unnecessary to change the materials for stronger ma- 

terials because it would sacrifice the ability to expand and sub- 

sequently fracture accordingly. As Stronge et al. (1989) made 

notes, the correlation between fragmentation and ductility is 

integral for proper expansion and explosive release. While the 

release of iron from a warhead is well documented, the frac- 

turing and distribution of other iron materials is not so clear. 

Discussed to greater detail in the next section, iron fractur- 

ing due to explosive expansion produces fragments of various 

sizes. The smaller sized fragments and partial surfaces of larger 

fragment sizes mixed with the explosive energy of detonation 

produce excessive heating and possible chemical modification. 

Potential oxidation and aerosol behavior may be a result of these 

fragments of “pyrogenic nature”, characteristics that potentially 

increase iron solubility (Ito, 2013). 

 

2.3. Modeling Atmospheric Dispersal 

2.3.1. Parameter Considerations 

The actual predictability of the dispersal of these materials 

is rather complex considering the different phases in affect, and 

the variables/parameters involved. Explained with detail in the 

next section, the adopted model for describing the distribution 

of materials released from detonations is composed of two basic 

descriptive patterns of distribution. The first pattern relates to 

the explosion radius to describe the radial spread of detonating 

ordnance material as a result of the explosive energy push- 

ing out in this radial manner. The second pattern involves the 

atmospheric/environmental forces which then intervene. To ap- 

ply these descriptive patterns to a modeling simulation of mate- 

rials from exploding ordnance requires another step which de- 

scribes the nature of the materials as they are released. 

Although Boughton and DeLaurentis (1992) describe the 

distribution of explosive material in an environment in which 

they distinguish between the two phases, explosive force (puff 

velocities) and atmospheric (Gaussian) turbulent patterns, the 

study is concerned with predicting radiological fallout from a 

nuclear weapon; it can only partially describe the result from a 

conventional weapon and especially concerning the non-explo- 

sive content of the ordnance concerned. Cohen’s studies detail 

the fracturing processes suffered by the casing of a weapon, 

occurring somewhere within the threshold of the ignition phase 

and the blast phase (Cohen, 1981). Using the Mott model, Cohen 

describes how the fracturing of an explosive casing produces a 

predictable number of fragments of predictable fragment size 

distribution. Based on the size distribution of casing fragments, 

it becomes obvious that much, if not most of the fragments 

cannot be greatly influenced by atmospheric dispersal pro- 

cesses. These larger fragments would surely only move in a 

projectile fashion. 

Aside from the fragments experiencing a somewhat projec- 

tile behavior, only the smaller sized fragments would then be 

available for meaningful dispersal by atmospheric forces. By 
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using Cohen’s simulation of the Mott equation, it is possible to 

obtain a value which can be used to represent a more realistic 

fraction of iron fragments which would be subjected to atmo- 

spheric dispersal forces and those fragments that would not suf- 

fer much influence from atmospheric forces (Cohen, 1981). 

Based on the results of Cohen’s experiments, we obtain the 

weight distribution of the fragments. The fragments reported as 

less than one grain (0.0648 g) were too small to count but re- 

presented approximately 0.9% of the total fragment weight 

(Table S1). It may seem like a negligible amount, yet concern- 

ing the vast amount of total iron input, this value still repre- 

sents a significant total amount of material available for disper- 

sal by atmospheric forces. 

As for fragments greater than 1 grain in size, these can be 

assumed to be invulnerable to diffusive dispersal patterns in the 

atmosphere. Considering the size range for this fraction of iron 

– suspended and bedded fractions from Table S1 – this study 

will assume that its dispersal in the atmosphere is only depen- 

dent on the force of the blast and the parameterization related 

to this event. 

 

2.3.2. Projectile Dispersal Patterns 

Abdul-Karim et al. (2014) mention a possible material dis- 

tribution directly proportional to explosive weight, r = w1/3. 

This is only an assumption on trend and relates to Church’s 

equations on cloud top height and radius (Church, 1969). De- 

scribing it in greater detail, Boughton and DeLaurentis (1992) 

propose a model based on Church’s initial schematic. In com- 

plete form, their model parameterizes gravitational force g, the 

specific heat capacity of air cp, air density ρ, absolute tempera- 

ture T, adiabatic lapse rate Γ, energy released ζ, average tem- 

perature gradient in the troposphere δT/δz, the entrainment co- 

efficient α, and “functions of functions of scaled time” ξ. The 

equation, as the author notes, is absent of frictional drag, which 

would produce a shorter distance in real situations. The general 

equation for explosion radius which represents the reach of the 

fireball rather than the blast takes the following form (Boughton 

and DeLaurentis, 1992): 
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with parameters input, the equation relates explosion radius to 

explosive mass, where: 

 
1

419.5=eR   w  (2) 

 

This is a modified formula from Boughton and DeLaurentis, 

where w is calculated in kilograms as opposed to pounds. This 

equation produces realistic distances within which we can ex- 

pect a consistent settling of large fragments in equal distribu- 

tion. Abdul-Karim and colleagues demonstrate a settling pattern 

where a group of fragments of larger cumulative mass is more 

densely settled further from the epicenter (Abdul-Karim, 2014); 

but also, they mention of possible distribution of fragments 

following the inverse square of the radius; for this study, it 

will be assumed that the distribution within the explosion radius 

is equal throughout the ground surface area. 

 

2.3.3. Gaussian Puff Distribution 

The Gaussian plume equation is not adequate to describe 

the spread of emissions from a detonated weapon device. For 

an instantaneous release of a known mass, it is necessary for 

the gaussian distribution to emulate a discrete event – and ap- 

plicable to multiple discrete instances – of set mass loading. Ad- 

ditionally, the modified gaussian must also consider that for a 

non-gas the floor surface will not reflect the substance. For this, 

Zannetti (1986) proposed the gaussian puff equation under no 

assumption of a reflective surface. The Equation (3) describes 

a mass M, loaded at puff center p = (xp, yp, zr), giving a concen- 

tration at receptor point r (Zannetti, 1986): 
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where concentration C is obtained in μg/m3, hence the factor of 

109; the h subscript under the gaussian variance coefficients σ 

represents a dispersal variance applicable to both the wind direc- 

tion x, and the crosswind direction y on the horizontal plane. 

 

2.3.4. Isotropic Puff Standardization 

Because there is no meteorological data collected during 

the period of the air raids (JICA and MOAF, 2001), wind veloc- 

ity and wind direction are unknown. For this situation, Pistoc- 

chi provides a very convenient adaptation of the gaussian mod- 

el to a condition which does not need to regard for wind direc- 

tion. The isotropic gaussian distribution pattern, as its name in- 

dicates, describes the radial distribution of material from a 

source in the absence of a clear wind direction parameter, be 

that for instances of constantly changing wind patterns, or when 

no information is available. The equation produces a concentra- 

tion as a function of radial distance r, in the following fashion 

(Pistocchi, 2014): 

 

( ) exp
42

  
= −  

   zy z

Q v
C r   

rDr D D
 (4) 

 

where r is the radial distance from the source in all directions, 

Q is the emissions rate, and the windspeed v replaces the vector 

u. It is important to note that Equation (4) is also a plume equa- 

tion and assumes steady-state conditions. Furthermore, the 

equation seems to be adapted from an already simplified equa- 

tion which analyzes concentration at ground level. 

In order to apply an isotropic distribution to the data of 
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exploding ordnance which does not parameterize wind direc- 

tion, it needs to be adapted for discrete emission events and for 

assessing the input at ground level, the equation should solve 

for mass flux onto the ground surface. Thus, we obtain an iso- 

tropic puff equation by combining Equations (3) and (4): 

 

( ) exp exp
2 42

     
= − −              

p

y zy z

vzM r
Q r   

D rDr D D
 (5) 

 

where Q now represents mass flux to the ground surface in kg/ 

unit area and zp is the puff center, when the equation solves for 

ground level. Here, more assumptions become evident; there 

are no obstacles being considered, and the surface is assumed 

to be flat, as Zanettii (1986) made clear as well. This equation 

is valuable, not only for instances when meteorological data is 

unavailable, such as for this study, but especially because this 

model is intended for risk, or predictive, studies of chemical 

fate. 

3. Tools and Methodology 

3.1. Data Retrieval and Processing 

Weapons Inventory Database: The preliminary data of all 

the ordnance dropped within Laos was obtained from the United 

States National Archives (Department of Defense, Joint Chiefs 

of Staff, 6/1/1965 ~ 10/31/1973). The data describes the quan- 

tity of ordnance dropped, the name of each type, the coordi- 

nates where they were released, the date of release, and other 

attributes. The data is not organized on a per weapon basis, but 

rather, for every bombing sortie mission executed. The data 

was processed, organized, and converted into csv. format. The 

data exclusively from the Laos bombing campaigns were iso- 

lated for further processing. The data was accessed and filtered 

through python script coded on Visual Studio Code. Here the 

unneeded attributes of the data as well as faulty data was fil- 

tered out and only data attributes valuable to the study were 

kept. Finally, the data was filtered by the same means for data 

relevant to the study site. 

 

3.2. Model Design and GIS Familiarization 

3.2.1. Geographical Datasets 

The maps and datasets obtained were accessed from the 

Japan Aerospace Exploration Agency (JAXA) and the “Open 

Development: Laos project”. JAXA has the ALOS Global Dig- 

ital Surface model containing 30 × 30 m resolution digital ele- 

vation maps for the study region available for free through 

registration. This resolution becomes the reference which was 

adapted to all of the map functions, processes, and outputs for 

consistency and universal applicability in all processes. These 

map sets were downloaded and projected from a Geographical 

Coordinate System (GCS) to a Projected Coordinate System 

(PCS) using the Project Raster tool of ArcGIS (ESRI, 2019). 

From Open Development: Laos, administrative maps of Laos 

and its provinces were obtained for general area reference (Open 

Development Initiative, 2023). 

3.2.2. Watershed Delimitation 

The program used for this processing was ArcGIS: ArcMap 

version 10.6. The DEM was processed to obtain a flow accu- 

mulation map and identify the outlet point. The entire upstream 

surface contributing flow to that point represents the water- 

shed surface which was obtained using the Watershed-Hydrol- 

ogy tool of ArcMap. The result was a polygon map feature de- 

limiting the watershed – the limits of the study site – which then 

was used to clip all the prior maps mentioned and the maps 

created from the modeling output results. 

 

3.3. Weapons Data-Import and Python/ArcPy Processing 

The weapons inventory data file was accessed by code. It 

was filtered for relevant data and attributes while null values 

and erroneous inputs were removed as illustrated in Figure S1, 

“ThorProc.py”. The exclusion criteria for the data can be ob- 

served here. Next, using the watershed delimitation map bor- 

ders, the data is clipped using ArcGIS Pro Raster Clip tool, 

which produces a new data file containing the datapoints that 

belong to the area of interest (ESRI, 2020). The complete code 

for each stage, and other resources created or accessed for this 

project can be accessed at: https://github.com/Superguy2876 

/Gauss-Iron. 

For purposes of temporal analysis, the data was read on a 

yearly basis, the year starting from the start of the bombing 

campaign within the study site and ending 365 days later (Fig- 

ure S2). This report does not perform any perform any particu- 

lar analysis of temporal mass balance, yet this is done for the 

next phase of the study, temporal analysis for surface removal 

of iron. 

 

3.3.1. NumPy Array Processing 

The Python NumPy library, which is a set of mathematical 

tools for python, was used to process the map data in array pat- 

tern with the tool, NumPy Array. In this manner, data distribut- 

ed in a grid layout such as on a raster map could be processed 

in place – according to location reference attributes of the data, 

using the numerical function operators available within the lan- 

guage. The NumPy Array tool allowed for the data to be pro- 

cessed through the function and for the results to be redisplayed 

on a new output raster using the ArcPy language library tool 

‘NumPyArrayToRaster’ as can be seen in Figure S3. 

 

3.3.2. Numba Processing 

The numba jit compiler was used to more efficiently pro- 

cess the NumPy code. This allows for the reduction in process- 

ing time as well allowing for efficient use of full hardware ca- 

pacity to perform the processing. As can be observed in Figures 

S4 and S5, Numba was applied to the code at two vital points: 

for compiling the code into machine code for faster processing 

and processing the array in parallel. 

 

3.4. Python Processing of Atmospheric Models 

3.4.1. Model Function Parameter Application 

Figure S6 shows the set parameters accessed throughout 
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Figure 2. Temporal output of the Gaussian Processor (washable iron) simulated on ArcGIS Pro (1965 ~ 1972). 

 

the script and simply apply the necessary modification to the 

original data values present in the dataset. 

 

3.4.2. Gaussian Atmospheric Distribution GIS Simulation 

The material defined within the “washload” fraction of 

iron fragmentation was processed using the isotropic gaussian 

puff Equation (5) and was adapted into the ArcPy script func- 

tion as can be seen in Figure S7. With the help of NumPy Ar- 

ray, the function was processed more effectively, and efficien- 

cy was facilitated by parallel processing from the numba com- 

piler. The data was processed through the script and projected 

as a raster using the ArcPy ‘NumPyArrayToRaster’ tool. This 

was done for the data pertaining to every year interval defined 

in Figure S2 and produced temporal raster outputs of washload 

iron influx at the study site. 
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3.4.3. Explosion Radius Distribution GIS Simulation 

In a similar manner as with the washload atmospheric dis- 

tribution, the explosion radius function was applied to the frac- 

tions pertaining to the remaining fragments which were not eval- 

uated as being susceptible to atmospheric turbulence. The ex- 

plosion radius Equation (2) was adapted into the code (Figure 

S8) as ‘staticProcessor’. The function was processed through a 

NumPy Array as with gaussian atmospheric distribution. The 

processing output results were rasterized with the ‘NumPyAr- 

rayToRaster’ tool. The rasters produced represent each year 

interval defined, as with the washload atmospheric distribution. 

4. Results and Discussion 

Of the total sorties carried out within Laos, 407,299 were 

from the usable data and 1,181 of these sorties were conduct- 

ed within the site. The former sorties account for 7,667,619 

weapons delivered, while the study site received 19,005; these 

represent 4.5 billion and 5.9 million kg, respectively, of iron 

material released in the country and the study site. It is not nec- 

essary to perform fate modeling to conclude that the exces- 

sive input of iron is astonishing and of significant environmen- 

tal concern. The mass balance model serves to make evident the 

extent of contamination. The fate model on the other hand, be- 

comes valuable for pinpointing the sinks and degree of iron con- 

centration at different locations within the study site. These 

identified locations serve as points of interest for future studies. 

The GIS simulation contributes even more so by allowing for 

the visualization, first, of the scale at which this area was utterly 

destroyed through massive bombing campaigns, but in more 

detail, of the distribution of the dispersed iron materials through- 

out the area. 

 

4.1. Isotropic Gaussian Puff Simulation 

As can be appreciated from Figure 2, the Isotropic Gaus- 

sian puff simulation produces radial dispersal from the group 

of discrete point sources representing impact sights. Although 

in some locations, larger ordnance produces more material dis- 

persal due to the amount of material released – not related to the 

explosive content – some of the more densely colored points 

actually represent sites where multiple weapons were released 

at or near to prior ordnance release points (Figure 3). While 

years 1966 and 1967 don’t seem to have any material intake,  

and other years have few events and some show significant ac- 

tivity, Figure 3 shows the totality of the events that occurred in 

the study sight. 

The loading range for the cells conforming the study site 

falls between 0 and 177 g of iron within cells of 9 m2. We see 

a maximum loading at about 7.5 g/m2. This may not seem to be 

significant, but roughly 21,439 kg of washable load are distri- 

buted throughout the entirety of the study area (approximately 

250 km2), which is only a fraction (0.89%) of the actual total 

iron dispersed throughout the study site and represents a con- 

siderable change in small fragment loading into the site. 

A 3 × 3 resolution raster cell may seem like a baseless res- 

olution choice, yet it was chosen to obtain a more precise simu- 

lation for further use while sticking to a multiple of 30 × 30, at 

which the highest available digital elevation map resolution for 

the study site is set at, with which subsequent surface flow/re- 

moval analyses can be conducted. This chosen resolution is also 

the highest and most practical resolution obtained, based on our 

criteria of need, functionality, and cost benefit. The same 8 maps 

weigh close to 50 Gb of data at 1 m2 resolution and take a couple 

days to process and output, while the ones reported here repre- 

sent close to 5 Gb of data and take 2 or 3 hours only. Thus, if 

applied to a greater area, the process would overwhelm the pro- 

cessing and memory capacity of the systems used. 

 

 
 

Figure 3. Full washable iron loading of Nam Souy sub-basin 

from 1965 ~ 1973. 

 

 
 

Figure 4. Birds-eye view of the watershed from the northwest. 

 

Another limitation to be noted is the fact that the gaussian 

puff equation considers a puff center height with relation to a 

ground with no contour. In a real environment, the value of  

ground level with respect to the initial puff center is variable. 

With some time and effort, the script can be adjusted so that the 

model takes into account surrounding surface contour. While 

the hill shaded map of Figure 4 shows the material applied onto 

a three-dimensional contour, this is misleading considering that 

the contour would block some material flow in the air and there 

would potentially be shadows of material. Nevertheless, the sig- 

nificance of this may be small compared to the uncertainties 

produced by the other parameter limitations. More studies are 

necessary to support this claim. 
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4.2. Explosive Radius Simulation 

As can be seen from Figures 5 and 6, the distributions of 

iron as a result of the explosion radius distribution simulations 

seem rather limited compared to the distribution patterns shown 

in Figure 3, to the extent that the distribution of loading in Fig- 

ure 5 isn’t impressive visually. This observation is misleading, 

though, due to the fact that the scale for Figure 5 is significant- 

ly greater than that of Figure 3. This means that the reach of ma- 

terial dispersed by atmospheric turbulent forces is greater even 

though the distribution peak of Gaussian loading (Figure 3) is 

appreciably low compared to the other two loading fractions 

which contain significantly greater loads of iron (Figure 5). The 

loading of the washed fraction to the ground surface adds little 

to cells where suspended and bedded loading occurred. The 

range of suspended iron loading is roughly from 0 ~ 0.3 kg per 

cell, a maximum loading equivalent to 0.065 kg/m2, over around 

10 times greater than the maximum washable loading. The dis- 

tribution of the maps from Figures 5 and 6 are identical because 

of the fact that the explosion reaches, and material load propor- 

tions are identical as per Equation (2). Nevertheless, the scales 

are different by 5000%, which is rather significant. It is also 

important to note that the processes which follow material set- 

tling from the atmosphere influence this initial distribution dif- 

ferently and the fate simulations would differ for each load 

fraction. Finally, if all three atmospheric distribution maps were 

put on the same scale, the display intensities would differ great- 

ly. 

5. Conclusions 

5.1. Watershed Delimitation 

The implementation of the Watershed tool available in 

ArcGIS version 10.6 allowed for the appropriate identification 

of a study site based on topographic elevation, flow direction, 

flow accumulation, and watershed outlet as parameters. The 

resulting watershed map was appropriately georeferenced, of 

higher resolution, and dependent of the actual ridges which 

delimit and isolate surface which induces flow towards sep- 

arate watersheds, as compared to any watershed map found in 

literature. This procedure is considered valuable for any future 

watershed study for any purpose but specifically for fate mod- 

eling, and exposure analysis. 

Chemical fate analysis is shown to be more effectively an- 

alyzed by using watershed limits to delimit a study site, as op- 

posed to political boundaries, or other arbitrary boundaries that 

are not physical limits which influence the dispersal of materials 

throughout the environment. Watershed limited fate analysis will 

produce reliable results by pinpointing sinks and other accumu- 

lation hotspots. The effectivity of this study was strengthened 

by adopting this limitation strategy. Although the atmospheric 

transfer of material may seem less dependent on watershed lim- 

its, using watershed ridges as natural boundaries is practical for 

application in posterior steps of chemical fate analysis and is a 

necessary starting point within the scope of this report. 

The watershed delimitation strategy can be faulty. If incor- 

rect outflow points of a stream system are indicated, the tool 

will produce varying results which should be double checked. 

The strategy can be improved in terms of precision with the 

availability of higher resolution digital elevation maps. It was 

necessary to have prior knowledge of the outlet coordinates in 

order to identify the correct outlet point within the flow accu- 

mulation map. 

 

 
 

Figure 5. Distribution of the bedded load of iron. 

 

 
 

Figure 6. Distribution of Bedded load of iron with closer 3D 

contour view. 

 

5.2. Fragment Size Fractioning 

By applying a fragment size distribution to the iron frag- 

ments, it was possible to consider more plausible distribution 

patterns throughout the environment due to different physical-

chemical characteristics of these different size categories. The 

Mott equation and Cohen’s fragment distribution results allowed 

for this parameterization within this study. It is considered ap- 

propriate to assemble fragment size ranges into size/weight cat- 

egories which can define the processes undergone by the mate- 

rials throughout an environment. By reducing assumptions 

throughout the model set which describe these processes and 

patterns, the spatial distribution of the various fractions can be 

more accurately traced. 

Neither the modeling of the Mott equation, nor Cohen’s re- 

sults are sufficient for producing precise fraction values nor 

categories for weapons of varying constitution and conforma- 
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tion. Cohen’s study demonstrates the different particle size dis- 

tribution between two material types; thus, it can be assumed 

that there is significant error in applying the same fraction values 

to all the weapons of this study of not fully known material 

composition and weight distribution. The burden of fractioning 

parameterization should be placed on the manufacturers which 

should provide this data for every explosive weapon model pro- 

duced along with each adaptation and variation of each wea- 

pon. An ERA for ordnance release into environments with in- 

stitutional leverage and social value could potentially force 

manufacturers to provide such detailed information. If poste- 

rior studies are to find significant exposure risk based on the 

preliminary observations of this study, such legal implemen- 

tation of limitations and the assigning of responsibilities is jus- 

tified. 

 

5.3. Atmospheric Modeling of Ordnance Material Transport 

It is conclusive that the dynamics of explosive dispersal of 

ordnance materials should be combined along with environ- 

mental dispersal forces to describe the spatial distribution and 

fate of materials throughout an environment. Although the mod- 

els adopted seem to consider the main driving forces for mate- 

rial release and transport, there seem to be many holes within 

the parameterization but also within the model structure. Sure- 

ly, the results would be more accurate if the presented models 

were complete with parameter and variable data, nevertheless, 

it is also impractical to expect such parameterization for predic- 

tive modeling for which little preliminary data may exist and 

parameters are adopted from previous normal values and aver- 

ages. Whether or not a more complex model set which considers 

more variables can be a more accurate descriptive tool of mate- 

rial distribution and fate is unknown, such comparison is not 

achieved from the results of this study. 

Because the main parameters for these events were consid- 

ered – including discrete puff events, diverse fraction distribu- 

tion patterns, explosive weight and material loading dependent 

model terms, etc. – a general and appreciable distribution simu- 

lation gives insight into the loading potential of such events for 

the different environmental medium within a watershed. As for 

the assumptions towards the extent at which each atmospheric 

distribution model intercedes in the distribution patterns of the 

material, considering that the pixel resolution adapted to the 

simulation is rather limited and more so if undergoing surface 

removal simulations dependent on lower resolution DEMs, 

these are considered acceptable. In the situation where the res- 

olution describes more detailed loading values, the sequential 

and overlapping extent of the various models adapted could be 

more specific. 

The evaluation of surface flux from the atmosphere – the 

analysis at height = zero – was sufficient for assessing the 

chem- ical fate. In an exposure analysis, it may be necessary to 

consider atmospheric distribution at points other than ground 

level due to the possibility of inhalation or dermal contact by 

bystanders. This observation should be considered if such ex- 

posure risk exists, especially for materials of corrosive, radio- 

logical, or acute damaging potential. The greatest risk for iron 

may be dust infiltration of the lungs and possible subsequent 

absorption; being that the general presence of civilians at these 

sites is unknown, the disregard of such within this study was 

acceptable. 

The explosion radius distribution pattern adopted for eval- 

uating surface loading seems to contain less potential error 

considering that the assumptions of equal spatial distribution 

throughout the explosion area reflect very realistic results. Due 

to the low permanence of these fractions in the atmosphere, an 

evaluation at ground level is appropriate for chemical fate anal- 

ysis. Additionally, the larger fragments have less influence on 

immediate surface removal and transport. 

 

5.4. Surface Removal, Accumulation, Fate, and 

Subsequent Steps 

The model-set used for this report were developed simul- 

taneously with a larger model set that includes parameteriza- 

tion, modeling, and simulation of surface removal, accumula- 

tion, and chemical fate. The present report is insufficient for 

assessing fate, or limited for observation at the atmospheric, soil 

boundary layer. Surface transport of material was simulated, and 

the results will be presented in a separate report. The models of 

both reports represent a model-set and are interdependent for 

the purpose of assessing chemical fate, and for any posterior 

analysis/uses they may serve. The analysis of surface removal 

should give insight into the fate of washed iron into the stream 

systems, and eventually into the ocean. If such can be evidenced 

though the validation – through chemical analysis – of the com- 

bination of the model-sets presented in this study and those em- 

ployed for surface removal and fate modeling, it may be possi- 

ble to determine the intensity of material loading at the ocean 

for iron derived from exploded ordnance released during the 

Vietnam War era. 

The application of a chemical analysis of the site would 

produce valuable insight concerning the reliability of the model 

set. Similarly, the complete model set can help identify the lo- 

cations within the study site of particular interest, being these 

the zones identified with the highest loading rates. These loca- 

tions represent the areas of interest for post analysis of chemi- 

cal fate and exposure risk. Because the washable load repre- 

sents a minute fraction of the total iron input, the locations of 

material input marked in the bedded and suspended load maps 

are of particular importance considering that most of the mate- 

rial is focused on these sites and studying these through chemi- 

cal analysis can provide validation of the models used as well 

as give insight towards the chemical changes undergoing at 

these locations. 

A chemical analysis would require distinguishing from nat- 

ural occurring iron species and those derived from the explod- 

ed ordnance. Thus, it is crucial for an in-depth risk assessment 

to identify the varying chemical species of the analyte as well 

as indicators of distinction between these and the natural va- 

rieties present in samples. Furthermore, for the model to be 

fully verifiable, the entirety of material input needs to be evalu- 

ated. 
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5.5. Importance of Assessments of Environmental Risk  

for High-Intensity Bombing and Applicability in 

Contemporary Events 

Considering the events revolving around the conflict in 

Ukraine and the ongoing conflict activities in the middle east, 

a well developed and validated model-set is vital for determin- 

ing the potential ramifications of high-intensity warfare on the 

environment. The tools provided from this study – complement- 

ed with tools and data derived from a study of surface removal 

of iron to analyze chemical fate and the validation of these 

through chemical analysis on the field – can be used to assess an 

exposure risk of high concentrations of iron distributed through 

an environment such as the study area. If exposure risk can be 

verified, then the applicability of a well-developed model-set 

for mass balance and chemical fate analysis will be of utmost 

importance and addressing the environmental risk presented by 

contemporary high-intensity warfare. 

While this study only considers iron as the analyte, it is im- 

portant to take into account that if contemporary weapons con- 

tain other chemical components of potentially high toxicolog- 

ical significance, then the adaptation of the model-set param- 

eters from this study may give insight into the fate and risk of 

exposure produced by the implementation of such weaponry. 

As a result, better informed decision making can be implement- 

ed towards the application of toxic chemicals in the develop- 

ment of present and future tools of war. 
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