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Introduction 
 
Over the last century, the use of conventional weapons in conflicts and in training has polluted 
the environment with toxic compounds and heavy metals (Simini 1995, DOD 1999, Diaz 2003).  
Contamination can spread from the soil and groundwater through physical migration or from 
uptake by organisms (Rittmann 1994, Mueller 1995).  The vegetation of the contaminated sites 
pose a serious and immediate problem, since plant uptake would provide an entry of munitions 
materials, transformation products and plant produced metabolites into food webs (Harvey 1990, 
Mueller 1995, Smock 1976).  Cleanup of the soil and groundwater of such sites is necessary to 
prevent the spread of contaminants and subsequent injury to ecosystems. 
 
The Puerto Rican island of Vieques, southwest of the main island in the Caribbean Sea, has been 
the Navy’s Main Atlantic Coast Training Range from 1940 to 2001.   The island has been 
subjected to weapons bombardment, munitions disposal, and other military activities from 1941 
to 2001, resulting in contamination of unexploded munitions (UXO), munitions toxins and heavy 
metals in the soil, groundwater, and surrounding coral reef and marine ecosystems (ATSDR 
1999).  The US Department of the Navy officially turned over their 6307-ha of land on Vieques 
to the US Department of the Interior (USDI) on May 1, 2003.  The USDI is required to develop 
the land for use as a wildlife refuge.  A 364-ha live impact area near the eastern tip of the island 
used for bombing practice is to be placed off limits indefinitely due to the environmental hazards.  
A comprehensive plan that removes contaminants from the soil, water, and vegetation is needed 
to prevent further damage to the ecosystems of Vieques.  The scope of this paper is to investigate 
possible sources of contamination across the lands formally held by the navy and to suggest 
logical clean up strategies for these sites. 
 
Geology, Hydrogeology, and Climate of Vieques 
  
Vieques is formed of volcanic and other indigenous rock (ATSDR 1999).  The island’s bedrock is 
granodiorite, quartz diorite, and some lava.  Most of the western half of the island and the central 
portion of the eastern half is exposed bedrock.  Weathering of the bedrock has produced sediment 
that has washed downhill into valleys near the ocean, creating alluvial deposits.  These deposits 
consist mainly of gravel, sand, and clay.  Also, marine sediments of limestone, sandstone, and 
siltstone are present from when the island was still submerged under water (ASTDR 2003).  The 
weathering of the parent bedrock materials formed the natural soil found on Vieques.  The 
chemical properties of this soil vary by location on the island and parent material source (ASTDR 
2003).   
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All groundwater on the island comes directly from rainfall.  This rain either is channeled off of 
the island by intermittent streams or is adsorbed by the soil.  This water is eventually released into 
the ocean or is adsorbed into the alluvial deposits across the island.  The majority of the islanders 
get their drinking water from mainland Puerto Rico through an underwater pipeline; however, 
some use local sources to augment their water supply (ATSDR 1999). 
 
The climate is tropical-marine and average temperatures range near 26.3ºC.  The average rainfall 
is around 130cm.  The annual rainfall exceeds evaporation rates but varies in seasonal and areal 
distribution.  The rainy season is from August through November, while tropical storms are 
common from June to November (ATSDR 1999).  The island is surrounded by coral reefs that are 
used as fishing grounds by the local people.   
 
Assessment of Naval Land 
 
From 1940 to 2001, the US Navy occupied a large portion of the land on Vieques.  This land can 
be divided into two main sections, the Naval Ammunitions Support Detachment (NASD) on the 
western end of the island, and the Main Atlantic Coast Training Range, which contains the 
Eastern Maneuver Area (EMA) and Atlantic Fleet Weapons Training Facility (AFWTF), located 
on the eastern half of the island.  The eastern half of the island was subjected to weapons 
bombardment and training exercises, while the western portions were used as an ammunitions 
depot.  The area of the island not owned by the Navy is residential. 
  
The NASD facility has been closed since May 1, 2003 and a portion of the land is retained by the 
Navy for radar and communications facilities (ATSDR 1999).  The rest of the land has been 
returned to the island and some is currently being used for agricultural purposes.  The AFWTF 
area is currently no longer being used as a training facility for the Navy.  The USDI intends to 
create a wildlife preserve on this land.  Each of the following sections identify main sources of 
contamination for each former property of the Navy on Vieques. 
 
Former Naval Ammunitions Support Detachment 
Assessments of the lands within the NASD have indicated they not been used for weapons 
training; therefore, no contaminants should be in the environment from exploded and unexploded 
munitions.  However, the presence of stored ammunition and munitions disposal on this site may 
have contaminated the soil and groundwater with VOCs and heavy metals (TCAAP 2003).  A 
field-testing program should be designed to locate areas of high concentration of toxins to be 
targeted with customized remediation techniques applicable to site conditions.  Direct soil and 
water testing along with testing of vegetation for presence of contaminates is recommended for 
this site (Diaz 2003, Linder 1992).   
 
Main Atlantic Coast Training Range 
Assessment of the lands within the former Main Atlantic Coast Training Range can be divided 
into two sections.  The Eastern Maneuver Area (EMA) and the Atlantic Fleet Weapons Training 
Facility (AFWTF).  The EMA was used as combat training grounds, hosting such activities as 
landing exercises and small arms fire.  Camp Garcia is located in the EMA and housed soldiers 
during exercises.  Portions of the EMA are also leased out to local people for agricultural use. 
 
The AFWTF can be further divided into three sections.  The westernmost section was used for 
artillery training and is referred to as the Surface Impact Area (SIA). This land is likely 
contaminated with artillery rounds and possibly chemicals used in artillery shells, along with 
whatever ordinance was used in artillery training.  The area is heavily vegetated and is 
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undeveloped (ATSDR 1999).  The main contamination in this area is likely from heavy metals.  
Testing of the vegetation should give a good approximation of the level of contamination (Diaz 
2003, Linder 1992).   
 
The eastern tip of the AFWTF is the Punta Este Conservation Zone, established by the Navy to 
preserve the upland forest scrub and evergreen scrub habitats (ATSDR 1999).  This section of the 
AFWTF has not been used for training exercises and could be a rich source of indigenous plant 
propagules for the restoration of the Naval land. 
 
The middle section of the AFWTF is referred to as the Live Impact Area (LIA) where live and 
practice ordinance were used in bombing practice.  This area is sparsely vegetated, probably from 
the weapons contamination, and is littered with surplus equipment such as vehicles and small 
airplanes that the Navy used as targets (ATSDR 1999).  A wide range of contamination exists in 
this area.  Some carcinogenic materials from bombs dropped on this site include napalm, agent 
orange, depleted uranium, white phosphorous, dioxins, RDX, TNT, cadmium, arsenic, and 
aluminum (Cholakis 1980, Fuller 1998, Smock 1976, UN 2003).  Other dangerous contaminants 
include mercury, lead, cobalt, and nickel (UN 2003). Contaminants in the environment should be 
detected using the same field-testing procedure that was used in the NASD.  Due to the use of 
live ammunition in this area, unexploded ordinance (UXO) may be present, along with metal 
fragments from small arms fire.  
 
Land and Water Remediation Techniques 
 
On the NASD, contaminated soil that contains heavy metals or volatile organic compounds 
(VOCs) could be remediated utilizing the techniques of land farming, soil washing, or soil 
flushing, described under the Soil Reclamation section of this paper.  This site is also ideal for 
remediation of contaminated soil from all sites, since existing facilities and infrastructure can be 
used.  Large asphalt soil storage yards can be constructed atop old parking lots and soil washing 
and water treatment facilities could be set up in former Naval buildings. 
 
Lands of the MACTR contain a large array of contaminants, consisting mostly of heavy metals 
and explosives contaminants.  The EMA needs to be cleared of debris and any UXO present.  Soil 
and plant testing to indicate “hot spots” of contamination should be followed by an appropriate 
restoration technique.  The same testing procedure applies to the SIA and LIA.  However, UXO 
present at these two sites pose a serious danger to restoration crews, and need to be removed prior 
to any restoration efforts. 
 
Marine ecosystems surrounding Naval land need to be cleared of any UXO or other debris such 
as munitions casing.  If it is detected that VOCs or other mobile contaminant is polluting the 
ecosystems through migration from the NASD or MACTR, a perimeter extraction well should be 
set up to intercept the plume and collected for treatment.  
 
 Unexploded Ordinance (UXO) must be removed before remediation efforts to eliminate sources 
of contamination and to provide safety to the restoration crew.  UXO are munitions or explosive 
ordinance that have been fired, dropped, launched, projected, or and remains unexploded by 
malfunction (DOD 1999). Unexploded ordinance (UXO) poses the most immediate physical 
threat on the range, by unexpected explosion, fire, or leeching of explosives into the 
environment.  The UDSI has decided to isolate the live impact area due to environmental hazards 
from UXO and explosives contamination.  
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Detection methods for locating UXO include gradiometry, electromagnetic induction, ground-
penetrating radar, infrared sensors, synthetic aperture radar, magnetometry, and sampling (DOD 
1999).  Limited public access requires the removal of UXO in the upper 30 cm of the soil. The 
presence of UXO prevents the use of any ex situ techniques to remediate toxins in the ecosystems 
of the live impact area.  If the site requires development or heavy equipment, UXO must be 
removed 130 cm from the soils surface, while heavy construction requires the removal of UXO 
305 cm deep. The in situ techniques associated with the removal of UXOs are beyond the scope 
of this paper, which include defusing, dismantling, or exploding of the UXO. 
 
Soil Reclamation  
 
After the removal of UXO, the soil and associated water can be restored.  The presence of 
munitions contaminants and particles of munitions necessitate the excavation and sifting of the 
soil prior to restoration.  The NASD facilities provide a potential staging space for the sifting and 
collection of weapons fragments and for soil reclamation.  These particles may be able to be 
smeltered and refined to provide a sort of self-sufficiency of the project by supplementing the 
budget by the sale of these metals.   
 
After sifting, the soil is tested for heavy metals, volatile organic compounds, and other 
contaminants.  The appropriate decontamination techniques could then be decided upon.  If 
contaminants were present in sufficiently low levels, natural attenuation would be utilized to 
bring pollutants to background levels.  If the soil contains organic compounds, soil farming 
allows for the microbial breakdown of contaminants.  If volatile organic compounds were 
present, bioventing prevents the spread of contaminants during decontamination.  Soil washing 
removes heavy metals from the soil and allows for their collection and refinement. 
 
The following techniques are used by the Naval Facilities Engineering Service Center (NFESC) 
and represent probable techniques used by Naval personnel in restoration efforts.  Due to the 
large area of contamination on the former Navy lands, the reclamation methods should be 
examined for efficiency and ability to remove contaminants from the environment.  Contaminated 
land could be utilized in the testing of each technique and the results of each technique compared.  
This gives initial estimates of the amount of funds and labor required for cleanup.   
 
Natural attenuation (aka intrinsic bioremediation) is a process of dilution, volatilization, 
biodegradation, adsorption, and chemical reactions with subsurface materials to reduce 
contamination down to acceptable levels (NFESC 2003). The primary objective of site 
modeling for natural attenuation, is to allow natural processes of contaminant degradation 
to reduce contamination concentrations to permitable standards before potential exposure 
pathways are completed, from least invasive to most invasive. 
 
Soil farming involves the spreading and turning of the soil over a large area to promote microbial 
breakdown of contaminants.  The soil needs to be placed in a lined field or on the proposed 
asphalt decontamination area on the NASD facilities.  The soil could then be replaced where it 
was excavated and replanted.  The time it takes for decontamination using soil farming varies 
depending on the amounts of contaminants and the microbes present.  Inoculation of microbes 
may be considered depending on efficiency of the native soil biota in decontamination.   
 
Bioventing involves the forced injection of air into piles of contaminated soil where microbial 
actions can breakdown contaminants aerobically.  If volatile organic compounds are present, the 
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air can be collected and decontaminated with activated carbon filters before release into the 
atmosphere.  Again, the NASD would be utilized as a staging ground for this procedure. 
 
Soil washing involves the mixing of the soil with a washing solution, separation of soil and 
contaminated washing solution, and treatment of contaminated washing solution.  In situ and ex 
situ methods of soil washing are available to aid in decontaminating soil and removing particulate 
contamination of a certain size. 
 
In situ soil washing, also known as soil flushing, involves injection or infiltration of a flushing 
solution or microorganism and nutrient solution into the soil, and the removal of contaminated 
flushing solution.  The flushing solution must then be treated before reuse or disposal.  Treatment 
of the flushing solution usually creates sludge and residual solids, which must be disposed of or 
treated appropriately.  Air emissions also must be collected and treated.  Residual flushing 
additives in the soil may be of concern and must be assessed on a site, by site basis.   
 
In situ soil washing usually takes from 4-9 months. Compatibility of flushing solution with in situ 
environment, subsurface heterogeneity, and low-permeability soils limit the effectiveness of this 
method.  Utilization of this method on Vieques may be important to consider for the live impact 
area, due to the hazards associated with disturbing undetected UXOs.  Treatment facilities and 
sewage lines to the treatment sites need to be installed.  Also, the flushing solution system and 
collection of contaminated solution must be designed and monitored to limit spread of 
contaminants.  
 
Ex situ soil washing methods involve excavating or dredging contaminated soil, mixing soils with 
a wash solution and agitating mixture to transfer contaminants to wash solution.  The soil and 
wash solution is then separated, and the wash solution is transported off site to a treatment 
facility.  Mobile units could process 20-200 cubic yards of contaminated soil per day.  Fine silt 
and clay fractions of the soil bind contaminants strongly and are usually removed from the sand 
and gravel fractions for treatment.  The sand and gravel fractions are usually returned to the site 
after contamination extraction, and the finer particles are brought to a treatment facility along 
with the wash solution.  Debris greater than 60mm must be removed a prior to soil washing, and 
may aid in removal of small arms munitions and explosives shrapnel from the soil.   
 
The soils of the Vieques are relatively sandy and are ideal for soil washing and soil flushing 
techniques.  Wash and flushing solutions from such procedures need to be transported off site and 
sent to a water treatment facility and decontaminated prior to release back into the environment. 
 
For soils that are severely contaminated so that the above techniques will not be sufficient for 
decontamination of organic compounds, bioreactors could be constructed for processing of this 
soil.  Bioreactor treatment utilizes microorganisms grown in suspension in the fluid or soil slurry 
to be treated or attached on a solid growth support medium.  Contaminated water solutions are 
circulated in an aeration basin where a microbial population degrades organic matter and 
produces C02, water, and biomass.  The biomass is settled out and either recycled back into the 
aeration basin or disposed of as sludge.  Solid growth support medium have a large surface area 
and are commonly composed of absorptive medium, such as activated carbon, that absorbs 
contaminants and slowly releases them to microorganisms for degradation.  The microbial 
community can be taken from the natural soil biota, or from an inoculum of organisms with 
specific contaminant-degrading properties. 
 
Slurry-phase bioreactors work much like fluid-phase bioreactors described above, but use soil-
water slurry as the treated solution.  The treatment water is removed from the soil after 
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decontamination and recycled or disposed of.  The residual biomass from both slurry-phase and 
fluid-phase bioreactors may require additional treatment for heavy metals and other contaminants. 
 
Several bioreactors could be set up and run by local workers to process soil washing water and 
soil flushing solutions.  High concentrations of contaminants and heavy metals may be toxic to 
microorganisms, so dilution of solutions may be necessary before treatment. 
 
Groundwater Reclamation 
 
If mobile contaminants are found on the site, immediate actions must be taken to prevent the 
spread of these contaminants.  The hydrology of the site provides for the movement of 
groundwater from the land to the ocean.  Fortunately, the human population is located at the 
higher portion of the island and the contaminants have not leached into their water supply 
(ATSDR 1999).  But if the island is developed with hotels and resorts, as is likely, these 
establishments may need to augment their water supplies with wells and this may alter the 
hydrology of the island, pulling contaminants into the groundwater under these settlements.  
Installing a peremiter of extraction wells around the polluted areas and extract all groundwater for 
treatment at a decontamination facility can prevent the spread of contaminants.  This facility 
would be located at the NASD.  If the contaminants are present, but not very mobile, a wash or 
other solution could be injected into the site and the wastewater would be collected by the 
extraction wells for disposal. 
 
Conclusions 
 
The assessment and remediation of munitions contaminants on Vieques is a necessary step for 
management of the land by the Department of the Interior.  Removal of UXO and remediation of 
contaminants in the soil and water can be approached by a variety of different methods, 
dependent on the conditions of each site analyzed.  Soil, groundwater, plant and animal testing 
should be conducted to monitor the levels of contaminants before, during, and after restoration 
efforts.  Remediation techniques should be based on the assessment of  “hot spots” of 
contamination and probability for toxic exposure to the environment.   
  
Many approaches minimize invasion and disruption of recovering ecosystems, and should be 
utilized when necessary.  The hazards associated with UXO should dictate a program of minimal 
exposure to danger for the restoration crew and maximal remediation efficiency.  Success of this 
project can be assessed as a success if there is a decrease of contaminates to acceptable levels that 
allows flora and fauna to flourish.  Soil testing for contaminants is a direct measure of toxicity.  
Also, accumulation of toxins in biota can be used as a way of detecting contamination of food 
webs and ecosystems.   
 
Complete detoxification of the site is probably not feasible under the methods described in this 
study.  However, new technologies are being invented continuously that increase the efficiency 
and scope of environmental remediation. In the future it is feasible that the site will be detoxified 
enough to allow for natural processes to complete the detoxification process and allow for 
significant ecological recovery.    
 
In spite of the remediation challenges, this project is critical to pursue to ensure the human health 
and safety of island residents. There is continued pressure for the Navy to restore the lands and 
return them to the people of Puerto Rico that comes from a growing number of political groups, 
citing issues of social justice and reparation.  It is important that community stakeholders be part 
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of the planning and implementation to ensure the resulting landscape is one that offers them the 
usefulness and opportunity that is the goal of similar projects in the mainland US.  
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