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A National Problem

The U.S. military operates munitions test and training ranges covering tens of millions of acres of land and waters throughout the United States and beyond. It has terminated the use of other range areas covering millions of acres more. Munitions fired, dropped, and disposed of on those ranges pose a dual threat: First, and most immediate, literally millions of bombs, shells, rockets, grenades, and other items lying on the surface, resting underwater, or buried beneath soil and sediment may explode if disturbed. Second, and perhaps equally significant in the long run, the chemical constituents and explosive byproducts of those munitions pose a toxic threat to public health and natural ecosystems as they move through the environment.

Particularly at operational ranges, the Department of Defense has been slow to recognize and address the hazards posed by military munitions. Cleaning all such ranges to make them safe for non-military uses would be prohibitively expensive, and the application of environmental standards designed to support other uses would interfere with the armed services’ routine training and testing operations. Consequently, the Defense Department has argued for years that munitions on ranges should not be regulated as hazardous substances or hazardous wastes.

The most acute threat on both operational and former conventional ranges—this is not necessarily true for ranges where chemical munitions were used or buried—is explosive safety. For example, in May 2000, a Mississippi boy died when an anti-tank shell removed by other teen-agers from nearby Camp Shelby exploded. In 1983, two boys died when they discovered an old shell at the end of a cul-de-sac in their San Diego neighborhood, built on a World War II training range. A great deal of work is being done to remove munitions from such areas, and to keep people from approaching explosive devices, but the Defense Department and other government agencies have not yet agreed upon a process for identifying and removing such hazards. At least, today all parties recognize that unexploded ordnance (UXO)—munitions that fail to explode as designed—present a serious, widespread challenge.

The military is moving more slowly to acknowledge the toxic threat. By the early 1990s, several ammunition plants and munitions handling facilities had been placed on U.S. EPA’s National Priorities List (NPL), commonly known as the “Superfund” list, because explosive chemicals such as TNT (trinitrotoluene) and RDX (Royal Demolition Explosive) were present in the soil and groundwater. Still, the Defense Department conducted little research into the fate, transport, and toxicity of explosive substances and their byproducts. It largely ignored the potential for toxic contamination on ranges.

This changed in 1997, when U.S. EPA ordered the National Guard to halt training activities at Camp Edwards, Massachusetts, after toxic explosive chemicals were found in the sole aquifer supplying drinking water to hundreds of thousands of people. Though the Pentagon resisted EPA’s strong stance, it began new research programs and increased the sampling of soil and groundwater on other ranges around the United States. Generally, where ranges have been sampled for explosive chemicals and propellants, such residues have been found, although in most cases officials do not deem the contamination an immediate threat to public health.

Most military ranges have been targeted with a wide variety of munitions, including lead bullets, grenades, flares, bombs, rockets, and shells. The operational histories of such ranges, both active and former, provide an indication of what types of UXO and chemicals are likely to be found today.  These records also suggest where they might be located, but records, especially for ranges dating from World War II and earlier, are incomplete. Furthermore, it’s unusual for a troop unit to document mistakes in which weapons landed far from their targets, yet many UXO items are found well beyond range buffer zones.

In addition, it has been common practice for the military to “dispose” of munitions on ranges also used for training and testing. Many present and former ranges are littered with undocumented burial sites, in which unusable or excess munitions were simply stacked in a ditch and covered with dirt. The military has also used open burning and open detonation (OB/OD) to demilitarize munitions. In the past, careless detonation practices have “kicked out” unexploded ordnance into surrounding areas, and the use of OB/OD areas to burn industrial wastes has released an even greater variety of toxic contaminants into the air, water, and soil.

Finally, the military has used a fraction of its ranges to test and even train with chemical weapons, biological, and more recently, depleted uranium weapons. Usually documented, those releases should trigger a much more careful approach to range investigation. And because troops everywhere were taught to recognize the smell of chemical weapons, there is a chance that chemical agent identification sets—containing small vials of chemical agents—will be found in virtually any U.S. military training area.

Most environmental regulators and public interest groups believe that both explosive and toxic threats on former ranges should be addressed under the laws that govern the treatment, storage, disposal, and cleanup of hazardous wastes (nationally, the Resource Conservation and Recovery Act, or RCRA) and the release of hazardous substances (nationally, the Comprehensive Environmental Response, Compensation, and Liability Act, or CERCLA). At operational ranges, regulators are much less likely to assert authority, unless there is an apparent, imminent threat to public health—as at Camp Edwards. Thus, at most active military munitions ranges, there has been no requirement that the military investigate possible toxic contamination. Consequently, there is little money budgeted for that purpose, and there is usually no mechanism for public involvement or oversight.

At ranges subject to review under the National Environmental Policy Act (NEPA), such as Hawai’s Makua Military Reservation, the public has an opportunity to press for toxic investigation. An Environmental Impact Statement (EIS), by identifying the potential for contamination, can call for the establishment of a program to conduct and analyze soil and water for explosive compounds and byproducts. The EIS scoping process is an excellent time to ask detailed questions about range contamination. It’s relatively easy to request the identification of surface, subsurface, and off-range (including tidal and sub-tidal ocean areas) unexploded ordnance, but it takes more extensive knowledge to target effective queries at the toxic threat.

What to Look For

Laboratory studies, as well as characterization thus far completed at a number of ranges, provide general guidance for determining what toxic substances should be investigated at ranges. That is, models and sample results from other ranges tell what to look for, but only through sampling each range is it possible to reach useful conclusions. Even if the suspected risks from a range are low or preliminary findings indicate that contamination is unlikely to reach the public in high concentrations, this is not a good reason to avoid looking for the contamination in the first place. 

Conventional munitions hazards and toxic contamination concerns may be divided into at least seven categories, each of which is addressed below.

1. Small arms. In the last few years, the Defense Department has introduced “green” bullets that are designed to be environmentally benign, but over the history of the U.S. military most small arms ammunition has contained lead. Thus, potentially large quantities of lead, as well as smaller amounts of toxic propellants and other metals, lie in firing areas. Nationally, this represents a significant challenge, because there are literally thousands of active and former small arms ranges distributed throughout the country. It’s important, therefore, to determine the quantity and condition of those bullets as well as the condition of the ranges in which they lie, to consider whether they present a risk to public health or the natural environment. 
2. Unexploded ordnance. Depending upon the type and quality of a munition, about five to ten percent of those fired, launched, or dropped do not explode as designed. Some lie on or near the surface. In forested areas UXO is often embedded in trees. Many munitions bury themselves upon impact; the depth depends upon a number of factors, including the size of the weapon and the density of the soil. UXO can lie on or beneath the soil or water for decades, and it can leak explosives if the metallic walls of the munition corrode. Thus, it make sense to determine—with proper respect for the explosive danger—whether corrosion is occurring. It’s also important to sample for explosive constituents, including primary explosives such as lead azide and mercury fulminate and secondary or high explosives such as RDX, HMX (high melting explosive), or TNT that may have leached into the environment. Even if bombs and shells are intact, some may detonate if there’s a fire. Thus, the known byproducts of potential explosions should be documented.

3. Explosive byproducts. When a conventional high-explosive munition detonates, it releases a large variety of chemical compounds and metals into the environment. One recent Army study showed that “very low concentrations of explosives residues are more widespread at testing and training ranges than observed previously.” The authors found low concentrations of RDX in the groundwater at Fort Lewis, Washington, marginally below levels of regulatory concern. They also found that explosive contamination from low-order detonations (when shells blow up without fully combusting the high explosives) may be the principal source of explosive compounds on impact ranges.

The science of toxic range residue remains immature. RDX seems to be the explosive compound found most on ranges, apparently because it degrades more slowly than TNT.  Nonetheless, sampling should cover a range of toxic compounds. These should not only include the explosives themselves, but their impurities and reactive byproducts. For instance 2,4,6 TNT has 13 impurities including 5 isomers (chemical configurations) of TNT, 6 isomers of dinitrotoluene (DNT), dinitrobenzene, tetranitromethane and a variety of other compounds. 

Furthermore, munitions constituents may contain as much as one or two percent heavy metals such as lead, cadmium, chromium, nickel, copper, and barium. While explosive compounds may disappear upon combustion, metals remain and may form a variety of compounds. Simply put, upon detonation the metals in munitions go into the air, onto the land, or into the water. Over a period of time, measurable quantities accumulate in the environment. Any sampling plan should estimate those quantities and attempt to determine where they all went. That is, there should be a mass balance analysis.

4. Propellants. Propellants are the chemicals that shoot munitions forward. They include double-based propellants, consisting primarily of nitroglycerine and nitrocellulose, used in weapons such as artillery, mortars, and small arms; and composite propellants, which typically consist of aluminum and ammonium perchlorate, used in solid-fuel rockets of all sizes. Propellants are often found in firing areas as well as impact areas. Perchlorate, in particular, has emerged recently as a contaminant of concern at many locations. Originally found where large solid rocket motors have been manufactured and tested, it is now being found at Army ranges such as Camp Edwards and Camp Stanton, at the Aberdeen Proving Ground (Maryland). It migrates through soil to groundwater and doesn’t degrade easily in the environment. Only for the last few years has it been possible to detect low (but toxicologically significant) concentrations.

5. Pyrotechnics. Flares and signals are used as illuminators to support troop activity. Smoke generating munitions provide both screening and signaling capabilities. Tracers, incendiaries, photoflash compositions, igniters and initiators, and munition simulators are also classified as pyrotechnic munitions. Compounds of concern used in pyrotechnic munitions include perchlorates used as oxidizers, powdered aluminum and red phosphorus as fuels, strontium resinate and polyvinyl chloride as retardants, hexachloroethane and hexachlorobenzene as color intensifiers, and fog oil and titanium tetrachloride within smokes. In short, commonly used pyrotechnic munitions contain a diverse list of contaminants that can be found in air, soil, and groundwater as a result of range activities.

6. Burial sites. To reduce explosive risk, troops have long buried munitions that they didn’t need or couldn’t use. Unfortunately, these sometimes large quantities remain stacked (or dumped) underground, waiting for a construction crew to stumble upon them. In the long term, they may corrode, releasing many of the same compounds as other forms of munitions waste.

7. Open Burning/Open Detonation (OB/OD) areas. While the Army operates a number of Depots where it has destroyed stockpiles of excess and unserviceable munitions through burning and detonation, the armed services have also destroyed smaller quantities of weapons at less developed and less monitored OB/OD sites located on ranges. Those have historically generated kick-out, unexploded ordnance which is thrust from burn pits when other munitions explode. They typically generate higher concentrations of waste metals and explosive compounds than those found in impact areas, just because of the concentration of detonations.

OB/OD areas pose an extra concern, since many units have also used them to dispose of industrial wastes, such as paints, solvents, lubricants, and fuels. They may therefore contain a much longer list of hazardous chemicals than ranges where only munitions burned. Since many of the materials disposed at such locations—even treated wood pallets—often contain chlorine, the byproducts may contain extremely toxic substances such as dioxins and furans.

It’s essential to sample beyond the actual “pit” when investigating OB/OD areas. Most of the contaminants are blown away during combustion, and even the toxic ash deposited on site may routinely be bulldozed far from the pit. At some locations, actual sampling has failed to confirm modeled releases, because the wrong locations were tested. The military has recently conducted tests designed to improve the spatial models that guide sampling—detonating weapons in snow and then collecting the residue—but distributions remain dependent upon site-specific conditions.

To protect the public and the environment, military munitions ranges should be characterized for soil, sediment, surface water, and groundwater contamination. Active operations, such as demilitarization, testing, and training, should be monitored for air emissions. Since historic sources are often unknown and many contaminants migrate through the environment, representative sampling points on and off the installation should be used.

Where such sampling has taken place, contamination is often found. Since the military and other researchers have only recently begun serious research on the fate and transport of range pollution, no one really knows for sure where it comes from. That is, RDX in groundwater may come from corroding UXO, burial sites, low-order detonations, high-order detonations, or other sources. To control and prevent such pollution in the future, the military and its regulators should attempt to find out what the most likely sources are. However, the assessment of the potential risk to public health or ecological receptors should not await such answers, nor should actions designed to remediate the pollution or control exposure.

Exposure Pathways

Many people, especially native ethnic groups, consider any form of toxic contamination to be unacceptable environmental degradation, but our regulatory system generally insists on cleanup only if the contamination is proven likely to cause harm. The characterization of any property or resource, therefore, is based upon an evaluation of exposure pathways. This doesn’t necessarily mean living or working nearby. It means asking if people or ecological receptors are likely to be exposed to the toxic substance. For example, are people likely to encounter unexploded ordnance, or are the munitions deep enough in the ground or ocean that such contact is unlikely? Will children play in the dirt or breathe contaminated dust? Does the aquifer supply water to the public? Are fish or birds likely to ingest the contamination? Are people likely to ingest fish and birds that have accumulated contamination?

Local communities often play a pivotal role in assessing exposure pathways. Residents know where people swim. They know where they hike. They know where they catch fish. In fact, they know which parts of the fish people eat. (Many native communities eat fish organs, which tend to concentrate contamination, while Euro-Americans tend to eat only the fillets.) Based upon public input, officials should sample exposure pathways—such as fish tissue, nearby drinking water wells, sandy beaches—to determine whether contamination found on the range is likely to reach the public.

The evaluation of existing pathways may show that contamination, though originating on a restricted facility, is actually reaching the public. On the other hand, it may show that illnesses that people blame on contamination from that facility are probably due to other factors, since there is no identifiable pathway.

The process doesn’t stop there, however. It is often necessary to evaluate potential pathways. Federal cleanup standards, for example, are not simply based upon current land use. They are based upon reasonably anticipated future land use. This is a key issue at many closing military bases. If a community plans to build housing or a park on a former military industrial site, the cleanup standards are supposed be based upon the exposure pathways—gardening, for example—associated with those new uses. At one former Navy base in California—Moffett Naval Air Station—members of the neighboring community want wetlands areas to be clean enough to support fish-eating birds, even though there are currently no fish in those wetlands. The community anticipates getting the wetlands’ owners to allow tidal flow and fish into the area.

A number of states, from California to New Jersey, protect groundwater based not only upon current pathways, but also upon potential pathways. That is, even aquifers that don’t supply drinking water now are protected by law because they might serve as supplies in the future.

Sometimes it’s necessary to protect the public by restricting exposure pathways, either during cleanup or in the long run. With today’s technology, it’s difficult to remove reliably every piece of UXO from former impact areas, so it may make sense to restrict development or even access to such properties. Similarly, at some former landfills, it’s imperative to prevent perforation of the protective cap by trees or squirrels. On the other hand, telling people not to catch and eat contaminated fish in historic fishing grounds usually doesn’t work. Where certain use restrictions or controls appear infeasible, other methods for minimizing exposure need to be pursued, with significant community input.

At military ranges, evaluating the possibility of encounters with UXO is a unique form of pathway assessment. Considering the impact of associated toxic substances, however, is no different than assessing pathways for industrial chemicals.

The Toxic Impact
Many people believe, almost by definition, that there is no safe level of exposure to toxic substances. The regulatory system, however, sets concentration levels that are deemed acceptably safe. That is, people may be exposed to low concentrations of hazardous substances, but such exposure may be deemed acceptable because the additional risk of death or illness from the exposure is low. 

Safe drinking water concentrations—at the tap and often in groundwater—are based upon available scientific research, taking into account the likelihood that exposure to a specific chemical at a specific concentration will increase the number of cancer deaths or result in other health impacts. An acceptable concentration of a chemical is dependent on where one is in the cleanup process. During site investigations, screening criteria, such as EPA Region III's risk based concentrations (RBC), are used to determine what environmental contaminants require additional investigation and possibly a full-blown risk assessment. An RBC is based solely on health outcomes, which in the case of cancer, is one excess cancer out of one million exposed to a given chemical. For the explosive RDX, the RBC is 0.61 parts per billion (ppb).

When moving into the remediation phase of a range cleanup, formal remedial action objectives must be selected. These target cleanup concentrations are also based on health risks, but they also consider other factors such as technical limitations for detecting the chemical and the economic impacts of remediating to a specific level. The remedial objectives selected can have several sources, including a national standard, such as a maximum contaminant level (MCL) or a standard promulgated by the state where a site is located. In specific situations where neither exists, some agreement must be reached by the parties involved in the cleanup. For instance, at Camp Edwards, the cleanup goal for RDX is 2.0 ppb, which is the lifetime drinking water health advisory published by the EPA. For compounds that only recently became visible as an environmental problem, selection of appropriate cleanup goals can be a contentious issue. The evolving groundwater standard for perchlorate is often as low as one part per billion, but officially the establishment of a national cleanup goal is tied up in debate among regulatory agencies, health agencies, the Defense Department, and the rocket-production industry.  

Some states set similar fixed concentrations as cleanup goals for soil, but especially at large and complex sites, soil cleanup goals are based upon site-specific data and the risk assessments conducted using such data. After determining the anticipated land use and associated exposure scenarios, risk assessors calculate the likely increase in cancer, other diseases, and/or ecological impacts. Risk assessment is a tricky business; many people believe that polluters have manipulated such calculations to permit pollution or avoid remediation. Indeed, risk assessments often have ignored the vulnerabilities of specific age groups (the young and the old) and ethnic or cultural communities.

The assessment of risks from toxic substances at military ranges is just like assessing risks at industrial sites. However, despite lengthy collaborative exercises involving the military, regulators, and others, there is no agreed upon protocol for assessing explosive safety risks.

As with fate and transport, the scientific knowledge about the risk from explosive chemicals remains limited. The debate over perchlorate illustrates the uncertainty, but even chemicals that have been studied longer have uncertain impacts on human health. Many chemicals, in fact, have barely been studied. For this reason, the members of potentially affected communities should know the possible health impacts associated with chemicals to which people are being exposed. For example, if there is an unusually high level of thyroid disease in an area where perchlorate is found in “acceptably low” concentrations, it may prove necessary to re-set those levels of acceptability—if other potential causes are ruled out.

Here is a list of toxic substances often found on munitions ranges, along with a description of their known or potential toxicological threat.

Benzene. This organic compound is a starting material for many chemical processes, including the development of explosives. It is also a constituent of Napalm B (25%). Once absorbed into the body through drinking water and inhalation, biologically reactive intermediates are formed that interact with bone marrow cells. The toxic effects linked to benzene exposure through animal and epidemiological studies include bone marrow depression, aplastic anemia, and leukemia.

Cadmium. As with many metals, cadmium has chronic effects on the lungs and the kidneys. Cadmium is considered a human carcinogen due to its association with lung tumors through inhalation. In an environmental setting, long term accumulation of cadmium in the kidney is probably of greater concern. Such renal effects can result in other impacts, such as skeletal weakness due to calcium loss. Hypertension and cardiovascular disease may also be caused by cadmium exposure.

Chromium. This metal exists in two forms, trivalent and hexavalent chromium, with the latter being much more toxic. Chromium body burdens are found in the lung, liver, and kidney. The hexavalent form crosses cell membranes, and it is reduced to its trivalent form. This reduction of hexavalent chromium is believed to be the cause of respiratory tract cancer.

Hexachloroethane. This compound can migrate through the soil to groundwater and can be absorbed following inhalation, ingestion, and dermal contact. Animal studies have shown this compound to impact the kidney and the liver. It accumulates in fat and can be bioconcentrated in fish.

HMX. Due to its low solubility, this explosive is less of a groundwater concern than RDX. Similarly, this compound is less toxic than RDX, but animal studies still indicate effects on the central nervous system and the liver.

Lead. This metal is ubiquitous throughout the environment and has no known biological use. U.S. EPA has determined that there is no safe level of exposure to lead. Among other things, lead impacts the central nervous system of children and the peripheral nervous system of adults. It is believed to cause anemia, high blood pressure, and renal disease.

Mercury. This metal is found in elemental, inorganic, and organic forms, with the form being directly related to the toxicity of this metal. Methyl (organic) mercury is most important with regard to environmental exposure and toxicity. Specifically, it is toxic to the nervous system of adults and the fetus. This is because it can cross protective membrane barriers. The major environmental source of this compound is fish consumption.

Nitrocellulose. This compound is resistant to environmental degradation and thus persistent in the environment. Luckily, it is not absorbed and is basically non-toxic from a chemical standpoint. 

Nitroglycerine. This compound has been used in drugs as a vasodilator, so much is known about its effects. It primarily impacts the circulatory system. Chronic exposure to this compound can result in methemoglobinemia, in which the oxygen content of the blood is decreased. Note that nitrobenzene, another munitions-related compound, can cause this same condition.

Nitroguanidine. Little toxicity information is available for this nitroamino compound. Some possible impacts have been noted in rabbit developmental studies, but other data suggest that this compound is relatively non-toxic compared to many other military contaminants. Because of the lack of data, nitroguanidine has not been classified with regard to its carcinogenicity.

Perchlorate. Due to it’s solubility, perchlorate is of particular concern in drinking water supplies. According to U.S. EPA, “Perchlorate interferes with iodide uptake into the thyroid gland. Because iodide is an essential component of thyroid hormones, perchlorate disrupts how the thyroid functions. In adults, the thyroid helps to regulate metabolism. In children, the thyroid plays a major role in proper development in addition to metabolism. Impairment of thyroid function in expectant mothers may impact the fetus and newborn and result in effects including changes in behavior, delayed development and decreased learning capability. Changes in thyroid hormone levels may also result in thyroid gland tumors. EPA’s draft analysis of perchlorate toxicity is that perchlorate’s disruption of iodide uptake is the key event leading to changes in development or tumor formation.”

RDX. In humans, RDX’s effects on the central nervous system have been documented. RDX is classified as a Group C or possible human carcinogen by U.S. EPA as a result of animal studies where liver cancer was noted after exposure to RDX. In the non-military setting, RDX has been used as a rat poison.

TNT. The toxicity of this explosive is supported by a variety of human and animal data. Effects have been noted in a variety of tissues and organ systems including the brain, liver, blood, reproductive organs, kidneys, urinary bladder, and eyes. It is mutagenic and carcinogenic. Effects on humans in the occupational setting have ranged from mild symptoms such as bronchial irritation to the more severe, such as aplastic anemia.

What It All Means

The investigation of toxic substances on a military munitions range may show that contamination exists at levels that are likely to make people or wildlife sick if they contact those substances. But even if the concentrations—on the range or at the point of contact—exceed established health standards or numbers calculated through site-specific risk assessments, that does not guarantee that the contamination will be removed or treated. The actual selection of a cleanup remedy is based on the consideration of several factors. At full-fledged remediation sites, officials consider the nine criteria of the National Contingency Plan (NCP). A cleanup method may be rejected if it’s too costly; a less protective alternative may be chosen if the more drastic approach—such as moving all surface soil in a wildlife area—would seriously damage the local ecosystem. And in some cases there is no technology that can achieve risk-based concentration levels.

One of the NCP criteria is community acceptance. Government agencies don’t have to do what members of the community propose, but they have to listen. Despite the seemingly technical nature of cleanup decisions, that means that local residents can challenge inadequate range cleanup through political action.

Perhaps more important, it means that any decision not to address range contamination should be made at the end of an investigatory process that includes site sampling, pathway evaluation, and public participation. The assumption that no one is impacted must not preclude the legally required response process.

Finally, range data collection and the subsequent analysis of contamination present may prove invaluable when considering alternative future uses—such as continued use as a range, residential or industrial development, or open space. If an activity is unacceptably polluting the environment, then it should be restricted or stopped. If an activity would put people into contact with existing contamination, then maybe it should be restricted or stopped. On the other hand, if that activity is sufficiently significant, for cultural, economic, or even national security reasons, then resources should be found to remedy or mitigate the contamination so the activity can take place safely.

This paper was prepared by Lenny Siegel with the assistance of Ted Henry.
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