Radium Occurrence in Principal Aquifers Used for Drinking Water in the United States, and Factors Indicative of its Occurrence 
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Major Findings and Implications
Key major findings of the study are:

· Naturally occurring radionuclides–including radium, as well as uranium and radon – occur naturally in well water (public-supply, domestic, or monitoring wells) mostly originating from rock weathering and natural dissolution. Aquifer type, geology, and geochemical conditions affect the vulnerability of ground water (including that used for drinking water, such as intercepted by public-supply and domestic wells) to contamination with these naturally occurring constituents. For each of these radionuclide constituents, the factors of aquifer type, geology, climatic conditions, and geochemical conditions affect the occurrence in different ways.
· Concentrations of the naturally occurring radionuclide contaminants radium and uranium were generally low compared to primary human-health based Maximum Contaminant Levels (MCLs, or drinking-water standards). Eight Principal Aquifers (PAs) were found of sixteen studied where combined radium concentrations exceeded the MCL in even one sample. The concentrations greatly exceeding the 5 pCi/L MCL (more than double, or exceeding 10 pCi/L) were found in five PAs, two of which also had frequency of exceedence of the MCL in 20 % or more of sampled wells, whereas the other three PAs had frequency of exceedence of the MCL in 3 to 6 % or more of sampled wells, or equal to or in slight excess of the overall frequency of exceeding the MCL on the National scale (3.6 %).  Collectively, nearly 5.5 percent of sampled wells had one radionuclide contaminant, combined Ra or uranium, in concentrations  greater than an MCL. Concentrations of the naturally occurring radionuclide radon commonly (71 %) exceeded the lowest of the proposed MCLs, but exceeded the highest of the proposed MCLs at a rate not much greater (6 %) than that at which radium and uranium exceeded their adopted MCLs, respectively.
·  Concentrations of radon and uranium at elevated levels, either in excess of respective MCLs or proposed MCls, or within a factor of ten of these levels generally did not occur in isolation, but usually co-occurred.  Concentrations of uranium at these elevated levels also usually co-occurred with other contaminants, such as arsenic, molybdenum, and strontium. On the other hand, concentrations of combined radium at elevated levels in excess of the MCL, or within a factor of five of this level (1 pCi/L) generally did occur in isolation from the elevated occurrences of the other radionuclide contaminants, uranium and radon. Concentrations of radon and uranium, which are relatively inexpensive to analyze, at elevated levels, thus are not effective indicators for the presence of elevated levels of combined radium, which is relatively expensive to analyze.  This strong disparity in occurrence is controlled by the sharply differing chemistries of uranium, radium, and radon, which generally results in chemical exclusion of  radium from waters optimal for solubilizing uranium, as well as the converse. 
· Concentrations of combined radium at elevated levels were found to co-occurr with some more commonly analyzed for contaminants as well as some physical properties of the sampled water that are also considered generally undesirable traits, most importantly, low pH (acidic water), low dissolved oxygen concentration (anoxic water), and high dissolved solids (mineralized water). The PA’s east of the Great Plains tend to be shallower, more quartzose, receive more recharge as direct precipitation, and contain abundantly more organic matter than those of the Great Plains and to the west often resulting in acidic or reducing characteristics optimal for dissolving radium. About 97 percent of the sampled wells that contained combined radium at concentrations that exceeded the MCL were to the east of the Great Plains. Ground waters with high dissolved solids in the Great Plains or to the west often contained concentrations of sulfate high enough to form insoluble barium-radium sulfate minerals, whereas east of the Great Plains, waters even with  high dissolved solids often did not contain enough sulfate to form this insoluble mineral. Concentrations of radium at elevated levels were found to co-occurr  nitrate and, to a lesser extent, iron and manganese in the sampled wells.
· Gross alpha-particle activity is generally an adequate screen to indicate one or more radioactive contaminat is present. It is not particularly a strong indicator for combined radium, however, unless the isotope radium-224 is also present in appreciable concentrations.
Implications of the study are:

· The information may be particularly useful to homeowners or small public-supply type systems who are not aware of potential human-health concerns because domestic wells or transient community and small community wells are not generally monitored regularly as is required by the Safe Drinking Water Act for public-supply wells. 
· Because radium is a naturally occurring contaminant and ubuquitious in rock material, if present in water, it can affect the quality of drinking-water wells over the long term and result in long-term exposure. 

· The findings help to identify how and why radium occurrence can vary in wells in different geographic regions, principal aquifers, and geochemical environments. 

· Recognition of principal aquifers, types of geology, and geochemical conditions most likely to be affected by radium occurrence can help local and State natural resource and health managers and planners tailor and target the appropriate level of assessment, testing, and protection to the principal aquifers and geographic areas of most concern for specific contaminants. A well known example is the requirement of New Jersey’s Private Well Testing Act requiring gross alpha-particle activity analysis in the Atlantic Coastal Plain region, one of the most vulnerable regions in the USA to radium occurrence.
NAWQA Design for Assessing Water Quality in Principal Aquifers
The National Water-Quality Assessment (NAWQA) program provides a national-scale characterization of domestic well water quality through analysis of samples collected during 1990-2005 from 1,271 wells. Sample analyses included Radium isotopes, uranium, radon, and gross alpha-particle and beta-particle activity as well as many ancillary water-quality constituents that include basic physical properties and major ions, nutrients, trace elements, pesticides, and volatile organic compounds (VOCs). 
This comprehensive, national-scale analysis brings together data collected over more than a decade and from many different areas in the U.S. It is made possible by NAWQA’s consistent sampling and analytical methods, the broad suite of analytes that are routinely included in the Program’s assessments, and systematic compilation of supporting information on natural and human factors that may influence ground-water quality. The study design supports selective comparisons by geographic region and principal aquifers, and the comprehensive sample analyses support investigation of contaminant mixtures.
Important characteristics of the NAWQA study are listed below
· The samples were collected at the wellhead and do not include possible effects of subsequent plumbing or household treatment that may occur before water is consumed.

· Each of the 1271 wells was sampled once during 1990-2005, providing a composite “snapshot” of a 15-year period. Trends within the study period were not assessed, but broad changes are not expected because of the relatively slow movement of ground water. For individual wells, particularly those in shallow or highly permeable aquifers, changes in water quality within this time frame are possible. 
· Well characteristics varied among principal aquifers, with well depths and depths to water typically less in the glacial and coastal-plain aquifers than other aquifer types. Overall, the median well depth was about 150 feet below land surface, with most between 50 and 335 feet below land surface.

· Sampled wells are located in 44 of 50 States, including Alaska, and include selected parts of 16 of the Nation’s 62 principal aquifers used for water supply (figure 1). The study was not designed as a random sampling of drinking-water supplies in the U.S.A.; rather, wells were selected as part of comprehensive aquifer-based ground-water assessments. The distribution of sampled wells compares favorably with the national distribution drinking-water use, but the wells are clustered within the area covered by the principal aquifers and leaves areas of many aquifers without representation (DeSimone, 2008). 
List of Principal Aquifers sampled…..
What is radium and why is it present in water?

Unstable radioactive elements are found in a wide range of concentrations in all rocks, soil, and water. The most common radioactive elements, uranium and thorium, decay slowly and produce other radioactive elements, such as radium, which in turn undergo still further radioactive decay. These radioactive product elements have different chemical properties, decay at different rates, and emit different levels of radiation energy than either uranium or thorium.

The two most common isotopes of radium are radium-226 and radium-228. Radium-226 has a long half-life (1,600 years) compared to that of radium-228 (5.75 years). A half-life is the time required for half of the initial amount of the radionuclide to decay. Radium-226 decays by emitting the nucleus of a helium atom (alpha particle), whereas radium-228 emits an electron (beta particle). 

Radium is only moderately soluble in water and only under certain geochemical conditions; radium-226 and radium-228 are equally soluble. Radium can enter ground water by dissolution of aquifer materials, by desorption from rock or sediment surfaces, and by ejection from minerals during radioactive decay.
Radium-224 discussion….
Health Risks from Radium Ingestion

Radium in drinking water is known to increase cancer risk, primarily for bone and sinus cancers (Mays and others, 1985). As radium decays, the radiation that is emitted can strip elec​trons from the atoms with which it collides, causing the atoms to become charged or “ionized.” The ionizing alpha and beta radia​tion emitted by radium consists of particles that move slowly and cannot penetrate skin. If radium is ingested, however, especially dissolved in water, the emitted alpha- and beta-particle radiation can ionize and damage cell tissue. Human bone tissue accumu​lates radium rather than allowing it to be removed from the body, thereby exposing the bones to tissue-damaging alpha or beta radiation. Damage from continuous exposure can potentially cause cancer. Because it accumulates in the body, radium is con​sidered to pose a greater cancer risk than most other radioactive elements.

The USEPA MCL for radioactivity in drinking water is set at the level of a 1 in 10,000 risk of a fatal cancer if 2 liters of water per day is consumed for 70 years. For the concentration of total dissolved radium, which is defined as the sum of radium-226 and radium-228 concentrations, the MCL is 5 pCi/L (U.S. Environmental Protection Agency, 2000). For gross alpha-particle activ​ity, the USEPA MCL is 15 pCi/L (U.S. Environmental Protection Agency, 2000). Activity is the number of radioactive disintegrations in a given quantity of material per unit time. Gross alpha-particle activity is a measure of the total amount of radioactivity in a water sample attributable to the radioactive decay of alpha-emitting radioactive elements. Activity in water is expressed in units of picocuries per liter, where 1 pCi/L is equal to 2.2 radioactive disintegrations per minute per liter of water. Because radium-226 emits an alpha particle, gross alpha- particle activity can be used as a screening tool to predict the presence of radium in a water sample, if large amounts of other alpha-emitting radioactive elements are absent. 

Radioactive Contaminants, including Radium, Found to be of Potential Concern to Human Health, were from Natural Sources 

Radium concentrations in ground water

Concentrations of total radium (the sum of radium-226 and radium-228) and gross alpha-particle activities in drinking water that exceed the U.S. Environmental Protection Agency (USEPA) Maximum Contaminant Levels (MCLs) are known to cause cancer. Results of investigations by the U.S. Geological Survey (USGS) indicate that concentrations of total radium in water samples from 3.6 percent of 1,270 wells in 16 Principal Aquifers of the United States  exceeded the MCL of 5 pCi/L (picocuries per liter) (fig. 2). Wells containing water in which concentrations of total radium were greater than the MCL typically are found  where ground water is acidic (pH less than 5) or reducing (dissolved oxygen concentrations less than 1 mg/L L (milligrams per liter)), and wheredissolved solids content is above 500 mg/L in reducing environments. Each of these geochemical phenomena increase the mobility of radium in ground water. Gross alpha-particle activities exceeded the USEPA MCL of 15 pCi/ L in water from 4.7 percent of the 1271 wells (table 1). A statistically significant correlation between gross alpha-particle activity and concentration of total radium isgenerally only found where the radium-224 isotope is also present. This result indicates that gross alpha-particle activity can be used as a screening tool to predict the presence of water that may have  high radioactivity but is not indicative of total-radium concentration except in some circumstances.

	Table 1: Summary statistics for radium concentrations and gross alpha-particle activity in water from wells  [USEPA, U.S. Environmental Protection Agency; MCL, Maximum Contaminant Level]

	Dissolved constituent
	USEPA

MCL (picocuries per liter)
	Potential health effects from ingestion of water (Mays and others, 1985)
	Number of wells sampled
	Concentration or value

(picocuries per liter)

 Minimum     Maximum     Median
	Percentage of samples with concentration or activity above the MCL

	Total radium 

(radium-226 plus radium-228)
	· 5
	Bone cancer


	1271
	· <.8
	30.3
	0.8
	3.7



	Gross alpha-particle activity
	· 15 
	Cancer
	1271
	· <3
	343.3
	3.4
	4.7

	
	
	
	
	
	
	


Relation of radium concentration to geology of  Principal Aquifers
(text in draft form, identification of principal aquifers with highest Ra)

(A SHORTENED TABLE OR FIGURE TO ILLUSTRATE THE PA’S MOST AT RISK here)
Relation of radium concentration to other chemical constituents
(text in draft form)

(will include at least 1 – 2 figures showing Ra vs. pH or Ra vs. DO)
Relation of radium concentration to well depth
(text in draft form)

Relation of radium to well type
(text in draft form)

Importance of Documenting Radium Occurrence for Well Water Quality, especially for Domestic Wells 

The information concerning radium presented here may be particularly useful to homeowners or small public-supply type systems who are not aware of potential human-health concerns because domestic wells or transient community and small community wells are not generally monitored regularly as is required by the Safe Drinking Water Act for public-supply wells. Because radium is a naturally occurring contaminant and ubuquitious in rock material, if present in water, it can affect the quality of drinking-water wells over the long term and result in long-term exposure. The findings help to identify how and why radium occurrence can vary in wells in different geographic regions, principal aquifers, and geochemical environments. Recognition of principal aquifers, types of geology, and geochemical conditions most likely to be affected by radium occurrence can help local and State natural resource and health managers and planners tailor and target the appropriate level of assessment, testing, and protection to the principal aquifers and geographic areas of most concern for specific contaminants. A well known example is the requirement of New Jersey’s Private Well Testing Act requiring gross alpha-particle activity analysis in the Atlantic Coastal Plain region, one of the most vulnerable regions in the USA to radium (including radium-224) occurrence (New Jersey Department of Environmental Protection, 2004).

Domestic wells are a critical source of drinking water. More than 43 million people—about 15 percent of the U.S. population—rely on domestic wells as their source of drinking water (Hutson and others, 2003). The quality and safety of water from domestic wells, also known as private wells, are not regulated by the federal Safe Drinking Water Act (SDWA) or, in most cases, State laws. Rather, individual homeowners are responsible for the quality of their domestic well water and for any routine monitoring that is conducted. Although the MCL for radium and uranium promulgated under the auspices of the SDWA does not specifically apply to domestic wells, its approach to defining and evaluating the suitability of drinking water for public supplies also provides a useful approach for domestic wells for evaluating water quality in a human-health context 

State and local regulations, where they exist, provide for a minimum amount of domestic-well water testing. Existing regulations apply primarily at the time of well installation and are limited in scope. About 20 percent of States require testing of new wells for fecal indicator bacteria. Many health and environmental protection agencies and non-profit organizations also advise homeowners on testing procedures and recommend annual testing (U.S. Environmental Protection Agency, 2002; National Ground Water Association, 2007).  The limited number of contaminants assessed, small numbers of wells tested, infrequent occurrence, and(or) voluntary nature of the resulting testing characteristic of these programs, regulations, and recommendations may not provide domestic well users with the level of protection afforded to users of public-water systems. Such local testing hardly ever includes analysis for radium because of the high cost of analysis. Yet the health risk from ingestion of elevated levels of Radium are substantial, and furthermore, treatment for this constituent is both moderately simple and inexpensive (see Sidebar 1).
In the absence of comprehensive, routine monitoring, water-quality information from a wide variety of sources, such as the wide scale testing program of the USGS NAWQA Program  is commonly used to assess the occurrence and distribution of contaminants in domestic wells, especially for constituents such as radium, for which little other sources of information exist. Results of these studies and programs are useful for prioritizing contaminants for further study, identifying areas of particular concern, guiding public-health programs and local testing recommendations, and identifying factors that potentially influence the occurrence of contaminants in wells. Some statewide programs have targeted vulnerable aquifers that were more likely to be affected by this contaminat for further study and monitoring. In some states, testing is phased in, with vulnerable areas given the highest priority, as in the State of New Jersy (New Jersey Department of Environmental Protection, 2004).
Sidebar 1 – Treatment for Ra 
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