A Breakthrough in Defining Perchlorate Sources: Distinguishing Natural Perchlorate from Man-Made Sources

Until recently, it was assumed that much of the reported groundwater and surface water impacts from perchlorate resulted from historical disposal practices by the military, the aerospace and ordnance industries, and perchlorate manufacturers.  However, the combination of lower detection limits for perchlorate (now into the low part-per-trillion range) and increased sampling nationwide has revealed that this chemical is much more widely distributed in the environment than previously thought.  Non-military commercial sources of perchlorate, such as road flares, fireworks and blasting explosives account for some of the environmental occurrence of this compound.  However, mounting evidence suggests that the past application of Chilean nitrate-derived fertilizers and indigenous mineral and soil sources of perchlorate in the U.S. are significant contributors to its apparent ubiquity.  In light of the potentially staggering costs associated with perchlorate remediation, the ability to confirm a naturally-occurring background perchlorate level can provide significant cost savings for the DoD at its perchlorate-impacted sites.
With increasing state and federal regulatory pressure to clean up perchlorate in groundwater and drinking water to low part-per-billion (ppb) levels, source identification is taking on new importance.  In instances where perchlorate is present in groundwater at hundreds to thousands of ppb, synthetic sources are likely to be the cause.  However, when perchlorate concentrations are low (e.g., < 20 ppb) and a military, commercial or manufacturing source is not readily apparent or is not indicated based on hydrogeological data (e.g., contamination is upgradient of a known military source area), natural perchlorate, either from Chilean fertilizers or indigenous sources, should be considered.  This is particularly true in historical agricultural areas that may have been subject to both fertilization and irrigation (see next section).   
Background on Natural Perchlorate  

Apart from military and commercial production and use of perchlorate as an oxidant, the anion has long been known to naturally co-occur with nitrate in geological deposits in the Atacama Desert of Chile.  The nitrate deposits, sometimes referred to as Chilean caliche, were widely used in the United States during the first half of the 20th Century as an agricultural fertilizer.  In fact, a recent study suggests that as many as 24 million metric tons of Chilean nitrate was imported to the U.S. during the past century1.  Although perchlorate concentrations in Chilean fertilizers have been significantly reduced in recent years through two new production methods, the historical concentration of perchlorate in this material is reported to have ranged from approximately 1,750 to 7,700 mg/kg2-4.  Thus, one metric ton of the processed fertilizer could have contained as much as 7.7 kg of perchlorate; enough to contaminate more than 340 million gallons of groundwater to above the current California Action level of 6 g/L.  In addition to Chilean caliche, natural perchlorate has now been detected in evaporite mineral deposits and in vadose soils throughout arid regions of the western United States.  When farmland in such areas is heavily irrigated, this natural perchlorate may be mobilized and transported to groundwater.    

Technique to Distinguish Perchlorate Sources

The most common analytical method to quantify perchlorate concentrations in water, EPA Method 314.0 (ion chromatography), is incapable of distinguishing natural from synthetic perchlorate.  However, a more specialized isotopic method has now been developed that appears to meet this objective.  This technique quantifies percentages of the stable isotopes of chlorine (37Cl/35Cl) and oxygen (18O/16O and 17O/16O) in perchlorate using isotope-ratio mass-spectrometry (IRMS).  In general, these isotopic values are reported as part-per-thousand differences between the isotopic ratio of the sample and that of a standard for each element (denoted as “per mil” or “" valuesFor many compounds, stable isotope ratios of key elements differ based on their origin and/or mechanism of formation.  Research conducted through the DoD Environmental Security Technology Certification Program shows that this is the case for perchlorate.  In particular, current data indicate that the chlorine isotope ratio (37C/35Cl reported as 37Cl) in the naturally-occurring perchlorate derived from Chile is considerably lower than that of man-made perchlorate, irrespective of manufacturer, and the oxygen isotope (18O/16O reported as 18O) ratio for the caliche-derived material is appreciably higher than for the synthetic materials (Figure 1).  This is true for both the caliche mineral and for fertilizers produced and imported from this mineral.  An observed 17O excess, which is presumably derived from the formation of perchlorate from 17O-enriched ozone in the upper atmosphere, has not been detected in any synthetic samples of perchlorate. Thus, ratios of three stable isotope ratios (37Cl/35Cl; 18O/16O; 17O/16O) have been shown to differ significantly between natural Chilean perchlorate and man-made perchlorate.  

Groundwater Sampling

Approximately 10 mg of perchlorate is required to obtain isotopic values for oxygen and chlorine in the molecule.  For plumes with low perchlorate concentrations, collecting this quantity of perchlorate can be a significant challenge.  For example, if the perchlorate concentration in a well is 5 ppb, then 2000 L (~530 gal) of water is required to obtain the necessary 10 mg of perchlorate.  Obviously, shipping this much water is impractical to say the least.  Rather, small columns with perchlorate-specific anion exchange resin (IX resin) have been developed for field use. One design is shown in Figure 2.  Water is passed through these columns using a typical pump design (i.e., Grundfos or peristaltic pump), and the perchlorate is trapped by the IX resin.  Although several hours may be required for sample collection (flow rates of 1-3 L/min are typical for these columns), the columns are capable of trapping 10 mg of perchlorate on a small volume of resin.  The perchlorate must then be extracted from the resin through chemical methods and purified prior to IRMS.  Techniques for both extraction and purification of perchlorate have been developed.   
Groundwater Data

Evaluations of chlorine and oxygen isotopic signatures or perchlorate in groundwater have been conducted at several locations around the U.S., including sites in CA, NV, NJ, NY, MD, and TX.  Isotopic signatures similar to those quantified for man-made perchlorate sources have been observed at several of these sites.  Isotopic values representative of natural (Chilean) perchlorate, including the distinctive 17O enrichment, have also been observed at three locations thus far.  A comparison of the groundwater values with the source values is provided in Figure 3 ( 37Cl vs. 18O) and Figure 4 (17O vs.  18O).  At one of the sites tested, perchlorate derived from DoD-contractor activities was found in close proximity to that from the past application of Chilean nitrate fertilizers (based on isotope ratio data).  In this instance, the stable isotope data clearly support groundwater plume mapping conducted at the site.  The natural perchlorate was detected in groundwater upgradient and sidegradient of a well established plume. There was no obvious pathway from the known source area to several of the wells, and the isotope data revealed that these wells, in fact, contained natural perchlorate that was unrelated to that in the source area.  In the absence of stable isotope data, it would be difficult, if not impossible, to prove that any of the perchlorate at this location was natural in origin, irrespective of the hydrogeological data and plume maps.  

Interestingly, an isotopic signature unlike that from either natural or synthetic perchlorate has been observed in several wells in West Texas (Figures 3 & 4).  A widespread occurrence of perchlorate in groundwater, which encompasses more than 60,000 sq mi, and includes several different groundwater aquifers, has been described in this region5.  Various theories have been proposed for this occurrence, but based on the wide distribution and quantities of perchlorate detected, this material is most likely of natural origin in the U.S. (indigenous mineral or soil source).  The isotopic data suggest that either this perchlorate was formed by a different mechanism than that of the Chilean evaporites, or that the perchlorate has been modified by biological, physical, or geochemical processes after deposition, thus altering the original isotopic signature of the perchlorate.  One sample of perchlorate known to be natural and indigenous to the U.S. (from the Mojave Desert) has thus far been analyzed isotopically.  Although the values for 37Cl and 18O differed somewhat from that of the Chilean material, the perchlorate sample showed a similar elevated value of 17O.   The existence of this large 17O anomaly in the Mojave sample but not in the West Texas sample suggests that the origin of these two perchlorates is different. Additional studies are ongoing to explain the genesis of the West Texas perchlorate.  

Challenges: Distinguishing Man-made Sources from Each Other

The isotopic differences between synthetic perchlorate and natural perchlorate derived from Chile are clearly defined.  Isotope values also differ appreciably between synthetic materials and indigenous natural perchlorate from both West Texas and the Mojave, suggesting that these materials can be differentiated.    However, the utility of stable isotopes to distinguish perchlorate from different man-made sources (as opposed to man-made vs. natural sources) is less clear.  With a few exceptions, the 37Cl values of synthetic perchlorates are too similar to be of practical application for distinguishing sources.  Values of 17O also do not differ significantly among the synthetic samples tested.  For some manufactured perchlorates, the inherent 18O signature may differ enough to distinguish sources.  However, rigorous studies are necessary to clearly define the variability in 18O values between batches of perchlorate from a single manufacturing plant, and to further quantify differences in  18O among different production plants in the U.S. and abroad.  In the absence of such data, delineating synthetic sources based on isotopic signature is not recommended.  
Take Home Lessons 
Perchlorate is not only a military oxidant, but also occurs naturally.  During the first half of the 20th Century, thousands of tons of natural perchlorate were applied to farmland as an impurity in Chilean nitrate fertilizers.  Although many of the farms have long ago become housing developments (or military facilities), the perchlorate may persist.  In addition to this fertilizer source, natural perchlorate has also been detected in mineral deposits and unsaturated soils throughout the arid Southwest.  Irrigation or other changing water uses in such dry areas may mobilize this natural perchlorate to groundwater.  When faced with cleaning up perchlorate at a DoD or DoD-contractor facility, it is important to consider whether natural perchlorate (Chilean or indigenous) is contributing to groundwater contamination. The following site/contamination characteristics indicate this possibility:

· Perchlorate was not known to be used at the site, but it has been detected in groundwater;

· Site is present in a historical agricultural area, particularly a region where citrus and/or vegetables were grown;

·  Perchlorate is widespread in groundwater and present at low concentrations (< 20 ppb)

· Perchlorate is present in groundwater upgradient of known source areas and/or in areas where the source material should not have migrated

When one or more of the aforementioned conditions occur, stable isotope analysis should be considered as a means to determine if some or all of the perchlorate present at a facility is natural.  Distinguishing military from natural sources has the potential to dramatically reduce cleanup costs. 

For additional information on stable isotope analysis of perchlorate, please contact one of the POCs listed below:   
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Figure 1.  Comparison of 37Cl and  18O values for man-made and natural Chilean perchlorate in source materials.
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Figure 2.  IX column used to collect perchlorate from groundwater. 
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Figure 3.  Comparison of 37Cl and 18O values for perchlorate collected from groundwater (black symbols) with that from man-made solids (open red circles) and natural solids (open blue squares).  
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Figure 4.  Comparison of 17O and 18O values for perchlorate collected from groundwater (black symbols) with that from synthetic solids (open red circles) and natural solids (open blue squares). 
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