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DISCLAIMER 
 
 This report was prepared as an account of work sponsored by an agency of the United 
States Government. Neither the United States Government, nor any agency thereof, nor any of 
their employees, makes any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness, or usefulness of any information, apparatus, 
product, or process disclosed, or represents that its use would not infringe privately owned rights. 
Reference herein to any specific commercial product, process, or service by trade name, 
trademark, manufacturer, or otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any agency thereof. The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the United 
States Government or any agency thereof. 
 
 This report is available to the public from the National Technical Information Service, U.S. 
Department of Commerce, 5285 Port Royal Road, Springfield, VA 22161; phone orders 
accepted at (703) 487-4650. 
 
 
EERC DISCLAIMER 
 
 LEGAL NOTICE This research report was prepared by the Energy & Environmental 
Research Center (EERC), an agency of the University of North Dakota, as an account of work 
sponsored by the U.S. Department of Energy. Because of the research nature of the work 
performed, neither the EERC nor any of its employees makes any warranty, express or implied, 
or assumes any legal liability or responsibility for the accuracy, completeness, or usefulness of 
any information, apparatus, product, or process disclosed or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, process, or 
service by trade name, trademark, manufacturer, or otherwise does not necessarily constitute or 
imply its endorsement or recommendation by the EERC. 
 



 

SUBTASK 1.1 – CHARACTERIZATION OF ERIONITE 
 
 
ABSTRACT 
 
 Zeolites are an economical mineral used in several applications, primarily as molecular 
sieves because of their crystalline structure. Southwestern North Dakota has several localities of 
volcanic ash deposits (tuffs) that have undergone physical and chemical changes forming some 
zeolites in the process. Of particular interest is the zeolite mineral erionite, but not because of its 
economic potential. Erionite is highly carcinogenic and was found to be responsible for 
extremely high mortality rates in two Turkish villages in close proximity to erionite rock and 
dust. Erionite has traditionally been identified using x-ray diffraction (XRD) methods. The 
presence of swelling clays can interfere with the identification of erionite by XRD giving false 
positive results. Scanning electron microscopy (SEM) was used to identify the distinctive 
needlelike form of erionite. In some cases, erionite was identified using SEM techniques where 
erionite was present, but in quantities that are lower than the lower detection limits. Conversely, 
erionite was identified by XRD in some instances where the erionite was somewhat masked in a 
clay matrix. Both XRD and SEM methods should be used to properly identify erionite. Erionite 
was identified in sandstones and siltstones from buttes in Dunn, Stark, and Slope Counties of 
North Dakota, but no definitive correlation was noted between these occurrences and health 
effects that may be attributed to erionite. 
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SUBTASK 1.1 – CHARACTERIZATION OF ERIONITE 
 
 
EXECUTIVE SUMMARY 
 
 Zeolites have significant industrial uses globally, with deposits recorded in over  
40 countries. U.S. sales of natural zeolites increased from 3630 t in 1974 to 60,100 t in 2008. 
However, the naturally occurring fibrous form of zeolite, erionite, is the most toxic mineral 
known for humans. Studies indicate it is up to 800 times more carcinogenic than asbestos. 
Although erionite is no longer specifically mined or marketed for commercial purposes, erionite 
can be a major component of other currently mined zeolite deposits. Additionally, zeolite 
deposits may be associated with overburdens and can be a hazard during mining because of the 
possible presence of erionite.  Alarmingly, there are no current specific regulations or guidelines 
relevant to reduction of exposure to erionite. However, as industry increases its use for natural 
zeolites, the risk of erionite exposure is amplified, and the health effects issues in the mining and 
the use of these materials have the potential to be of great concern.  
 
 The North Dakota Geological Survey (NDGS) and the mining companies attempting to 
exploit the states zeolite deposits have an extreme interest in which deposits contain 
erionite. Zeolite deposits that are being sought for commercial value in North Dakota and 
elsewhere have been found to contain erionite. Prior analysis conducted by the EERC also 
indicated the presence of erionite in the outcrop, gravel pit, and road dust from samples collected 
in Dunn County. Likewise, the major areas of zeolite formation and erionite deposits coincide 
with mining areas of lignite and subbituminous coal. Disruption of these areas and overburden 
may create an increased risk of exposure without adequate precautions.  
 
 The health effects issues for the use of these materials is concerning, although they may 
largely be prevented by simply knowing which zeolite deposits are rich in erionite. There is a 
critical need to identify which zeolite deposits are safe and suitable for economic development 
and which are not. As the first step in order to assess the health risks associated with naturally 
occurring erionite in southwestern North Dakota, the goal of this project was to accurately 
identify the potential presence of erionite in collected samples from a much larger geographic 
area than previously sampled. By utilizing various electron microscopy methods, the presence or 
absence and relative amount of erionite were noted and mapped based on their locations and 
erionite concentrations.  
 
 The results of this project indicate erionite occurrences were recognized as a constituent 
within a mapable rock unit or marker bed within a rock unit that can be identified and laterally 
correlated. Preliminary mapping of erionite distribution did not indicate a correlation between 
erionite occurrences and lung disease, but did indicate an increase of cancer rate in some 
counties compared to national levels. A data bank was created that can be used for comparative 
analysis of different mineral compositions of erionite obtained from additional locations. The 
information from this project will enable better surveys for toxicological studies and risk 
assessments and will be valuable for research regarding the health effects issues associated with 
erionite exposure and using zeolites.  
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SUBTASK 1.1 – CHARACTERIZATION OF ERIONITE 
 
 
INTRODUCTION 
 
 Zeolites are one of the most extensive mineral families in the earth’s crust. Fibrous and 
nonfibrous zeolites are common minerals in the western United States. Ten trillion tons of 
reserves and 120 million tons exist near the surface of the ground. The zeolite beds may be up to 
15 feet thick and may lie in surface outcroppings. However, a naturally occurring fibrous form of 
one zeolite, known as erionite, has proved to be the most toxic mineral known for humans (IARC 
[International Agency for Research on Cancer], 1997). The U.S. Environmental Protection 
Agency (EPA) regulates erionite under the Toxic Substances Control Act as a chemical 
substance for which there are significant new uses and thereby specifies procedures of 
manufacturers, importers, or processors to report on these significant new uses. Occupational 
exposures occur during mining, milling, and processing of zeolites as well as during agricultural 
work in areas where soils are contaminated with erionite. All workers involved in the production 
or use of zeolite-containing products are potentially exposed to erionite. Since erionite has also 
been reported to be a minor component in some commercial zeolites, the use of other zeolites 
may result in nonoccupational exposure. 
 

Zeolites 
 
 Zeolite-type minerals have physical and chemical properties that make them excellent 
materials with a number of applications. World production of natural zeolites is estimated in the 
range of 2.5 to 3 Mt based on reported and estimated production. U.S. sales of natural zeolites 
have increased to 60,100 t in 2008 from 3630 t in 1974. In 2008, natural zeolites were mined by 
eight companies in the United States, with three other companies working from stockpiled 
materials or zeolites purchased from other producers for resale. Conventional open pit mining 
techniques are used to mine natural zeolites. The overburden is removed to allow access to the 
ore (Virta, R. L. 2009). The zeolite industry is booming because they contribute to a cleaner, 
safer environment in a great number of ways. Nearly every application of zeolite has been driven 
by environmental concerns or plays a significant role in reducing toxic waste and energy 
consumption. 

 Excerpts from the U.S. Geological Survey (USGS) affirm domestic uses for natural 
zeolites were, in decreasing order by tonnage, animal feed, pet litter, water purification, odor 
control, miscellaneous uses, fungicide or pesticide carrier, oil absorbent, wastewater cleanup, gas 
absorbent, horticultural applications (soil conditioners and growth media), aquaculture, 
desiccant, and catalyst. Natural zeolites are used in ion-exchange and adsorption applications. 
Removal of heavy metals from industrial and mine drainage, currently achieved by direct 
addition of lime or soda, may be done in the future by zeolites. Heavy metal removal, 
particularly in acid mine drainage, also has potential for a growing market. Current large-scale 
plans are to market the zeolites into agricultural, energy, and industrial markets and for downhole 
cement formulations by the oil and natural gas industry. 
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 Zeolites act as molecular sieves. Mobil Corporation introduced the first zeolite-containing 
cracking catalyst in the early 1960s, and today virtually every refinery in the world uses catalysts 
containing synthetic zeolite. Synthetic zeolites are currently used at gas plants in Alberta to 
purify and sweeten natural gases through the removal of impurities such as carbon dioxide, 
sulfur dioxide, and water. In addition to upgrading natural gas, zeolites are used to separate 
oxygen and nitrogen in pressure swing adsorption columns. Zeolite is a crystalline mineral 
containing pores and cavities of molecular dimensions. The interior surfaces of zeolite contain 
highly acidic centers that serve as the active sites for cracking petroleum. Natural zeolites are 
particularly effective in removal of water and carbon dioxide from gaseous hydrocarbons; 
removal of hydrochloric acid and hydrogen sulfide from gas streams; catalysis and natural gas 
separation; and removing water from hydrogen chloride because zeolite is stable at 2.5 pH.  

Erionite 
 
 Erionite fibers have the highest carcinogenic potency among any other fibers studied. 
Epidemiological, in vivo, and in vitro experimental studies have confirmed the high potency of 
erionite to induce mesothelioma. Malignant mesothelioma is a cancer of the lining of the chest 
and abdomen and is usually associated with a history of exposure to asbestos 30–60 years prior 
to the diagnosis. Mesothelioma is one of the most aggressive human cancers, is frequently 
diagnosed at an advanced stage, and is very difficult to treat. Patients usually die within  
15 months after diagnosis.  
 
 The link between erionite and mesothelioma is most evident in two villages in Turkey 
where 50% of deaths are caused by mesothelioma. It is important to note that exposures in 
Turkey are nonoccupational. Erionite was found in samples collected from the walls of local 
dwellings and rock and dust samples. The rate of mesothelioma cases in these Turkish “erionite 
villages” is estimated to be four times greater than that in populations industrially exposed to 
asbestos, and the life expectancy after diagnosis from erionite exposure is typically only  
6–18 months. 
 
 In vivo and in vitro studies performed by both IARC in Lyon and the World Health 
Organization (WHO) have confirmed the carcinogenicity of erionite fibers. The cancer rate in the 
regions where they are found is about 1000 times higher than the norm. In an inhalation rat study 
testing a natural erionite (Oregon), pleural mesotheliomas developed in 27/28 rats exposed to 
erionite. No tumors were reported in the negative control group. In experiments comparing the 
relative carcinogenic potency of erionite and asbestos fibers, erionite was 300–800 times more 
active than chrysotile, and 100–500 times more active than crocidolite.  
 
 Commercial mining of ores containing erionite began in the 1960s and continued through 
the 1970s by two U.S. companies. During that time, erionite was one of four commercially 
important zeolites. By 2002, nine companies were mining natural zeolites in the United States. 
Several hundred occurrences of zeolite deposits have been recorded in over 40 countries. 
Commercial deposits in the United States are in Arizona, California, Idaho, Nevada, New 
Mexico, Oregon, Texas, Utah, and Wyoming. Erionite occurs in the rocks of many types and in 
many geologic settings. However, it rarely occurs in pure form and is normally associated with 
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other zeolite minerals. There are, however, several locations where erionite exists in deposits 
exceeding millions of tons.  
 
 Early ranch houses in the American West were built with blocks of locally quarried 
erionite. There are homes in Oregon and weigh stations in Nevada known to be made of erionite. 
Very large amounts were used in pozzolanic cements, such as those used in the construction of 
the Los Angeles aqueduct in California. Erionite fibers have also been detected in samples of 
road dust in Nevada as well. Therefore, as industry increases its use for natural zeolites, the 
health risk of erionite exposure is amplified. It is of crucial importance to identify which zeolite 
deposits contain erionite and which are safe to be used.  
 
 Recently, erionite has been identified in rocks and sediments from western North Dakota 
in three locations, all from the southwestern part of the state. Figure 1 shows the location of 
known erionite occurrences shown by the red dots. This map was generated by the North Dakota 
Geological Survey and the North Dakota Department of Health regarding erionite-bearing tuffs 
overlaying gravel deposits commercially mined.  
 
 The erionite occurrences were all contained in a relatively narrow time as well being 
confined primarily to the Arikaree, Brule, and Chadron Formations, as depicted in Figure 2.  
 
 

 
 

Figure 1. Erionite occurrences (red dots) in southwestern North Dakota. 
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Figure 2. Stratigraphic section of the known erionite occurrences. 
 
 
 Erionite occurrences in North Dakota were known for several years. Stone first identified 
erionite in the Oligocene and Miocene deposits (Stone, 1973), and erionite’s presence has since 
been reported in tuffs of the Killdeer Mountains of Dunn County (Forsman, 1986; Murphy et al., 
1993). In 2005, a Cretaceous deposit known as the “Linton Ash” was evaluated for zeolites. Data 
from an independent consulting laboratory indicated the presence of erionite in the Linton Ash 
using XRD as the means for identification (unpublished data). These results have not been 
duplicated by either SEM or XRD for that particular deposit, but the awareness of the presence 
of erionite and the potential health risks associated with it were noted for other erionite-bearing 
deposits. In 2006, an area of the Killdeer Mountains was sampled and examined for erionite. 
After confirming the presence of erionite, Forsman (2006) expressed a need for erionite hazard 
maps stating that erionite is a product of diagenesis and is not expected to occur along all 
portions of a tuff.  
 
 
GOAL AND OBJECTIVES 
 
 In order to asses the health risks associated with naturally occurring erionite in 
southwestern North Dakota, the areas of known erionite must be identified. Previous erionite-
containing deposits were identified because rocks were being mined for various construction 
applications such as asphalt fill material and road base gravel. This report describes the results of 
the U.S. Department of Energy (DOE)-funded project designed to identify the potential presence 
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of erionite in samples collected from a much larger geographic area than previously sampled. 
The erionite occurrences were recognized as a constituent within a mapable rock unit or marker 
bed within a rock unit that can be identified and laterally correlated.  
 
 
EXPERIMENTAL METHODS 
 
 The samples used for this study were supplied by Edward Murphy of the North Dakota 
Geological Survey. The samples were originally collected for a stratigraphic study of the buttes 
in southwestern North Dakota. Figure 3 shows the number of samples and sample locations in 
purple for this study. 
 
 Thirty-two samples were selected from various buttes in southwestern North Dakota. The 
samples were sent to the Natural Materials Analytical Research Laboratory (NMARL) at the 
EERC. Table 1 is a sample list with the description and the geologic formation and county the 
sample was collected from. The description corresponds to measured stratigraphic sections 
described in Murphy and others (1993) in “The Chadron, Brule, and Arikaree Formations in 
North Dakota: The Buttes of Southwestern North Dakota Report of Investigation No. 96.” This 
study was done to determine the age and relationships of the middle Cenozoic rocks left only 
exposed in buttes in North Dakota.  
 
 

 
 

Figure 3. Sample date and location for samples used in this survey. 
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Table 1. Samples Used for This Study 
NMARL No. Description Formation County Lithology 
90987 So. Killdeer Mtn Unit 10 Arikaree Dunn Sandstone 
90988 So. Killdeer Mtn Unit 7 Arikaree Dunn Sandstone 
90989 So. Killdeer Mtn Unit 6 Arikaree Dunn Siltstone 
90990 So. Killdeer Mtn Unit 5 Arikaree Dunn Siltstone 
90991 White Butte Units 7 and 8 Arikaree Slope Sandstone 
90992 White Butte Unit 5 Arikaree Slope Siltstone 
90993 Knob Hill Unit 5 Brule Stark Siltstone 
90994 Knob Hill Unit 2 Brule Stark Siltstone 
90995 Knob Hill Unit 1 Brule Stark Siltstone 
90996 Obritsch Ranch Unit 12 Arikaree Stark Sandstone 
90997 Obritsch Ranch Unit 11 Arikaree Stark Siltstone 
90998 Obritsch Ranch Unit 7 Brule Stark Sandstone 
90999 Fitterer Ranch Unit 12 Brule Stark Siltstone 
91000 Fitterer Ranch Unit 11 Brule Stark Siltstone 
91001 Fitterer Ranch Unit 10 Brule Stark Siltstone 
91002 Fitterer Ranch Unit 9 Brule Stark Siltstone 
91003 Fitterer Ranch Unit 6 Brule Stark Sandstone 
91004 Fitterer Ranch Ampitheater Unit 5 Brule Stark Claystone 
91005 East Rainy Butte Unit 1 Arikaree Slope Sandstone 
91006 East Rainy Butte Unit 4 Brule Slope Siltstone 
91007 East Rainy Butte Unit 5 Brule Slope Sandstone 
91008 East Rainy Butte Unit 6 Brule Slope Sandstone 
91009 East Rainy Butte Unit 8 Brule Slope Silicified 

Peat 
91010 East Rainy Butte Unit 12 Brule Slope Siltstone 
91011 East Rainy Butte Unit 17 Golden 

Valley 
Slope Siltstone 

91012 Square Butte Unit 3-6 Golden 
Valley 

Golden 
Valley 

Sandstone 

91013 Bullion Butte Unit 6 Chadron Billings Sandstone 
91014 Bullion Butte Units 7 and 8 Golden 

Valley 
Billings Sandstone 

91015 Whetstone Butte Unit 1 Chadron Adams Sandstone 
91016 South Whetstone Butte Unit 1 Chadron Adams Sandstone 
91017 South Whetstone Butte Unit 2 Chadron Adams Sandstone 
91018 South Coffin Butte Unit 4 Arikaree Grant Sandstone 

 
 
 Samples were prepared in a glove box and/or fume hood to keep any fugitive dust from 
being released. A 5-gram sample was first ball-milled and then micronized for the XRD analysis. 
The micronizing process was done using deionized (DI) water and vacuum filtering and drying 
the filter cake. A small amount of the powder was dispersed onto double-stick carbon tape and 
analyzed by SEM. Images were taken at 100X magnification for reconnaissance, and if erionite 
or other fibrous minerals were found, higher magnifications were used to document the 
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occurance. Appendix A shows the SEM images for each of the samples analyzed. Figure 4 is an 
SEM image at 100X from South Killdeer Mountain Unit 7 in Dunn County. Figure 5 shows the 
needlelike erionite particles at a higher magnification (750X). 
 
 All samples were analyzed by XRD. XRD is the industry standard for the determination of 
mineral or crystalline content in any given sample. A technique for erionite determination was 
slightly modified from a technique developed at Los Alamos National Laboratory (Bish and 
Chippera, 1991). Bish and Chippera used a Siemens D-500 diffractometer employing Cu K-
alpha radiation, the Bragg-Brentano geometry, a graphite diffracted-beam monochromator, and 
incident- and diffracted-beam Soller slits. X-rays were detected with a scintillation detector, and 
later with a more sensitive solid state position sensitive detector. Scanning took place with count 
times of at least 120 sec per step. Typical scans would take as much as 12 hours to complete to 
reach detection limits below 1 wt%. 
 
 In the present study, a Bruker AXS D8 advanced XRD, equipped with a Cu x-ray tube and 
scintillation detector, was used. A parallel beam geometry was used instead of the Bragg-
Brentano geometry used in Bish and Chippera. To configure the XRD for a parallel beam 
geometry, a Göbel mirror was used to reflect and collimate the diverging beam from the tube. 
The Cu K-beta portion of the x-ray tube spectrum is eliminated from the incident beam; 
therefore, a monochrometer or Ni filter is not needed before the detector. The flux of the beam is 
also more intense, yielding stronger diffraction peaks. Because of the increased intensity, the 
count times could be reduced to 30 sec per step for scans between 7 and 1° 2θ.  
 
  

 
 

Figure 4. SEM image at 100X of material from South Killdeer Mountains in Dunn County. 
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Figure 5. SEM image at 750X of erionite needles shown in Figure 4. 
 
 
 Samples were analyzed using two consecutive scans. A reconnaissance scan from 7 to  
40° 2θ and a count time of 3 sec per step were used to determine major phases within the sample. 
The region from 7° to 10° 2θ was rescanned (without moving the sample) at 30 sec per step to 
acquire low-angle peaks for the analysis of erionite (Figure 6).  
  
 The [1 0 0] reflection of erionite at 7.67° 2θ is used to determine the relative amount of 
erionite (relative to other samples) by determining the net area of this peak. The presence or 
absence of erionite cannot be strictly defined by just looking at the low-angle scans. Peaks from 
angles higher than 10° 2-theta are necessary to properly identify erionite. Once it has been 
established that the low-angle peak is, in fact, that of erionite, that peak (7.6° 2-theta) is used to 
determine the relative amounts found in each of the samples. Individual diffractograms from 
each sample analyzed by XRD are included in Appendix B.  
 
 
RESULTS AND DISCUSSION 
 

Identification and Characterization of Erionite 
 
 In the process of analysis, we determined that, for correct identification of erionite, both 
SEM and XRD techniques have their advantages and disadvantages. The SEM is a visual 
technique, and erionite has a very distinct shape. Erionite was found to occur in small clumps, 
and the distinctive needle-shaped erionite crystals were not visible. The XRD is a blind 
technique in which an ethanol/sample slurry is put on a sample holder by means of a pipette and  
  



 

9 

 
 

Figure 6. Low-angle XRD results showing samples containing erionite and some that do not 
contain erionite (pink, green, and light blue).  

 
 
allowed to dry. Erionite crystals not visible in the SEM can still be detected by XRD. A major 
disadvantage of the XRD is that the erionite must be present in relatively high amounts 
compared to what can often be seen by SEM methods. Table 2 is a list of the samples for which 
the two methods did not agree. 
 
 For those samples where the SEM was able to identify erionite but the XRD was not able 
to confirm, most are caused by erionite being in such low concentrations that the XRD was not 
sensitive enough to identify it.  
 
 
Table 2. Samples with Differing Results 
NMARL No. Description Formation County Lithology SEM XRD
90987 So. Killdeer Mtn Unit 10 Arikaree Dunn Sandstone Yes No 
90990 So. Killdeer Mtn Unit 5 Arikaree Dunn Siltstone Yes No 
90996 Obritsch Ranch Unit 12 Arikaree Stark Sandstone Yes No 
91000 Fitterer Ranch Unit 11 Brule Stark Siltstone Yes No 
91018 South Coffin Butte Unit 4 Arikaree Grant Sandstone No Yes 
90993 Knob Hill Unit 5 Brule Stark Siltstone No Yes 
91009 East Rainy Butte Unit 8 Brule Slope Silicified Peat No Yes 
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 Figure 7 shows a few rare erionite needles from the South Killdeer Mountain Unit 10 
(NMARL No. 90987). While the needles can be found in that sample, their presence is not in 
large enough quantities to be able to identify them by XRD methods. Figure 8 is the SEM image 
from Bullion Butte Units 7 and 8 (NMARL No. 91014) in which the SEM technician identified 
fibrous zeolites as analcime, but no erionite was identified by either SEM or XRD.  
 
 

 
 

Figure 7. South Killdeer Mountain Unit 10 sample showing erionite needles. 
 
 

 
 

Figure 8. Fibrous mineral (analcime) from the Golden Valley Formation Bullion Butte sample. 
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 The fibrous mineral found in the Bullion Butte sample is not erionite but analcime. Both 
images in Figures 7 and 8 were done at a magnification of 750X. The fibrous material found in 
Figure 8 is much finer than any of the positively identified erionite spicules. Figures 9 and 10 
show a sample where XRD was able to identify the presence of erionite even though it was not 
obvious when viewed by SEM. Grinding the original material into a fine powder for the SEM 
analysis is useful, but there are still instances when the SEM is not able to positively image 
erionite. 
 
 A newly available SEM technique called QEMSCAN® was tried for six samples. 
QEMSCAN uses four high-speed (silicon drift detectors) energy-dispersive (EDS) x-ray 
detectors to chemically map the surface or any portion of the surface of a sample. Figure 11 is a 
small portion of the QEMSCAN image from South Killdeer Mountain Unit 7 (NMARL No. 
090988) in which erionite was common to abundant. The entire image can be viewed in 
Appendix C. The spectra generated from QEMSCAN are grouped into categories based on the 
chemical composition. Mineral names were assigned to the categories. The same color coding of 
mineral phases was used for all six of the samples analyzed. Since mineralogy is assigned to 
particles based on chemical composition, secondary minerals such as erionite are difficult to 
identify. Erionite appears to be an alteration product of illite or (K-rich clay). Erionite also 
contains Na and may have Ca as well. Other clay minerals and especially mixed layer clays with 
illite and calcium or sodium montmorillonite are extremely difficult to distinguish from erionite. 
The QEMSCAN images in Appendix C all show at least some erionite present. Table 3 shows 
relative amounts of each mineral phase identified in the six samples. In the case of the Bullion 
Butte Units 7 and 8 sample, erionite was not identified by either SEM or XRD. There were 
several areas of particles with chemical compositions consistent with erionite, but not actually 
erionite.  
 
 

 
 

Figure 9. A particle from White Butte at 100X in which erionite was not identified by SEM. 
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Figure 10. Particles milled or mechanically broken down from the White Butte sample shows 
erionite is present (750X). 

 
 
 

 
 

Figure 11. QEMSCAN image of South Killdeer Mountain Unit 7 (090988). 
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Table 3. Summary of QEMSCAN Results 

 
 
 All of the QEMSCAN images in Appendix C were done at the same magnification and 
used the same species identification program (SIP) to define and color-code the particles. The 
images from South Killdeer Unit 7 (090988) and Fitterer Ranch Unit 11 (091000) both show 
large amounts of calcium oxide (lime) as the cementing agent. The image from Obritsch Ranch 
Unit 12 (090996) shows rock fragment inclusions that include erionite-bearing clasts. Figure 12 
  

Surv ey Surv ey ID Base samples

Sample Sample ID 090988 090990 090996 091000 091003 091014

Measurement Measurement Mode FieldImage FieldImage FieldImage FieldImage FieldImage FieldImage

XpixelSpacing (µm) 5 5 5 5 5 5

Diameter of Area Scanned (µm) 391.8 949.2 1645.5 1601.1 563.0 723.6

Elemental Mass (%) Al 4.37 4.13 5.59 4.29 5.03 8.02

C 0.18 0.01 0.00 0.08 0.00 0.99

Ca 28.09 6.56 2.61 30.25 2.03 0.44

F 0.00 0.00 0.01 0.01 0.00 0.00

Fe 0.80 0.25 1.40 0.29 1.68 0.03

H 0.70 0.47 0.95 0.64 0.71 0.69

K 1.00 0.55 1.23 0.60 1.12 0.30

Mg 1.40 1.84 3.20 1.18 4.07 0.08

Na 1.40 1.40 1.95 1.15 1.90 6.08

O 42.62 50.04 51.14 40.69 50.52 52.18

P 0.02 0.00 0.03 0.03 0.01 0.00

Si 16.93 33.55 29.52 15.70 30.98 30.28

Ti 0.26 0.08 0.74 0.30 0.30 0.07

Zr 0.01 0.01 0.02 0.00 0.00 0.00

Mineral Mass(%) Quartz 7.27 38.97 22.13 6.65 29.10 35.77

Zircon 0.02 0.02 0.04 0.01 0.01 0.01

Erionite 20.90 7.35 18.78 5.63 12.97 10.16

Erionite (Ca-rich) 8.55 12.91 22.93 18.25 13.01 0.22

Lime 36.03 2.49 0.00 37.74 0.01 0.03

Apatite 0.09 0.00 0.15 0.19 0.05 0.00

Calcite 1.53 0.01 0.00 0.63 0.00 0.00

Wollastonite 1.63 8.24 0.64 3.04 0.24 0.10

Analcime 1.61 1.88 4.99 4.66 8.13 33.57

Illite 1.56 0.58 1.40 0.32 2.12 0.14

Plagioclase 2.31 17.35 6.07 3.41 5.78 4.87

Hematite 0.20 0.04 0.15 0.02 0.03 0.00

Forsterite 1.88 4.50 6.01 0.49 8.80 0.17

Rutile 0.01 0.03 0.02 0.01 0.02 0.11

Dawsonite 0.02 0.06 0.02 0.03 0.03 11.93

Augite 1.80 0.86 5.06 1.80 5.10 0.00

Titanite 0.09 0.05 0.11 0.08 0.08 0.00

Diopside 0.35 0.25 0.23 2.27 0.60 0.00

Glauconite 2.66 0.74 2.63 0.76 6.57 0.07

Kaersutite 3.28 0.44 3.19 3.85 1.69 0.01

Ilmenite  0.07 0.06 1.38 0.08 0.26 0.02

Clay 5.94 2.08 2.46 5.29 3.78 2.00

Sample Holder 0.00 0.00 0.00 0.00 0.00 0.00

Other 2.20 1.12 1.61 4.79 1.63 0.83
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Figure 12. QEMSCAN image from Bullion Butte Units 7 and 8. 
 
 
shows the sample from Bullion Butte (091014) which contained a fibrous form of analcime and a 
relatively large amount of dawsonite. Analcime is a zeolite mineral with a nominal chemical 
formula of NaAlSi2O6 · H2O. Dawsonite is NaAl(CO3)(OH)2. For erionite to be identified, there 
must be a strong presence of K associated with Al and Si, and it must also have either Na or Ca. 
 
 The nominal formula for erionite used was (K2,Ca,Na2)2Al4Si14O36 · 15H2O. Both a Na-
rich and Ca-rich match for erionite and erionitelike particles were found, and the two were 
mapped separately. XRD methods were not able to confirm two types of erionite. 
 
 Table 4 is a summary table listing all of the samples analyzed by SEM and XRD 
techniques for this report. In most cases, the SEM and XRD results were in agreement. Table 4 
reports erionite present if either method resulted in positive results.  
 
 The 32 samples listed in Table 3 represent ten locations. Of the ten locations, only Square 
Butte in Golden Valley County and the Whetstone Buttes in Adams County were free of fibrous 
minerals. Fibrous minerals were found from Bullion Butte in Billings County, but they were 
identified as analcime (Appendix A – 1014-1). Figure 13 shows the locations of the areas 
sampled with an “X” placed as closely as possible to where the sampling location was. 
 
 The main erionite occurrences are still located in Dunn, Stark, and Slope Counties. The 
lateral extent is slightly larger by including larger geographic areas in both Dunn and Stark 
Counties. The occurrence in Grant County at South Coffin Butte is a newly reported occurrence. 
The fibrous analcime from Units 7 and 8 of Bullion Butte in Billings County is significant in that 
these fibers are found in a rock unit (Golden Valley Formation) and area (Billings County) that 
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Table 4. Summary Table of Erionite in Samples from This Study 
NMARL No. Description Formation County Lithology Erionite Relative Amount 
90987 So. Killdeer Mtn Unit 10 Arikaree Dunn Sandstone Yes Trace 
90988 So. Killdeer Mtn Unit 7 Arikaree Dunn Sandstone Yes Abundant 
90989 So. Killdeer Mtn Unit 6 Arikaree Dunn Siltstone Yes Abundant 
90990 So. Killdeer Mtn Unit 5 Arikaree Dunn Siltstone Yes Trace 
90991 White Butte Units 7 and 8 Arikaree Slope Sandstone Yes Trace 
90992 White Butte Unit 5 Arikaree Slope Siltstone No None 
90993 Knob Hill Unit 5 Brule Stark Siltstone Yes Rare 
90994 Knob Hill Unit 2 Brule Stark Siltstone Yes Trace 
90995 Knob Hill Unit 1 Brule Stark Siltstone No None 
90996 Obritsch Ranch Unit 12 Arikaree Stark Sandstone Yes Common 
90997 Obritsch Ranch Unit 11 Arikaree Stark Siltstone Yes Common 
90998 Obritsch Ranch Unit 7 Brule Stark Sandstone Yes Rare 
90999 Fitterer Ranch Unit 12 Brule Stark Siltstone No None 
91000 Fitterer Ranch Unit 11 Brule Stark Siltstone Yes Common 
91001 Fitterer Ranch Unit 10 Brule Stark Siltstone Yes Rare 
91002 Fitterer Ranch Unit 9 Brule Stark Siltstone Yes Trace 
91003 Fitterer Ranch Unit 6 Brule Stark Sandstone Yes Abundant 
91004 Fitterer Ranch Unit 5 Brule Stark Claystone No None 
91005 East Rainy Butte Unit 1 Arikaree Slope Sandstone No None 
91006 East Rainy Butte Unit 4 Brule Slope Siltstone No None 
91007 East Rainy Butte Unit 5 Brule Slope Sandstone No None 
91008 East Rainy Butte Unit 6 Brule Slope Sandstone No None 
91009 East Rainy Butte Unit 8 Brule Slope Sandstone Yes Rare 
91010 East Rainy Butte Unit 12 Brule Slope Siltstone No None 
91011 East Rainy Butte Unit 17 Golden Valley Slope Siltstone No None 
91012 Square Butte Unit 3-6 Golden Valley Golden Valley Sandstone No None 
91013 Bullion Butte Unit 6 Chadron Billings Sandstone No None 
91014 Bullion Butte Units 7&8 Golden Valley Billings Sandstone No None 
91015 Whetstone Butte Unit 1 Chadron Adams Sandstone No None 
91016 South Whetstone Butte Unit 1 Chadron Adams Sandstone No None 
91017 South Whetstone Butte Unit 2 Chadron Adams Sandstone No None 
91018 South Coffin Butte Unit 4 Arikaree Grant Sandstone Yes Trace 

 
 
have not previously been associated with erionite or any other fibrous minerals. Analcime is not 
associated with health risks at this point. Mineral descriptions refer to crystals of analcime as 
being trapezoidal, granular, compact, and massive and as showing concentric structure, but no 
mention of a fibrous crystal habit was found. Murphy and others (1993) report analcime from the 
Bullion Butte samples as a cementing agent in the cap rock of the butte. 
 

Health Risk Mapping 
 
 As the natural presence of erionite becomes known, there is a strong interest in 
determining if these occurances are associated with regional health risks. Similarly to asbestos, 
the clinical latency period of mesothelioma development is 35–40 years after exposure. 
Consequently, incidence associated with erionite exposure has not yet been identified in the 
United States, so risk assessments of erionite and mechanisms of its toxicity are currently 
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unknown. Figure 14 shows the population distribution of North Dakota by percent. The three 
counties of interest are Dunn, Stark, and Slope. Both Dunn and Slope Counties have less than 
1% of the state’s population. Stark County has the city of Dickinson, which is the 7th largest city 
in North Dakota with an estimated population in 2008 of 16,600. Table 5 lists the population of 
the counties of interest as estimates for 2008 based on the U.S. Census of 2000. 
 
 The eight counties in the area of interest have a total population of approximately 36,600, 
which is 5.7% of the state’s population. Because of the low population in this area, statistical 
data on the general population is not of the highest confidence. Figures 15 and 16 are maps 
generated from a national cancer registry that monitors each county in each state. Figure 15 
shows the incidence rates for lung cancer, and Figure 16 shows the death rates from lung cancer 
by county. Only Stark County has a large enough population for presentable data. Figure 15 
shows the incidence rate for Stark County to be 60.0 to 65.7 incidence per 100,000 people. The 
rate for all of North Dakota was 59.3 cases per 100,000, and for the United States is 69.1 per 
100,000.  
 
 Figure 16 shows the death rates from lung disease by county for the State of North Dakota. 
Again, Stark County is the only county in the study area represented with data. For Stark County, 
the death rate from lung disease is 35.6 to 38.3 deaths per 100,000. The North Dakota mean is 
45.5 deaths per 100,000, and the national average is 54.1 deaths per 100,000.  
 
 Figures 17 and 18 show the same type of data but included all types of cancer. The 
incidence rates as depicted in Figure 15 shows only Bowman County (461.2 to 486.7 per 
100,000) in a range equal or slightly higher than the national average of 468.2 per 100,000. The 
mean for the entire state of North Dakota was 451.7 per 100,000, below the national average for 
developing cancer of any kind.  
 
 The death rate for all cancer types shown in Figure 18 does show that Dunn County has a 
higher rate than expected. The national average is 189.8 per 100,000, and the average for North 
Dakota is 176.3 per 100,000. Dunn County has a rate in the broad range of 191.6 to 273.7 deaths 
per 100,000. All other counties were below both the national and state averages.  
 
 These data concerning health effects are preliminary but deserve consideration in future 
work in this area. The data available show no correlation between the erionite occurrences and 
lung disease. In most cases, the incidence and death rates are less than the national and state 
averages. However, many mesothelioma patients have had no known exposure to asbestos, and 
nonoccupational indices of mesothelioma have been attributed to background levels of asbestos 
and/or spontaneous occurrence. Since erionite is broadly distributed and is a potent initiator of 
mesothelioma, it is possible that that erionite induction of mesothelioma may be 
underrecognized. Furthermore, low erionite exposures may cause extensive tissue trauma, 
thereby predisposing individuals to other respiratory or systemic conditions.  
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Figure 13. Locations of the buttes sampled for erionite. 
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Figure 14. Population distribution of North Dakota. 
 
 

Table 5. County Populations 
County Population
.Adams County 2244 
.Billings County 811 
.Bowman County 3019 
.Dunn County 3318 
.Golden Valley County 1640 
.Hettinger County 2378 
.Slope County 675 
.Stark County 22,575 

 
 
CONCLUSIONS 
 
 Samples containing the fibrous zeolite mineral erionite were found from several locations 
in Dunn, Stark, and Slope Counties of North Dakota. A single sample from Grant County (South 
Coffin Butte) also was found to contain erionite. Both SEM and XRD were used to detect 
erionite in the samples, with the SEM analysis allowing visual and chemical detection. XRD is 
the standard method for erionite determination. Several samples were found to contain erionite 
by SEM methods that were in concentrations too low to be detected by the XRD. Conversely, 
there were samples in which the erionite was masked in clay lumplike particles that were 
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Figure 15. Lung and bronchus incidence rates.  
 
 

 
 

Figure 16. Lung and bronchus death rates. 
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Figure 17. Incidence rates for all types of cancer. 
 
 

 
 

Figure 18. Death rates for all types of cancer. 
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identified by XRD methods and not visually imaged by SEM. Both methods have advantages 
and disadvantages but should be used in conjunction with each other. Positive identification of 
erionite cannot be accurately performed by relying completely on just one method or the other. 
 
 Our preliminary mapping of erionite distribution does not indicate a correlation between 
erionite occurrences and lung disease, but did indicate an increase of cancer rate in some 
counties compared to national levels. Although this type of mapping provides insight for 
determining high risk areas, consideration needs to be given to the inherent limitations of these 
broad-based correlations: 1) erionite exposure may promote inflammation and thereby 
exacerbate underlying lung and cardiovascular diseases and reduce the efficacy of lung defense 
mechanisms; 2) the estimated respiratory effects and deaths from exposure may be misleading if 
those most susceptible are prematurely removed by pneumonia, cardiovascular disease, or other 
related causes of death; and 3) urban locations and populations provide confounding exposure 
risks which can statistically skew data interpretation for a specific variable in less populated 
areas. Likewise, specific toxicity analysis including the dose–response assessments of North 
Dakota erionite has not been performed. Further work assessing health risks from erionite 
exposure is highly recommended.  
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APPENDIX A 
 

SEM MICROGRAPHS



 

A-1 

SEM MICROGRAPHS 
 

 
987-1 South Killdeer Mountain Unit 10 750X 
 

 
987-3 South Killdeer Mountain Unit 10 100X 
 

 
988-1 South Killdeer Mountain Unit 7 750X 
 
 



 

A-2 

 
988-4 South Killdeer Mountain Unit 7 100X 
 

 
989-1 South Killdeer Mountain Unit 6 750X 
 

 
989-2 South Killdeer Mountain Unit 6 100X 
 
 



 

A-3 

 
990-3 South Killdeer Mountain Unit 5 1200X 
 

 
990-2 South Killdeer Mountain Unit 5 100X 
 

 
991-4 White Butte Unit 8 100X 



 

A-4 

 
991-1 White Butte Unit 8 1200X 
 

 
992-2 White Butte Unit 5 1200X 
 

 
992-1 White Butte Unit 5 100X 
 
 
 
 



 

A-5 

 
993-2 Knob Hill Unit 5 1200X 
 

 
993-3 Knob Hill Unit 5 100X 
 

 
994-1 Knob Hill Unit 2 1200X 



 

A-6 

 
994-4 Knob Hill Unit 2 100X 
 

 
995-1 Knob Hill Unit 1 750X 
 

 
995-4 Knob Hill Unit 1 100X 
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996-3 Obritsch Ranch Unit 12 750X 
 

 
996-1 Obritsch Ranch Unit 12 100X 
 

 
997-2 Obritsch Ranch Unit 11 750X 



 

A-8 

 
997-1 Obritsch Ranch Unit 11 100X 
 

 
998-4 Obritsch Ranch Unit 7 750X 
 

 
998-3 Obritsch Ranch Unit 7 100X 
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999-3 Fitterer Ranch Unit 12 750X 
 

 
999-4 Fitterer Ranch Unit 12 100X 
 

 
1000-2 Fitterer Ranch Unit 11 1000X 
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1000-2 Fitterer Ranch Unit 11 100X 
 

 
1001-2 Fitterer Ranch Unit 10 750X 
 

 
1001-1 Fitterer Ranch Unit 10 100X 
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1002-1 Fitterer Ranch Unit 9 750X 
 

 
1002-1 Fitterer Ranch Unit 9 100X 
 

 
1003-4 Fitterer Ranch Unit 6 750X 
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1003-3 Fitterer Ranch Unit 6 100X 
 

 
1004-3 Fitterer Ranch Unit 5 100X 
 

 
1004-2 Fitterer Ranch Unit 5 100X 
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1005-3 East Rainy Butte Unit 1 100X 
 

 
1005-1 East Rainy Butte Unit 1 100X 
 

 
1006-4 East Rainy Butte Unit 4 100X 
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1006-1 East Rainy Butte Unit 4 100X 
 

 
1007-4 East Rainy Butte Unit 5 100X 
 

 
1007-1 East Rainy Butte Unit 5 100X 
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1008-4 East Rainy Butte Unit 6 100X 
 

 
1008-2 East Rainy Butte Unit 6 100X 
 

 
1009-3 East Rainy Butte Unit 8 100X 



 

A-16 

 
1009-1 East Rainy Butte Unit 8 100X 
 

 
1010-3 East Rainy Butte Unit 12 100X 
 

 
1010-1 East Rainy Butte Unit 12 100X 
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1011-1 East Rainy Butte Unit 17 500X 
 

 
1011-4 East Rainy Butte Unit 17 100X 
 

 
1012-3 Square Butte Units 3–6 100X 
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1012-1 Square Butte Units 3–6 100X 
 

 
1013-4 Bullion Butte Unit 6 100X 
 

 
1013-2 Bullion Butte Unit 6 100X 
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1014-1 Bullion Butte Units 7 and 8 750X 
 

 
1014-4 Bullion Butte Units 7 and 8 100X 
 

 
1015-1 Whetstone Butte Unit 1 500X 
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1015-2 Whetstone Butte Unit 1 100X 
 

 
1016-1 South Whetstone Butte Units 1 and 2 500X 
 

 
1016-4 South Whetstone Butte Units 1 and 2 100X 
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1017-4 South Whetstone Butte Units 1 and 2 100X 
 

 
1017-1 South Whetstone Butte Units 1 and 2 100X 
 

 
1018-2 South Coffin Butte Unit 4 500X 
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1018-4 South Coffin Butte Unit 4 100X 
 



 

 

APPENDIX B 
 

X-RAY DIFFRACTION PATTERNS
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X-RAY DIFFRACTION PATTERNS 
 
 

 Below are x-ray diffraction data for each sample. Each sample was scanned twice: from  
7 to 40° 2-theta at 3 sec per step and again from 7 to 10° 2-theta at 30 sec per step. Phases were 
identified using the software system EVA from Bruker AXS and the ICDD PDF-2 database. The 
locations of erionite peaks are presented regardless of whether erionite existed in these samples.  
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QEMSCAN IMAGES
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Figure C-1. South Killdeer Mountain (Medicine Hole Plateau) Unit 7 sandstone from the 
Arikaree Formation in Dunn County, North Dakota (NMARL No. 090988). 
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Figure C-2. South Killdeer Mountain (Medicine Hole Plateau) Unit 5 sandstone from the 

Arikaree Formation in Dunn County, North Dakota (NMARL No. 090990). 
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Figure C-3. Little Badlands Obritsch Ranch Unit 12 sandstone of the Arikaree Formation in 
Stark County, North Dakota (NMARL No. 090996). 
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Figure C-4. Little Badlands Fitterer Ranch Unit 11 Siltsone from the Brule Formation in Stark 
County, North Dakota (NMARL No. 091000). 
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Figure C-5. Little Badlands Fitterer Ranch Unit 6 Sandstone from the Brule Formation in Stark 

County, ND (NMARL No. 091003). 
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Figure C-6. Bullion Butte Units 7 and 8 sandstone of the Golden Valley Formation from Billings 

County, North Dakota (NMARL No. 091014). 
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Quartz   SiO2 
Zircon   ZrSiO4 
Erionite  (K2,Na2)Al4Si14O36 · 15H2O 
Erionite (Ca-rich) (Ca,Na2)Al4Si14O36 · 15H2O 
Lime    CaO 
Apatite   Ca5(PO4)3(F,Cl,OH) 
Calcite   CaCO3 
Wollastonite  CaSiO3 
Analcime  NaAlSi2O6 · H2O 
Illite    (K,H3O)(Al,Mg,Fe)2(Si,Al)4O10([OH]2,[H2O]) 
Plagioclase  NaAlSi3O8 – CaAl2Si2O8 
Hematite  Fe2O3 
Forsterite  Mg2SiO4 
Rutile   TiO2 
Dawsonite  NaAl(CO3)(OH)2 
Augite   (Ca,Na)(Mg,Fe,Al)(Si,Al)2O6 
Titanite  CaTiO(SiO4) 
Diopside  CaMgSi2O6 
Glauconite  (K,Na,Ca)0.5-1(Fe3+,Al,Fe2+,Mg)2(Si,Al)4O10(OH)2 · nH2O 
Kaersutite  NaCa2(Mg4Ti)Si6Al2O23(OH)2 
Ilmenite  FeTiO3 
Clay    Al2Si2O5(OH)4 


