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EXECUTIVE SUMMARY 
 
The report summarizes a study of the effectiveness of applying X-Ray fluorescence (XRF) spectrometer 
analysis as a field screening method to rapidly and economically evaluate coal and coal waste products 
to determine their potential to contain rare earth elements (REE).  REE, as defined by the International 
Union of Pure and Applied Chemistry (IUPAC), are a set of 17 elements in the periodic table referred 
to as the lanthanides in addition to scandium and yttrium.  REE can be divided into two groups based 
on their masses as light REE and heavy REE.  In this report, light REE concentrations are the sum of 
laboratory concentrations of lanthanum (La), cerium (Ce), praseodymium (Pr), neodymium (Nd), 
promethium (Pm), samarium (Sm), scandium (Sc), and yttrium (Y).  Due to limitations of the portable 
XRF spectrometers used in this study, the heavy REE comprising europium (Eu), gadolinium (Gd), 
terbium (Tb), dysprosium (Dy), holmium (Ho), erbium (Er), thulium (Tm), ytterbium (Yb), and lutetium 
(Lu) were not evaluated in this report.  Because laboratory-based chemical analyses are time 
consuming and costly, identifying likely laboratory sample candidates from field analysis allows 
minimization of cost and execution of a more efficient field program.  In this report, the following 
observations were made:  
 

1. With some caveats, results obtained by portable hand-held XRF spectrometer analysis can be 
correlated to the more detailed and costly chemical analysis performed in a laboratory.  Thus, 
XRF units can be used to determine whether appropriately collected samples contain high 
enough concentrations of REE to justify further examination. 

2. Surrogate elements or combinations of elements have been identified using XRF spectroscopy 
that, with relative accuracy, predict the light REE content of samples as determined in the 
laboratory. 

3. The results obtained from XRF units used by Leonardo Technologies, Inc., (LTI) and Tetra Tech, 
Inc., generally correlate in defining samples with high, medium, and low contents of laboratory-
derived light REE. 

4. Concentrations measured using portable XRF units were only partly consistent with results 
reported for the National Institute of Standards and Technology (NIST) standard sample, 
suggesting that additional filters and calibration by the manufacturer might be warranted. 

5. Concentrations of REE or surrogates in coals and coal waste products are comparable to 
concentrations measured in rock samples associated with a known REE phonolite/carbonatite 
occurrence. 

 
In general, XRF spectroscopy, although a useful method for evaluating REE in coal and coal waste 
materials, does have several limitations on quantitative and qualitative results, including the following: 
 

• Sample matrix effects  
• Competing or interfering spectral responses of numerous elements 
• Spatial and geometric effects between the unit’s X-Ray source and target (i.e., hand-held 

compared to stand utilization) 
• Effects of sample texture (grain size) 
• Sample homogeneity 
• Unit limitations such as energy of available X-rays required  to activate heavy REE 
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It has been established that REE concentrations reported by the laboratory often do not match those 
reported by portable XRF units.  Consequently, portable XRF units are generally used as a screening 
tool to identify samples for further study in a more precise quantitative laboratory.  It should be noted 
that when both the XRF and laboratory results are normalized, they consistently identify samples with 
high, medium, and low concentrations of REE.  This means that XRF units can be used to identify likely 
samples for submission to the laboratory.  In addition, the concentrations of select elements in coal 
and coal waste material determined by the two XRF units used by Leonardo Technologies, Inc., and 
Tetra Tech, Inc., showed reasonable correlation. 
 
Comparison of reported NIST 1633C standard values with values obtained from the XRF units showed 
that, with the exception of a few elements (e.g., arsenic, iron, lead, copper, and zinc), concentrations 
determined via XRF were not reliable quantitatively.  For example, yttrium concentrations determined 
using both XRF units were consistently five to seven times greater than the published yttrium 
concentrations in the NIST standard.  Neodymium concentrations varied widely both between the 
values determined with XRF units and between those values and the NIST standard concentration.  
Concentrations of other elements however showed remarkable agreement.  Iron concentrations 
determined by both XRF units were typically within 0.5-percent weight agreement with the 
concentration in the NIST standard. 
 
Based on the results of this study, estimation of the predicted total light REE (La, Ce, Nd, Pr, Sc, Sm, 
and Y) content as measured in the laboratory appears to be possible through comparison of XRF-
measured yttrium to laboratory light REE, with a correlation coefficient of 0.878.  In general, this 
relationship shows that field-measured XRF yttrium results are consistently 1/10 of the reported 
laboratory light REE content.  Further, if this relationship is consistent and can be confirmed by others, 
then geologic basins not considered in this study could be rapidly assessed by XRF spectroscopy for 
their overall REE potential.  For example, numerous samples of raw coal from the edge of the Raton 
Basin near Trinidad, Colorado, were collected by Tetra Tech in 2014.  The XRF analyses of these 
samples suggest that this coal basin would be a good field target for future REE investigations.  It 
should be noted that several samples from this basin had yttrium concentrations in excess of 100 
parts per million (ppm).  One XRF measurement was found to be 480 ppm. These values would 
translate to a predictive light REE concentration of between 1,000 and 4,000 ppm.  Laboratory 
analysis of these samples is warranted as a further test of this empirical relationship.  Further, 
comparison of XRF thorium and yttrium concentrations to laboratory measured light REE 
concentrations also showed a high degree of correlation, with a correlation coefficient (R2) of 0.926.  
This suggests that combined yttrium and thorium concentrations can be reasonable surrogates for 
predicting light REE contents in laboratory ash basis coal and coal waste samples.   
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1.0 INTRODUCTION 
This study was initiated to determine whether field-portable X-Ray fluorescence (XRF) spectrometer 
units could reliably be used estimate light rare earth element (REE) concentrations in coal samples, 
coal waste material, and coal ash in a non-laboratory setting.  If proven, one could apply the use of the 
portable XRF spectrometer to select a sub-set of samples in the field for additional assays by more 
accurate, but more costly and time-consuming, laboratory chemical analysis. 
 
As part of this evaluation of XRF utility, XRF spectrometer results for samples of coal and other 
materials derived from mining and processing coal, collected mainly from eastern U.S. coal basins, 
were compared to laboratory results for the same samples.  In addition, comparisons were made of 
results obtained from two XRF units, both Thermal Scientific Niton XL3t XRF Spectrometers, employed 
by Leonardo Technologies, Inc. (LTI) and Tetra Tech, Inc., in this study to ascertain whether the LTI and 
Tetra Tech units were comparable and therefore could be equally utilized in the sample screening 
process.  To this end, comparisons of the two semi-quantitative XRF units were conducted using a 
standard reference material (SRM) procured from the National Institute of Standards and Technology 
(NIST) as well as sampling identical raw coal and coal ash samples.  To validate that the XRF units are 
reliable in detecting and quantifying light REE, two samples were collected from a known igneous 
occurrence of rare earth material in the Black Hills of northeastern Wyoming, and these results were 
used to confirm the efficacy of XRF. 
 
Previous studies show an association of both total REE (i.e., light and heavy REE) with certain coals 
and coal-derived waste products (Tetra Tech, 2015; Ekmann, 2012; Rozelle, 2014; and USGS, 2014) 
from distinct geologic basins throughout the United States.  These studies indicate that there is a high 
potential for appreciable amounts of these elements being present in all U.S. coal basins, which may 
be of strategic and economic importance.  
 
Figure 1.1 is a periodic table of elements with the 17 light and heavy REE highlighted in yellow and 
orange (NETL, 2015).  In this study, light REE include scandium, yttrium, lanthanum, cerium, 
praseodymium, neodymium, promethium, and samarium.  It should be noted that Promethium is 
radioactive and not naturally occurring and therefore all concentrations are zero.  Heavy REE 
highlighted in blue include europium, gadolinium, terbium, dysprosium, holmium, erbium, thulium, 
ytterbium, and lutetium.  The XRF units employed in this study are not designed to analyze heavy REE, 
which require an intense radioactive source that would be unsafe for a field-portable device.  To 
achieve the required energy and safety requirements, measurement of heavy REE requires laboratory 
analysis.  However because, as demonstrated in the United States Geological Survey (USGS) Coal 
Quality (CoalQual) Database (USGS, 2014), heavy REE are generally associated with light REE (Tetra 
Tech, 2015), detection of light REE in the field may be useful in screening samples for laboratory 
analysis of both light and heavy REE. 
 
The 2015 Tetra Tech study indicated that yttrium content can be used as a pathfinder element to find 
higher coal-related REE deposits within specific geologic conditions (e.g., adjacent intrusions and 
distinct stratigraphy).  This correlation between high yttrium content and high REE was verified at the 
Bear Lodge Rare Earth deposit, a non-coal REE ore resource in Wyoming.  The yttrium content of Bear 
Lodge ore samples has a range of 114 to 140 parts per million (ppm).  In this study, several coal and 
coal waste samples were found to have similar ranges of yttrium concentrations. 
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Figure 1.1 Periodic Table Showing Light and Heavy Rare Earth Elements 
 
A total of 448 samples of coal, coal refuse, and coal ash from various coal mines and facilities selected 
by LTI were submitted to Conti Testing Laboratories, Inc., in Bethel Park, Pennsylvania, for detailed 
analysis by inductively coupled plasma-atomic emission spectroscopy (ICP-AES).  Samples were dried, 
ground, and homogenized, and a small portion was selected for analysis.  All carbonaceous samples 
were subjected to thermal ashing to remove carbon before digestion and dissolution prior to analysis.  
This included coal samples as well as fly ash samples, which can contain up to 15 percent carbon 
because of lean-burn combustors utilized for nitrogen oxide (NOx) control.  Next the samples were 
subjected to acid-dissolution and then analyzed.  The results were reported on an estimated coal 
(calculated) sample basis as well as on an ash basis.  The coal (calculated) basis values are derived 
by the laboratory from the analytical results for ashed coal samples adjusted for carbon and volatile 
loss upon ignition.  A subset of the dry, homogenized, non-ashed (raw) samples were also analyzed 
using the hand-held, field, XRF unit.  The results from the XRF analyses, compared to the laboratory 
results and reported on a coal (calculated) basis, appear in Table 1.1.  In subsequent tables and 
figures, “coal (calculated)” refers to this laboratory-calculated basis value. 
 
As noted above, hand-held field XRF units are limited in the range of REE that they are able to identify 
or resolve.  Factors influencing this range include detection limits, X-Ray energies available from the 
electronics in the units, peak interferences, and sample matrix effects.  To allow one to work around 
some of these limitations, it is common practice in mineral exploration to use “pathfinder elements” 
to infer the presence of ore.  Pathfinders are elements often associated with target elements that can 
be easier to resolve, occur in higher concentrations, or are responsive to 
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Table 1.1 Laboratory and XRF Data 
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Table 1.1 Laboratory and XRF Data (continued) 
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the analytical method being employed.  This is particularly true when the analytical methods required 
to identify and quantify the ore are costly or technically infeasible by field methods.  Consequently, 
certain elements more easily detected by the XRF units are used as surrogates to decide whether the 
material is worthy of further detailed analysis.  To this end, identifying pathfinder elements in this study 
that minimize the technological limitations of the XRF and still identify or screen field samples likely to 
contain light REE is useful. 
 
As noted above, field-portable XRF spectrometers were employed during this study to provide 
qualitative and semi-quantitative estimates of the concentrations of light REE or pathfinder metals 
associated with light REE occurrence.  The unit employed by both LTI and Tetra Tech for this 
investigation was the Thermo Scientific Niton XL3t GOLDD+ Spectrometer.  It should be noted that the 
use of this particular instrument was merely a matter of convenience and availability and should not 
be construed or implied as an endorsement by the authors. 
 
Figure 1.2 shows the XRF unit with the stand and sealed plastic sample cups.  The left photograph of 
Figure 1.2 shows the unit with the sample chamber open, and the right photograph shows the unit as 
it is actively analyzing a coal sample.  The stand ensures that the distances between the X-Ray source, 
detector, and sample are constant.  When possible it is recommended that analysis be conducted 
using the stand.  When using the unit in the field, this is often not possible, but if a sample is collected 
in the field, it is common to compare the field results with those obtained in the stand at a later time 
to refine the analysis. 
 

 
Figure 1.2 Portable XRF Unit with Stand and Sealed Plastic Sample Cups 
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In XRF spectrometry, the X-Ray source irradiates the sample, ionizing the atoms and resulting in the 
ejection of one or more electrons from their atomic orbitals.  Often these electrons will be from the 
more tightly held inner orbitals.  Electrons from outer orbitals then “fall” into these inner shells, 
releasing one photon per electron that has energy equal to the difference between the two affected 
orbitals.  By measuring the fluorescence energy level and the count of photons released, specific 
elements can be identified and their concentrations (at least semi-quantitatively) can be determined.  
For a given sample, a spectrum of the energies and the counts for each element compared in the 
electronics of the unit against standard spectrum libraries to identify the elements present as well as 
calculate their concentrations. 
 
A typical XRF spectrum is presented as Figure 1.3. 

Figure 1.3 Typical Wavelength Dispersive XRF Spectrum 
 
Because numerous released photons from multiple elements can exist at or near the same portion of 
the spectrum, it is often difficult to correctly identify the presence and concentrations of some 
elements with certainty due to interference and overlap.  It is common for one element to produce a 
wider peak that overlaps the peak of another element, and two or more elements can release electrons 
with the same energy, making accurate identification and quantification difficult.  For example, 
Fonicello (2007) points out that lead and arsenic have similar responses in XRF spectra for the primary 
(alpha) peaks, and the only way to discern whether the alpha peak is a combination of both lead and 
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arsenic is to see if the secondary (beta) arsenic peak is present (see Figure 1.4).  If the secondary peak 
is absent, the alpha peak most likely only represents lead.  The XRF units have built-in filters for use 
in specific mining applications to reduce interferences, but the manufacturer of such units will “fine 
tune” a unit if possible for a specific application and suite of elements. 
 

Figure 1.4 Example of Arsenic and Lead XRF Peaks (from Fonicello, 2007) 
 
The XRF units used by LTI and Tetra Tech employed specific filters to reduce inter-elemental 
interferences, but filters cannot resolve all interferences.  For example, Figure 1.5 shows the spectrum 
from the Tetra Tech unit where rhodium and uranium as well as numerous other elements are prone 
to interference.  This interference in part may contribute to the concentration differences often 
observed between laboratory-analyzed samples or published NIST 1633C standard results with the 
corresponding XRF analyses. 
 
In addition to issues concerning interference of similar spectra, the efficiency with which the impinging 
X-rays enter the sample and the path of the released photons interacting with the detector will affect 
the accuracy with which the elements present in a sample can be identified and measured.  Generally, 
it is recommended that when possible one should test highly homogeneous well-blended samples of 
a very fine particle size.  Such samples will yield better results as they are more representative of the 
overall chemical character of the materials.  In the field, it often is not possible or even desirable, to 
spend the time required to grind a sample and blend it to get a homogenous sample.  In such cases, 
collecting a sample for future treatment when schedule and resources allow is plausible.  Alternately, 
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performing multiple analysis in the field and averaging the results may be reasonable.  The XRF units 
have an option to allow for averaging on the fly.  In any event, obtaining a representative sample in the 
field can be challenging and may require creative approaches.  Therefore one needs to remember that 
the heterogeneous aspects of samples will affect the accuracy of field measurements. 
 
Even with the limitations imposed by the XRF in the field, careful comparison of XRF derived data and 
more detailed laboratory data reveals some empirical relationships between the two that may prove 
useful when applying field-portable XRF methods to identify likely samples for laboratory analysis. 

 

Figure 1.5 Typical XRF Spectrum - Tetra Tech Showing Rhodium/Uranium Peak Interference 
 

The majority of the analytical data for statistical analysis uses concentrations measured in parts per 
million (ppm).  Normalization or standardization of data is useful when the concentrations of an 
element determined using two or more analytical methods result in very different scale ranges.  
Normalization transforms the original data by subtracting each individual measurement from the group 
mean, and this value is then divided by the group’s standard deviation to arrive at the normalized 
value.  Table 1.2 shows the effect of normalization on four constituents, XRF calcium, XRF thorium, 
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XRF yttrium, and coal (calculated) light REE.  The distribution of 24 measurements of light REE has a 
mean of 252.358 ppm and a standard deviation of 226.36 ppm.  After normalization, the new mean 
of the distribution is 0 and the new standard deviation is 1.  The normalization of XRF concentrations 
of calcium, thorium, and yttrium has the same effect.   

 
Table 1.2 Absolute and Normalized Statistics of Light REE and Selected Elements 

Constituent Sample  
Size Mean Minimum Maximum Standard  

Deviation 
Coal (Calculated) Light REE (ppm) 24 252.4 26.0 761.4 225.4 

Coal (Calculated) Light REE (Normalized) 24 0.0 -1.0 2.3 1.0 
XRF Calcium (ppm) 24 9324.8 373.9 139628.6 28428.5 

XRF Calcium (Normalized) 24 0.0 -0.3 4.6 1.0 
XRF Thorium (ppm) 24 18.9 11.6 38.5 6.78 

XRF Thorium (Normalized) 24 0.0 -1.08 2.9 1.0 
XRF Yttrium (ppm) 24 25.9 2.6 70.4 20.6 

XRF Yttrium (Normalized) 24 0.0 -1.14 2.2 1.0 
 
Figures 1.6 and 1.7 show the difference in the scales between using non-normalized and normalized 
data for the light REE distribution for coal (calculated) samples. Note that the distribution curves are 
very similar.  In normalization, one can more readily compare data distributions between parameters 
by removing the confusion that might result from widely different ranges or scales in concentration 
between different analytes or even analytical methods. For example, when comparing major elemental 
concentrations of a sample with trace elemental compositions one might see extreme difference in 
range between weight percent for major elements and only a few parts per million concentrations for 
trace elements.  If one co-plots these parameters as raw or non-normalized values, the trace elements 
might not even appear on the graph.  Normalization, therefore allows one to compare results by 
adjusting each elements range to a comparable scale.  Normalized results of XRF analyses allows the 
XRF measurements to be applied as more than a semi-quantitative device because high, medium, and 
low values are now scaled to more closely match the laboratory normalized results by forcing the 
normalized range on both datasets to be between -1 to 1. 
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Figure 1.6 Summary Statistics of Coal (Calculated) Laboratory Non-Normalized Total REE 

  

Light REE - Coal (Calculated) 
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Figure 1.7 Summary Statistics of Coal (Calculated) Laboratory Normalized Total REE 

Light REE - Coal (Calculated) with Normalized Values 
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2.0 COMPARISON OF LABORATORY AND PORTABLE XRF RESULTS 
 
Several coal, coal ash, and coal refuse samples collected from various coal basins in the eastern and 
central United States were subjected to detailed chemical analysis for their REE content as well as 
other chemical parameters.  Laboratory samples were analyzed after volatile constituents and carbons 
were driven off by ashing prior to analysis.  Prior to ashing all samples were ground and homogenized 
by the laboratory.  A portion of this non-ashed sample was returned to LTI for XRF analysis using a 
Niton XL3t spectrometer.  It was generally reported that these analysis were conducted holding the 
XRF unit against the sample bag by hand and a stand was not utilized.  The resulting data were then 
compared to the corresponding laboratory data.  These samples were then sent to Tetra Tech for XRF 
analysis to determine consistency between the two spectrometers.  To what extent differences 
between XRF and laboratory analysis can be attributed to not using the stand are not known at this 
time.  For the purposed of this report, this difference (being unknown) was not considered. 
 
As shown in Table 1.1, reported XRF results were often less than detection limits.  Therefore, sample-
to-sample comparisons between the laboratory-reported data and the XRF data were often not 
possible.  As shown in the previous LTI (2015) report, there was a high degree of correlation between 
light REE content and aluminum in coal samples analyzed for the United States Geological Survey 
(USGS) CoalQual Database.  Efforts to compare XRF aluminum concentrations to coal (calculated) 
basis aluminum concentrations were made.  Figure 2.1 shows that although the number of samples 
is low, the correlation between the two methods is fair at an R2 of 0.719.  Our review identified a 
discrepancy between the concentration ranges of laboratory and XRF measurements for aluminum.  
This most likely is a result of the inefficiency of XRF units in returning a signal from lighter elements 
such as aluminum than from heavier, denser elements.  While the XRF often under records the 
concentration of the lighter elements, the semi-quantitative response (none, little, or a lot) between 
the two methods is consistent.  If normalization is applied, the scale differences are removed to allow 
for the easy means of comparing data sets (see Figure 2.2).  A comparison of the reported Percent 
Ash (%Ash) results for the Ash-Basis samples with XRF aluminum results shows a positive linear trend 
(Figure 2.3).  This trend is consistent with the results seen in the LTI (2015) report where coal samples 
from numerous United States basins showed a similar relationship. 
 
Figure 2.4 shows the relationship between XRF yttrium concentrations and the sum of the light REE 
values calculated for the coal (calculated) laboratory samples. The linear correlation between these 
two parameters is high [correlation coefficient (R2)=0.878] and supports the previous LTI (2015) 
assessment that REE concentrations tend to be higher in samples with a higher ash content and higher 
aluminum concentrations (as implied on Figures 2.1, 2.2, and 2.3).  If this relationship is shown to be 
consistent across the spectrum of sample types, yttrium concentrations from XRF spectrographic 
analyses could be used to estimate total light REE content.  The observed relationship between the 
laboratory and XRF data in this figure implies that concentrations of light REEs as determined in the 
laboratory are approximately 10 times greater than XRF-determined yttrium concentration.  Use of this 
correlation would provide a rapid means for identifying and screening field samples that would be 
candidates for submission to the laboratory for further detailed chemical evaluation of their REE 
content.  It should be emphasized that commercially available hand-held, field XRF units are not able 
to measure the heavy rare earths. 
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Figure 2.1 Coal Ash Basis Laboratory Aluminum versus Coal (Calculated) XRF Aluminum 

Scatterplot: Coal Ash Basis Laboratory Aluminum versus Coal (Calculated) XRF Aluminum 
Laboratory Alppm = 6944.0 + 40.458 * XRF Alppm 

Coal (Calculated) XRF Al (ppm) 
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Figure 2.2 Normalized Coal (Calculated) Basis Aluminum versus XRF Aluminum 

 

Scatterplot: Aluminum Laboratory Coal Ash Basis versus XRF Coal (Calculated)  
Laboratory Alnorm = 0.33054 + 1.1384 * XRF Alnorm 
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Figure 2.3 Ash Basis Laboratory Coal Ash versus Coal (Calculated) XRF Aluminum

Coal (Calculated) XRF Al (ppm) 

Scatterplot: Coal (Calculated) Aluminum versus Ash Basis Laboratory Coal Ash 
Ash Basis Laboratory Coal Ash% = 10.397 + 0.04500 * XRF Alnorm 
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Further, from previous discussions concerning thorium (and its implied association with detrital REE-
containing minerals), one would expect some correlation between laboratory measured REE values 
and XRF-reported thorium values.  Figure 2.5, which depicts XRF yttrium, XRF thorium, and laboratory-
determined light REE concentrations, shows a more than “casual relationship.”  In this particular data 
set, the overall correlation coefficient was 0.926.  This suggests that not only can yttrium and thorium 
concentrations be used individually to select field samples for laboratory analysis but that the 
combination of the two may be a better selection filter. 
 
Figure 2.6 shows that two possible sub-populations are defined by comparing XRF aluminum 
concentrations with average XRF yttrium concentrations.  Further, when comparing XRF aluminum to 
coal (calculated) light REE (Figure 2.7), an identical trend is observed, suggesting that multiple REE-
prone sites are present in the matrix of the coal and that these sites are most likely controlled by 
differences in clay and/or other mineral content.  A very similar relationship was observed in coal 
samples presented in the USGS CoalQual Database.  These data appear in Figure 2.8 which was 
analyzed in a previous report by LTI (2015).  Although this current study has fewer samples than the 
previous LTI study, the results are the in agreement. 
 
Because there is a strong correlation (R2=0.878) between the average XRF-derived yttrium 
concentration and light REE reported in coal (calculated) samples, as well as the relationships seen in 
previous studies between ash content, aluminum to ash content, and for ash and aluminum to Total 
(Light + Heavy) REE content, one can derive the following formula to estimate the laboratory 
measurement of Total REE content of a sample based on its XRF yttrium concentration:  
 
Total REE = 0.30167 + 1.3314*Y(XRF) (normalized Comparison) 
 
or 
 
Total REE = -11.97 + 10.127*Y(XRF) (Non-normalized Comparison) 
 
This relationship should be applied when considering yttrium concentrations in coal samples analyzed 
by XRF in the field to assist in screening samples for more detailed laboratory analysis. 
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Figure 2.4 Scatter Plot: Coal (Calculated) XRF Yttrium versus Coal Ash Basis Laboratory Light REE 

Coal (Calculated) XRF Y (ppm) 
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Figure 2.5 Coal Ash Basis Laboratory REE versus Coal (Calculated) XRF Thorium and Yttrium 
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Figure 2.6 Relationship Between Coal (Calculated) XRF Aluminum and Coal (Calculated) XRF Yttrium 
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Figure 2.7 Relationship Between Coal (Calculated) XRF Aluminum and Ash Based Laboratory REE 
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Figure 2.8 Relationship Between Coal (Calculated) Aluminum and Coal (Calculated) Total REE for  

All USGS CoalQual Database Samples (from LTI, 2015) 
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Because there is a strong correlation (R2=0.878) between the average XRF-derived yttrium 
concentration and light REE reported in coal (calculated) samples, as well as the relationships seen in 
previous studies between ash content, aluminum to ash content, and for ash and aluminum to Total 
(Light + Heavy) REE content, one can derive the following formula to estimate the laboratory-derived 
Total REE content of a sample based on its XRF yttrium concentration:  
 
Total REE = 0.30167 + 1.3314*Y(XRF) (normalized Comparison) 
 
or 
 
Total REE = -11.97 + 10.127*Y(XRF) (Non-normalized Comparison) 
 
This relationship should be applied when considering yttrium concentrations in coal samples analyzed 
by XRF in the field to assist in screening samples for more detailed laboratory analysis. 
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3.0 COMPARISON OF SPECTROMETERS – LTI AND TETRA TECH 
 
This section describes the observed responses of the two XRF spectrometers used in this report.  Nine 
coal, ash, and coal refuse samples were placed in standard plastic XRF sample cups and analyzed 
independently using the LTI and Tetra Tech field portable XRF spectrometers in a stand.  While both 
spectrometers were the same model, differences in filters and operators could result in different 
readings.  This comparison was conducted to help identify and quantify any such differences.  Table 
3.1 depicts the machine values from the two units for 31 of the recorded elements.  Cross plots of 
several of these appear below. 
 
For aluminum concentrations in the same nine samples determined using the two XRF units, 
correlation was essentially nil, with an R2 value of only 0.066 (Figure 3.1).  As stated above, XRF units 
are generally not efficient for lighter elements such as aluminum (atomic mass 26.98).  Other factors 
that might have affected the results include matrix effects, grain size, and consistency in sample-to-
unit distance, etc.  The unit-to-unit comparisons were not done using results generated using the 
stationary XRF stand supplied with the units but were done with the XRF technician scanning the 
sample while holding the unit by hand as a matter of convenience.  This could introduce another source 
of uncertainty such as the likelihood of not targeting the same portion of the sample when performing 
the analysis. 
 
Concentrations of arsenic, with an atomic mass of 74.9, showed a better correlation between the two 
units, (R2=0.9995), although there was a large data gap between the majority of samples with low 
concentrations (less than 50 ppm) and the one sample that had an arsenic concentration greater than 
350 ppm as reported by both units (Figure 3.2).  
 
For barium, another high atomic mass element (atomic mass 137.3), there was a higher correlation 
between the LTI and Tetra Tech XRF units (R2 = 0.9788).  Figure 3.3 a comparison of barium results 
determined by the two units. 
 
Figure 3.4 compares XRF results from the two units for potassium, with an atomic mass of 39.098.  
Again there is a high correlation coefficient (R2=0.9905) for concentrations of this element, although 
the Tetra Tech unit consistently reported greater values. 
 
There were high correlation in the concentrations of rubidium (atomic mass 85.4678) and strontium 
(atomic mass 82.58) as determined by the two units, and the magnitudes of results were also similar.  
Rubidium concentrations measured with the Tetra Tech unit were consistently slightly higher than 
concentrations measured with the LTI unit, whereas strontium concentrations were consistently higher 
using the LTI unit (Figures 3.5 and 3.6, respectively).  These observations suggest that when measuring 
denser (higher atomic mass) elements, either unit can be substituted for the other and yield 
compatible, semi-quantitative values. 
The observed agreement between the two units for yttrium (atomic mass 88.90585) and thorium 
(atomic mass 232.0381) concentrations is significant in that comparison of laboratory data and XRF 
data suggests that either of these elements would be reasonable surrogates when estimating total 
light REE content and that either unit could be used to help select samples to be sent to the laboratory. 
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Table 3.1 Comparison of LTI – Tetra Tech XRF Spectrometer for Select Samples 
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Figure 3.1 Comparison of Tetra Tech and LTI XRF Aluminum Concentrations 
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Figure 3.2 Comparison of Tetra Tech and LTI XRF Arsenic Concentrations 
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Figure 3.3 Comparison of Tetra Tech and LTI XRF Barium Concentrations 
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Figure 3.4 Comparison of Tetra Tech and LTI XRF Potassium Concentrations 
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Figure 3.5 Comparison of Tetra Tech and LTI XRF Rubidium Concentrations 
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Figure 3.6 Comparison of Tetra Tech and LTI XRF Strontium Concentrations
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The correlation of yttrium concentrations between the two units appears to be greater than the 
correlation of thorium concentrations.  Figure 3.7 shows yttrium concentrations determined by the two 
units, with a correlation coefficient of 0.9831.  Figure 3.8 shows the corresponding comparison for 
thorium, with a correlation coefficient of 0.7517.  This would indicate that yttrium might be a more 
effective surrogate than thorium for selecting samples that may have elevated concentrations of Light 
REEs, although using these two elements in combination may be an even more effective method of 
estimating total light REE content (see Figure 2.3).  
 
Finally, with regard to yttrium, Figure 3.9 shows the relationship between XRF samples that were 
analyzed while contained within sealed plastic sample cups and samples analyzed while sealed in zip-
locked plastic bags.  By combining these samples, a larger number of data points could be used in 
comparing the LTI and Tetra Tech XRF units.  As shown on Figure 3.9, the sample container used does 
not seem to affect the outcome because there is still a high degree of correlation between the two 
units (R2=0.9803), with excellent agreement for yttrium content to within a few ppm. 
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Figure 3.7 Comparison of Tetra Tech and LTI XRF Yttrium Concentrations 
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Figure 3.8 Comparison of Tetra Tech and LTI XRF Thorium Concentrations 
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Figure 3.9 Comparison of Tetra Tech and LTI XRF Yttrium Concentrations  
Including Samples Analyzed Using Cups and Bags 
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4.0 EVALUATION OF XRF SPECTROMETER AND NIST 1633C STANDARD 
 
Comparison of the measurements of both the LTI and Tetra Tech XRF Spectrometers was carried out 
for select Whole Sample Basis samples.  The previous sections support the premise that the 
measurements of both XRF spectrometers for the most part (with the exception of a few analytes such 
as uranium and aluminum) provided similar results for samples.  Also, the concentrations of various 
constituents determined in the laboratory correlate well with XRF results.  The question remains, 
however, as to whether the units could match the NIST 1633C standard.  This will be addressed below. 
 
A sample of the standard was obtained and placed into a plastic sample cup.  Each XRF unit then 
repeatedly determined the various constituent concentrations, and these were compared to the 
published results of the standard.  Due to the tendencies of XRF spectra for certain elements to overlap 
and interfere, various built-in filters in the XRF units were employed to reduce this effect in the 
comparison.  Table 4.1 summarizes the results of this comparison. 

 

Table 4.1 NIST to XRF Comparison – Various XRF Filters 

Reporting Organization Number of Samples Filter 
Average 

Concentration (ppm) 
Yttrium    

NIST 1 N/A  7.70 
Tetra Tech 5 

Mining Cu-Zn 
81.34 

LTI 5 92.39 
LTI 5 Mining Cu-Zn Set 4 92.14 

Tetra Tech 5 
TestAll Geo 

81.52 
LTI 5 93.39 

Tetra Tech 5 
Mining Ta-Hf 

76.71 
LTI 5 96.65 

Neodymium    
NIST 1 N/A  87.00 

Tetra Tech 5 
Mining Cu-Zn 

413.52 
LTI 5 0 
LTI 5 Mining Cu-Zn Set 4 293.5 

Tetra Tech 5 
TestAll Geo 

433.96 
LTI 5 279.25 

Tetra Tech 5 
Mining Ta-Hf 

664.87 
LTI 5 0 

Cerium    
NIST 1 N/A  180.00 

Tetra Tech 5 
Mining Cu-Zn 

218.10 
LTI 5 82.65 
LTI 5 Mining Cu-Zn Set 4 200.49 

Tetra Tech 5 
TestAll Geo 

228.56 
LTI 5 211.78 
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Table 4.1 NIST to XRF Comparison – Various XRF Filters (Continued) 

Reporting Organization Number of Samples Filter Average 
Concentration (ppm) 

Cerium (continued)    
Tetra Tech 5 

Mining Ta-Hf 
330.08 

LTI 5 101.63 
Rubidium    

NIST 1 N/A  117.42 
Tetra Tech 5 

Mining Cu-Zn 
51.98 

LTI 5 53.81 
LTI 5 Mining Cu-Zn Set 4 54.93 

Tetra Tech 5 
TestAll Geo 

51.94 
LTI 5 54.44 

Tetra Tech 5 
Mining Ta-Hf 

47.69 
LTI 5 54.47 

Arsenic    
NIST 1 N/A  186.20 

Tetra Tech 5 
Mining Cu-Zn 

198.20 
LTI 5 223.55 
LTI 5 Mining Cu-Zn Set 4 218.50 
LTI 5 TestAll Geo 219.03 

Tetra Tech 5 
Mining Ta-Hf 

222.25 
LTI 5 268.74 

Zinc    
NIST 1 N/A  235.00 

Tetra Tech 5 
Mining Cu-Zn 

220.00 
LTI 5 214.19 
LTI 5 Mining Cu-Zn Set 4 205.98 

Tetra Tech 5 
TestAll Geo 

217.07 
LTI 5 203.63 

Tetra Tech 5 
Mining Ta-Hf 

0 
LTI 5 0 

Lanthanum    
NIST 1 N/A  87.00 

Tetra Tech 5 
Mining Cu-Zn 

153.32 
LTI 5 0 
LTI 5 Mining Cu-Zn Set 4 132.49 

Tetra Tech 5 
TestAll Geo 

171.55 
LTI 5 133.35 

Tetra Tech 5 
Mining Ta-Hf 

225.62 
LTI 5 0 

Strontium    
NIST 1  N/A  901.00 

Tetra Tech 5 
Mining Cu-Zn 

619.42 
LTI 5 540.75 
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Table 4.1 NIST to XRF Comparison – Various XRF Filters (Continued) 

Reporting Organization Number of Samples Filter Average 
Concentration (ppm) 

Strontium (continued)    
LTI 5 Mining Cu-Zn Set 4 541.64 

Tetra Tech 5 
TestAll Geo 

621.38 
LTI 5 541.99 

Tetra Tech 5 
Mining Ta-Hf 

564.69 
LTI 5 541.90 

Uranium    
NIST 1  N/A   9.25 

Tetra Tech 5 
Mining Cu-Zn 

3.96 
LTI 5 7.72 
LTI 5 Mining Cu-Zn Set 4 0 

Tetra Tech 5 
TestAll Geo 

0 
LTI 5 11.76 

Tetra Tech 5 
Mining Ta-Hf 

2.32 
LTI 5 6.12 

Lead    
NIST 1  N/A 95.20 

Tetra Tech 5 
Mining Cu-Zn 

100.34 
LTI 5 89.42 
LTI 5 Mining Cu-Zn Set 4 99.38 

Tetra Tech 5 
TestAll Geo 

104.05 
LTI 5 92.76 

Tetra Tech 5 
Mining Ta-Hf 

0 
LTI 5 0 

Selenium    
NIST 1  N/A  13.90 

Tetra Tech 5 
Mining Cu-Zn 

0 
LTI 5 0 
LTI 5 Mining Cu-Zn Set 4 0 
LTI 5 TestAll Geo 0 

Tetra Tech 5 
Mining Ta-Hf 

0 
LTI 5 0 

Iron    
NIST 1  N/A  10.49 

Tetra Tech 5 
Mining Cu-Zn 

10.70 
LTI 5 10.01 
LTI 5 Mining Cu-Zn Set 4 10.03 

Tetra Tech 5 
TestAll Geo 

10.69 
LTI 5 9.94 

Tetra Tech 5 
Mining Ta-Hf 

9.95 
LTI 5 10.05 
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Comparison of known metals concentrations reported for the NIST 1633C sample to concentrations 
of the same samples as measured using the XRF units showed that, with the exception of only a few 
elements (e.g., arsenic, iron, lead, copper, and zinc), XRF concentrations did not closely match the 
published SRM concentrations.  For example, both XRF units consistently reported yttrium 
concentrations five to seven times greater than the yttrium concentration in the NIST standard sample.  
Neodymium concentrations also showed a disparity between the XRF units and NIST standard 
samples.  Concentrations of other elements, however, showed relatively close agreement between the 
units and the reported NIST values, such as iron, for which XRF concentrations typically varied by 0.5 
percent by weight or less from the standard.  As was shown in previous sections, as long as general 
trends exist between laboratory and XRF results (relative high, medium, and low samples), regardless 
of absolute concentrations, normalization of each data set to facilitate comparisons is possible.  Some 
analyte concentrations cannot be reported accurately due to limitations in the XRF units, and with 
further scrutiny, these can be either eliminated from XRF determinations or called to the attention of 
the manufacturer of the XRF units for possible calibration and enhancement.  One area that requires 
further research is where concentrations of elements such as yttrium showed a high degree of 
correlation between both sets of XRF results and laboratory data, but the similar XRF and laboratory 
results did not correlate well with the known concentrations in the NIST SRM.   
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5.0 CONCLUSIONS AND RECOMMENDATIONS 
 
In this report, the following observations were made: 
 

1. With some caveats, results obtained by portable hand-held XRF spectrometer analysis can be 
correlated to the more detailed and costly chemical analysis performed in a laboratory. Thus, 
these units can be used to determine if appropriately collected samples contain high enough 
concentrations of REE to justify further examination. 

2. Surrogate elements or combinations of elements have been identified using XRF spectroscopy 
that, with relative accuracy, predict the light REE content of samples as determined in the 
laboratory. 

3. The results obtained from XRF units used by LTI and Tetra Tech generally correlate in defining 
samples with high, medium, and low content of laboratory derived light REE. 

4. The portable XRF units used to measure concentrations were only partly consistent with the 
National Institute of Standards and Technology (NIST) standard sample, suggesting that 
additional filters and calibration by the manufacturer might be warranted. 

5. Concentrations of REEs or surrogates in coals and coal waste products are comparable to 
concentrations measured in rock samples associated with a known REE phonolite/carbonatite 
occurrence. 

 
In general, XRF spectroscopy, although a useful method for evaluating REE in coal and coal waste 
materials, does have several limitations on quantitative and qualitative results, including the following: 
 

• Sample matrix effects  
• Competing or interfering spectral responses of numerous elements 
• Spatial and geometric effects between the unit’s X-Ray source and target (i.e., hand-held 

compared to stand utilization) 
• Effects of sample texture (grain size) 
• Sample homogeneity 
• Unit limitations such as energy of available X-rays required  to activate heavy REE 

 
Continued evaluation and refinement of the method should afford a cost effective and reliable tool for 
evaluating REE resources in coals.  The comparison of yttrium contents in coal and coal-related 
samples to the XRF-measured yttrium concentrations in REE ore deposits, as well as, adjacent coal 
geology (e.g., intrusions and stratigraphy) could be useful in determining the maximum overall utility 
of the XRF and providing a better understanding of REE deposits.  For example, the Bear Lodge ore 
samples contain appreciable concentrations of REEs that were either not detected or present at lesser 
concentrations in coal samples provided by LTI for this study.  However, the yttrium content of the Bear 
Lodge ore samples as determined by XRF was on the order of 114 to 140 ppm.  Applying the 10x 
relationship to these samples results in reasonable REE values generally reported for Bear Lodge.  
Furthermore, in addition to the investigations of lateral changes in geology mentioned below, a XRF 
evaluation of vertically adjacent stratigraphy for REE content (above and below coal seam) will 
compliment similar outcrop work conducted by LTI in the eastern coal basins. 
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It is of general interest that several coal samples collected by TT during 2014 near Trinidad and 
Ludlow, Colorado, had significantly elevated yttrium concentrations based on XRF analysis.  This area 
is adjacent to a volcanogenic province noted for its REE occurrences.  These coal samples were 
collected after LTI had laboratory analysis performed on their sample suite, and therefore have not 
been subjected to laboratory analysis.  The results from the XRF data suggest that coals from this 
region should be considered for additional study if and when this study goes forward.  Figure 5.1 shows 
the locations of several samples of coal for which the XRF-determined yttrium values exceed 100 ppm.  
If one applies the empirical relationship seen in this study, these samples are expected to have light 
REE + Y contents between 1,000 to 4,000 ppm.  Other coal samples collected by Tetra Tech from 
other localities in Colorado also had elevated yttrium concentrations.  In most cases, initial analysis 
was performed directly on the outcrop in the field (Figure 5.2).  Samples were then collected into zip-
locked bags and brought back to TT for additional analysis under more controlled conditions. 
 
Future study of the Raton Basin coals as well as laboratory analysis of some of these samples is 
recommended.  This area is somewhat unique in comparison to other U.S. coal basins in that regional 
and localized volcanism and igneous intrusions are proximal to the Raton Basin, and several REE 
occurrences associated with igneous rocks, although not currently economical to extract, are present 
in the area.  
 
Future research for coals and REE should include: 

• Verify that the 10-fold relationship observer between the XRF Y and total light REE reported in 
the lab exists.  One means might be to obtain select samples of “ashed” material from the 
laboratory and analyze these using the XRF. 

• Set up a protocol to receive a portion of the laboratory ashed material for XRF analysis 
• Work with the XRF manufacturer to adjust calibration factors for more efficient use of the XRF 

units.  
• Work with the XRF manufacturer to see development of field techniques to capture signals 

from all five light REE can be developed.   
• Expand sampling of coals in southern Colorado and northern New Mexico (Raton Basin) and 

further evaluate REE and its association in coal basins adjacent to volcanogenic provinces. 
• Continue investigating known western REE igneous locations to ascertain the validity of XRF 

REE response. 
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APPENDIX A - XRF FIELD ANALYTICAL PROTOCOL 
 
Hand-held X-Ray Fluorescence (XRF) instruments are valuable tools used in the assessment 
of ore bodies (Reference A-1).  There are limitations in such devices stemming from the 
amount of X-Ray energies they can generate due to practical physical geometry and power 
supply considerations (Reference A-2).  To acquire the best analyses of low-density coal-based 
matrices, the following points should be considered when using portable XRF units. 

The XRF analysis is volume based and relates to a term known as “Infinite Thickness” 
(Reference A-3).  Infinite thickness is a term used to describe the minimum thickness a 
sample must be to absorb all the X-rays of the primary X-ray beam emitted from the source of 
an XRF instrument and efficiently emit the characteristic signal from the sample.  Usually it is 
assumed that after the penetration depth for a sample is exceeded, the escape depth will also 
be exceeded.  The escape depth controls the portion of the analyzed layer in a sample.  The 
penetration depth is defined as the depth to which the primary X-ray radiation goes into the 
sample.  The maximum thickness of sample from which the secondary X-rays can return to 
the detector is known as the escape depth (analysis layer). 

This implies that there is a finite volume that can be effectively irradiated and analyzed using 
XRF units.  If the sample thickness is too thin, the optimal volume is not met and some of the 
X-Ray energy could pass completely through the sample.  If the sample is wet, water will affect 
the analysis by attenuating the signal.  If the sample’s grain size is large, there will be more 
void space with water or air than in finer grained samples.  This can affect the analysis.  This 
implies that for more consistent results, samples from various process and field sampling 
locations (within coal preparation and power plants, refuse piles, slurry impoundments) 
should be as similar to each other in physical character as possible.  In general, it is best that 
samples be dry finely divided powders pressed into sample cups, or if that is not possible, that 
samples be restricted to monolithic solids with a flat surface, such as would be found on an 
outcrop face or from a large lump coal or rock.  Fly ash is usually fine and relatively dry, 
especially fresh samples from the bag house, so those analyses should be more consistent 
and accurate than those for ash obtained from settling ponds, wet coal fines, or bulk bottom 
ash.  To reduce analytical inconsistencies, additional steps to dry and homogenize such 
samples may be required. 

Sample density also affects XRF analysis.  For example, the matrix of coal is somewhat 
transparent to x-rays due to its low density.  Rocks and or other dense solids, by contrast, are 
not, and a thinner sample can be used to compare to coals.  When analyzing granular 
materials in a carboniferous matrix, in addition to finely divided, close-packed, powder 
samples as noted above, it is advantageous to have several inches of sample thickness for 
the best results (References A-3 and A-4).  It should be noted that Infinite Thickness can be 
calculated for both individual elements and for compounds.  These calculations require 
knowledge of the mass attenuation coefficient and density of the sample. 
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Listed below are recommended techniques for analyzing different types of samples using XRF 
in the absence of calculated thicknesses.   
 

Table A-1 – Recommended XRF Measurement Techniques 
 

The sample should cover the entire window of the instrument. 
Sample thickness should be 1 inch or more.  
Longer sample times reduce spurious readings.  
Better results are obtained on dry samples (with moisture contents of 20 percent or 
less). 
Samples made up of fine powder or large solid samples generally result in more 
consistent XRF results 

 
When analyzing powders, more consistent results are generally obtained using the sample 
stand.  This is a simple framework that holds the gun-like XRF unit and sample cup in a fixed 
repeatable geometry (See Figure A-1). 
 

 
Figure A-1:  XRF Unit in Stand with additional sample holders in lower right corner 
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XRF Protocol References 
 
A-1    http://www.bruker.com/products/x-ray-diffraction-and-elemental-analysis/handheld-
xrf/applications/mining/geochemical-analysis-xrf.html 

A-2    http://www.niton.com/docs/literature/Rare_Earth_Elements_-
_Application_Summary.pdf 

A-3    http://www.bruker.com/products/x-ray-diffraction-and-elemental-analysis/handheld-
xrf/infinite-thickness-xrf-analysis.html 

A-4    Personal communications with Robert G. Schleicher, Sr. Applications Chemist, Thermo 
Scientific Portable Analytical Instruments, Thermo Fisher Scientific, 2 Radcliff Road, 
Tewksbury, MA., Phone –  978 215 1481, Email - Robert.Schleicher @ thermofisher.com  
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APPENDIX B – GLOSSARY AND ACRONYMS 

 
Term Definition 
Ashing Heating a sample at a required temperature and time to drive of carbon, other 

volatile chemicals and water. 
Ash Basis Results reported on material after thermal decomposition and removing 

moisture and volatiles. 
ASTM ashing  Formal steps to heat a sample to the prescribed temperature to drive off 

volatiles and carbon in a sample.  
Atomic mass  Atomic mass or weight is the average mass of the protons, neutrons, and 

electrons in an element's atoms. 

Carbonatite Intrusive or extrusive igneous rocks defined by mineralogic composition 
consisting of greater than 50 percent carbonate minerals. 

Coal (Calculated) Basis A calculated composition of a material taking into consideration the 
concentrations derived from ashed samples, adjusted for the original ash and 
moisture content of the sample.   

Fly ash  Fly-ash is one of the residues generated in combustion of a material, and 
comprises the fine particles that rise with the flue gases. Also known as flue-
ash. 

Geologic basin A geological basin is a large structurally low-lying area that collects sediment. 

ICP-AES  Inductively coupled plasma-atomic emission spectroscopy. 

ICP-MS Inductively coupled plasma-mass spectroscopy. 

LTI Leonardo Technologies, Inc. 

Mass  attenuation 
coefficient 

This is a measurement of how strongly a chemical substance absorbs or 
scatters light or X-rays per unit mass. 

NETL National Energy Technology Laboratory, United States Department of Energy. 

NIST National Institute of Standards and Technology, provides samples of known 
concentrations of elements that can be used to calibrate measurement 
devices such as the XRF spectrometers. 

NIST 1633C National Institutes of Standards and Technology (Standard 1633C) 

Normalize A mathematical process to transform a group of measurements so their 
measured values are reported in terms of the group's mean and standard 
deviation (also standardize). 

NOx Nitrogen oxide molecules. 

Phonolite A fine-grained extrusive alkaline igneous rock dominated by essential alkali 
feldspar, usually sanidine or anorthoclase, with alkali pyroxenes, usually 
aegirine-augite or aegirine, and/or alkali amphiboles, and feldspathoid. 

Photon Elemental energy particle. 

ppm Measure of concentration (parts per million) in this study it is defined on a 
weight basis such as micrograms per gram. 
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Term Definition 
R2  Correlation coefficient.  In regression, the R2 coefficient of determination is a 

statistical measure of how well the regression line approximates the real data 
points.  An R2 of 1 indicates that the regression line perfectly fits the data. 

Heavy REE Heavy rare earth elements: europium (Eu), gadolinium (Gd), terbium (Tb), 
dysprosium (Dy), holmium (Ho), erbium (Er), thulium (Tm), ytterbium (Yb), and 
lutetium (Lu).   

Light REE Light rare earth elements were laboratory analyzed as was Yttrium.  Even 
though not a Lanthanide, Yttrium behaves like a light rare earth element and 
is usually included with them.  This is denoted by ‘REE+Y’ and is the combined 
concentrations of the lanthanum (La), cerium (Ce), praseodymium (Pr), 
neodymium (Nd), promethium (Pm), samarium (Sm), and yttrium (Y).  Note that 
promethium (Pm) is radioactive and not naturally occurring. 

Spectrometer In physics, a spectrometer is an apparatus to measure a spectrum. Generally, 
a spectrum is a graph that shows intensity as a function of wave length, of 
frequency, of energy, of momentum, or of mass 

Total light REE (as 
measured by the field 
portable XRF) 

Light Rare Earth Elements measured by field portable XRF are the summed 
ppm concentrations for a subset of the light REE elements: lanthanum (La), 
cerium (Ce), praseodymium (Pr), neodymium (Nd), and yttrium (Y).  Samarium 
(Sm) is not measured. 

Total REE Rare Earth: Summed ppm concentrations for all REE 

USGS  United States Geology Survey, U.S. Department of Interior 

USGS CoalQual Samples The CoalQual Database contains published coal quality by the USGS of 
chemical and/or physical characteristics of coal samples. 

X-Ray An X-ray is a form of electromagnetic radiation with wavelengths ranging from 
0.01 to 10 nanometers. 

XRF X-ray fluorescence (XRF) is the emission of characteristic "secondary" (or 
fluorescent) X-rays from a material that has been excited by bombarding with 
high-energy X-rays    

 
 
 
 
 
 

Tetra Tech – May 11, 2015 Appendix B 
 


	Executive Summary
	1.0 Introduction
	2.0 Comparison of Laboratory and Portable XRF Results
	3.0 Comparison of Spectrometers – LTI and Tetra Tech
	4.0 Evaluation of XRF Spectrometer and NIST 1633C Standard
	5.0 Conclusions And RECOMMENDATIONS
	6.0 Bibliography
	Appendix A - XRF Field Analytical Protocol
	Appendix B – GLOSSARY AND ACRONYMS

