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Abstract 
 
Prior to the initiation of this study, understanding of the long-term behavior of environmentally-
exposed Coal Combustion By-Products (CCBs) was lacking in (among others) two primary areas 
addressed in this work.  First, no method had been successfully applied to achieve full 
quantitative analysis of the partitioning of chemical constituents into reactive or passive 
crystalline or noncrystalline compounds.  Rather, only semi-quantitative methods were available, 
with large associated errors.  Second, our understanding of the long-term behavior of various 
CCBs in contact with the natural environment was based on a relatively limited set of study 
materials.  This study addressed these areas with two objectives, producing 1) a set of protocols 
for fully quantitative phase analysis using the Rietveld Quantitative X-ray Diffraction (RQXRD) 
method and 2) greater understanding of the hydrologic and geochemical nature of the long-term 
behavior of disposed and utilized CCBs.  The RQXRD technique was initially tested using 1) 
mixtures of National Institute of Standards and Technology (NIST) crystalline standards, and 2) 
mixtures of synthetic reagents simulating various CCBs, to determine accuracy and precision of 
the method, and to determine the most favorable protocols to follow in order to efficiently 
quantify multi-phase mixtures.  Four sets of borehole samples of disposed or utilized CCBs were 
retrieved and analyzed by RQXRD according to the protocols developed under the first 
objective.  The first set of samples, from a Class F ash settling pond in Kentucky disposed for up 
to 20 years, showed little mineralogical alteration, as expected.  The second set of samples, from 
an enbankment in Indiana containing a mixture of chain-grate (stoker) furnace ash and fluidized 
bed combustion (FBC) residues, showed formation of the mineral thaumasite, as observed in 
previously studied exposed FBC materials.  Two high-calcium CCBs studied, including a dry-
process flue gas desulfurization (FGD) by-product disposed in the Midwest, and a mixture of 
Class C fly ash and wet process FGD by-product codisposed in North Dakota, appeared 
relatively unchanged mineralogically over the up to 5 and 17 years of emplacement, respectively.  
Each of these two materials contained mineralogies consistent with short-term hydration 
products of their respective starting (dry) materials.  The hydration product ettringite persisted 
throughout the duration of emplacement at each site, and the diagenetic ash alteration product 
thaumasite did not form at either site.  Explanations for the absence of thaumasite in these two 
sites include a lack of significant carbonate, sulfate, and alkalinity sources in the case of the 
North Dakota site, and a lack of sulfate, alkalinity, and sufficient moisture in the Midwest site.  
Potential for future thaumasite formation in these materials may exist if placed in contact with 
cold, wet materials containing the missing components listed above.  In the presence of the 
sulfite scrubber mineral hannebachite, the ettringites formed had crystallographic unit cell 
dimensions smaller than those of pure sulfate ettringite, suggesting either incorporation of sulfite 
ions into the ettringite structure, or incorporation of silicon and carbonate ions, forming a solid 
solution towards thaumasite. 
 
 



Executive Summary 
 

Prior to the initiation of this study, understanding of the long-term behavior of 
environmentally-exposed Coal Combustion By-Products (CCBs) was lacking in (among others) 
two primary areas addressed in this work.  First, no method had been successfully applied to 
achieve full quantitative analysis of the partitioning of chemical constituents into reactive or 
passive crystalline or noncrystalline compounds.  Rather, only semi-quantitative methods were 
available, with large associated errors.  Second, our understanding of the long-term behavior of 
various CCBs in contact with the natural environment was based on a relatively limited set of 
study materials.  This study addressed both areas with two objectives, producing 1) a set of 
protocols for fully quantitative phase analysis using the Rietveld Quantitative X-ray Diffraction 
(RQXRD) method and 2) greater understanding of the hydrologic and geochemical nature of the 
long-term behavior of disposed and utilized CCBs. 

The Rietveld QXRD method was found to be reliable for quantitative determination of 
crystalline phases in CCBs, although not without limitation.  Testing of the method was 
conducted using NIST standard oxide materials and synthetic analogs of CCBs.  These studies 
produced: 

 
1. A set of protocols and recommendations to follow in applying RQXRD methods to 

quantitation of CCBs, and 
2. Appropriate error levels (“estimated standard errors”) to apply to RQXRD results for 

CCB materials. 
 
This first major topic of the contract was the subject matter of a Ph.D. dissertation (North 

Dakota State University, 1999; attached as Appendix A).  In addition to the dissertation, the 
protocols and recommendations were made publicly available through international conference 
presentations and posted on a World Wide Web server, which can be accessed at 
http://qxrd.chem.ndsu.nodak.edu/ccbs.  This server also hosts pointers to the publicly available 
Rietveld software package, GSAS (written at the Department of Energy’s Los Alamos National 
Laboratory), and carefully selected structure data for commonly encountered crystalline CCB 
phases, prepared for input to GSAS and available for download. 

Primary conclusions and recommendations resulting from the first objective of the contract 
include: 

 
1. The Rietveld method, particularly the software package GSAS, is recommended for use 

in quantitative determinations of individual crystalline and total amorphous phases in 
CCBs; 

2. Using the suggested protocols, ashes such as Class F fly ashes, with few crystalline 
phases, may be quantitated routinely with a nearly black box approach.  Complex 
multiphase Class C fly ashes and flue gas desulfurization by-products (which include the 
calcium sulfite phase hannebachite) require additional work and significant attention to 
the refinement.  These should not be attempted casually by inexperienced Rietveld 
QXRD users.  GSAS presently has a limit of nine crystalline phases for quantitative 
analysis (including an internal standard, if present).  Until such time as the code is 
rewritten to accommodate more phases, a technique has been developed and published 
for sequential refinement of subsets of the total assemblage. 

http://qxrd.chem.ndsu.nodak.edu/ccbs


3. Use of a crystalline internal standard allows for determination of the total noncrystalline 
component of a CCB material (including amorphous carbon, glassy ash phases, 
amorphous hydrated phases, etc.) by difference from the sum of the normalized 
crystalline components.  A spreadsheet has been written, and is available on the WWW 
server, which calculates the normalization. 

4. Whole-pattern Rietveld QXRD results for the NIST standard reference fly ash set support 
previous analysis by single analytical peak determinations, with reduced associated 
errors. 

5. The iron oxides maghemite and magnetite, which have very similar structures and XRD 
patterns, cannot be reliably differentiated in the presence of quartz and hematite, due to 
severe peak overlap.  The calcium-bearing phases Ca3Al2O6 (“C3A”) and merwinite also 
have severe peak overlap problems beyond the ability of the Rietveld technique to 
adequately and confidently quantitate. 

6. Hannebachite (calcium sulfite hemihydrate), produced during wet and dry flue gas 
desulfurization processes, suffers from anisotropic peak broadening related to small 
crystallite size and crystalline defects, which can and should be modeled with appropriate 
peak profile descriptors included in GSAS.  The structure was redetermined using GSAS 
with XRPD data from a rapidly synthesized sample, to approximate the hannebachite 
phase observed in FGD by-products.  This redetermined structure is available for 
download for the server. 

7. Estimated standard errors were determined for each crystalline CCB phase.  These are 
typically 10-15 weight percent relative, and are dependent on phase and absolute 
concentration.  

 
Following the extensive testing of the RQXRD method for use with CCBs, the protocols 

were applied to sets of borehole samples that were recovered from four sites where CCBs had 
been disposed or utilized.  A range of fuel sources, combustion and scrubber technologies, 
durations of emplacement, and climatic regimes were represented in materials sampled from 
these four sites: 

 
1. Class F fly and bottom ashes disposed in a surface impoundment in Kentucky for up to 

20 years; 
2. Class C fly and bottom ashes disposed in two landfills in North Dakota for up to nine and 

17 years.  In the older of these two landfills, wet process flue gas desulfurization (FGD) 
products were codisposed; 

3. Dry process FGD (spray dryer) by-products landfilled for up to five years, adjacent to the 
electric utility in the Midwest that produced them while burning Powder River Basin 
subbituminous coal; and 

4. An embankment in Indiana approximately five years old, constructed from Fluidized Bed 
Combustion (FBC) ashes mixed with chain grate (“stoker”) ash. 

 
Major conclusions and recommendations from the second objective of the project include: 
 
1. Materials in the three disposal sites appeared to have been relatively unchanged since 

initial emplacement and hydration.  With minor exception, recovered Class F ashes from 
the Kentucky site contained a mineral assemblage typical of fresh, unhydrated Class F 



ash.  A small amount of an iron-rich ettringite was produced at this site, likely due to 
variation in fuel source or periodic additions of alkaline sluice by-product.  Despite the 
thermodynamically metastable nature of the noncrystalline fly ash glass(es), the bulk of 
the material in the impoundment is not predicted to experience significant mineralogical 
change unless placed in association with alkaline solutions necessary to activate the glass.  
With continued infiltrating precipitation of the uncapped fill, leaching will undoubtedly 
occur at low levels, although the extent to which leaching can be expected is beyond the 
scope of the present study. 

2. Class C ashes from North Dakota, codisposed with wet FGD by-products, also appeared 
to have remained basically unaltered after many years of disposal, and were typical of 
corresponding freshly hydrated ashes.  Typically five to ten weight percent of ettringite 
persisted throughout the borehole samples, invariant with depth.  Ettringite in those 
samples containing abundant hannebachite and gypsum (wet process FGD by-product) 
were markedly dissimilar to the ettringites produced in the layers of pure fly and bottom 
ash (c.f. point 5, below). 

3. The spray dryer (dry process FGD) by-product, which includes Class C fly ash spheres 
encapsulated with calcium sulfite scrubber by-product, also showed no alteration beyond 
that expected for short-term hydration. 

4. The fourth site, with utilized FBC materials, exhibited both heaving upon initial and 
delayed hydration and the formation of thaumasite, a mineral associated with loss of 
strength of cementitious materials.  Measured expansion was primarily lateral in the 
unconfined embankment, and the surface heaving was superficial and easily leveled by 
continued truck traffic.  Expansion was markedly reduced in the lower portions of the 
embankment, which were constructed with FBC materials that had been allowed to 
weather for over a year prior to emplacement.  Despite the expansion and formation of 
thaumasite, this site is an example of a successful utilization of FBC material.  The FBC 
by-products were used in the construction of an embankment underlying a road.  The 
embankment has proven stable, and the road surface, paved with two inches of asphalt 
five years after construction of the embankment, shows little to no tire rutting after 15 
months of heavy truck traffic. 

5. The absence of the diagenetic mineral thaumasite, commonly associated with strength 
degradation in cementitious materials, in two of the high calcium CCBs, is noteworthy.  
The ideal formation conditions often cited for thaumasite include: 

a. The necessary ionic chemical constituents: calcium, silicon (in 6-coordination), 
sulfate, carbonate, hydroxyl, and water.  Soluble calcium sulfate and finely 
comminuted calcium carbonate are often sources. 

b. Temperatures near freezing (0-4 °C).  While these temperatures are not required 
for thaumasite formation, these are optimum.  It has been proposed that these 
temperatures favor temporary stabilization of hexacoordinate silicon hydroxide 
complexes in solution, necessary for thaumasite formation.  These temperatures 
are also conducive to maximum dissolution of carbon dioxide / carbonate. 

c. Earlier-formed ettringite may act as a template for thaumasite, providing growth 
sites for the thermodynamically unstable hexacoordinated silicon species. 

6. Many of the samples from the North Dakota site (including both boreholes and those 
samples with and without abundant FGD by-products) meet each of these conditions.  
However, the abundances of gypsum and calcite, the sulfate and carbonate sources, are 



relatively low (typically less than 5 wt% each).  Additionally, the hydrologic conditions 
at the site are such that even the lower portions of the fill which are saturated do not have 
significant throughflow.  These sites appear to be sulfate-limited with regard to the initial 
amount of ettringite formed.  In the cases where small amounts of sulfate remain (as 
gypsum), the free lime in the ash limited ettringite production.  During the initial ash 
hydration that liberated aluminum for ettringite formation, silica was also liberated from 
the ash, presumably forming amorphous hydrated silica phases.  By analogy to 
thaumasite formation in aged concretes, these silica phases (possibly present as calcium 
aluminate silicate hydrates), may form the silica source needed to generate thaumasite 
given the appropriate geochemical conditions.  To date, no detectable amounts of 
thaumasite have formed. 

7. The Midwest spray dryer by-products were severely water limited.  With pores 
unsaturated, the majority of the materials do not have percolating solutions of the 
required ions to form thaumasite. 

8. The pH stability region of thaumasite is not defined.  Many researchers assume that 
thaumasite forms at pH levels somewhat lower than those preferred by ettringite.  
However, thaumasite was identified in an assemblage with ettringite and portlandite 
(equilibrium pH = 12.5) in two samples from this study. 

9. Thaumasite formation in CCBs appears to be similar to thaumasite formation in concrete, 
with two primary exceptions: 1) the silicon source is derived from the noncrystalline 
components, quite likely calcium aluminosilicate hydrates formed from hydration of 
fused or dehydroxylated clay matter initially present in the by-product, and 2) the sulfate 
source is internal. 

10. Due to the potential for future thaumasite formation under the proper conditions, high-
calcium CCBs that produce ettringite, and during ettringite formation produce available 
forms of silica such as calcium alumino-silicate hydrate gels, should be considered 
carefully in applications requiring continued strength.  Results from the monofills studied 
suggest that large, relatively isolated emplacements of these materials may remain 
unaltered over long time periods.  However, less continuous applications (thin layers, 
etc.) that may come into contact with high concentrations of sulfate under cold, wet 
conditions, may be subject to thaumasite formation.  This is, of course, dependent on the 
as-yet-unquantified pH stability and formation requirements of thaumasite.  Long-term 
(>18 month) tests of specific individual by-products under simulated conditions of high 
sulfate concentration, saturated flow, and near-freezing or freeze-thaw cycling would be 
appropriate to show the resistance of a particular material to thaumasite formation. 

 
 



Project Summary 
 
Introduction  
 
Objectives 
 

Two objectives were set for this project: 1) to advance the mineralogical characterization of 
coal combustion byproducts through QXRD Rietveld analysis, and 2) to obtain a generic 
understanding of long-term effects of exposure of CCBs to the natural environment through 
XRD and EMPA characterization of a sufficiently representative collection of disposed or 
utilized materials. 

Objective 1 was addressed using the Rietveld whole powder pattern method, instead of 
conventional semi-quantitative methods current in widespread use, in order to bring reliable 
state-of-the-art analytical techniques to the coal resource community.  The procedure was 
thoroughly tested, using representative standard mixtures and synthetic CCB analogs.  Following 
the usual presentations and peer-reviewed journal publications, the material-specific protocol 
package for use with DOE’s GSAS Rietveld shareware code was made available through a 
World Wide Web site at this institution.   

Objective 2 was met by examining an additional representative collection of CCBs that had 
been previously exposed to the natural environment.  The number, geographic locations and 
CCB types was large enough to enable formulating a generic understanding of the long-term 
stability of cementitious coal resources disposed or utilized in natural settings.  From this 
understanding, future modeling of the long-term stability of utilized or disposal CCBs will be 
possible, and insights on how to control the undesirable effects of CCB diagenesis may be 
obtained. 
 
Tasks 
 
To accomplish the two objectives, three tasks were delineated. 
1)  Prepare a reference set of coal combustion byproducts for use in developing Rietveld QXRD.  
The reference materials will come primarily from in-house samples of advanced coal technology 
byproducts.  The work will include SEM/EPMA characterization at UND EERC. This task will 
be completed during year one. 
 
2)  Develop a structured set of protocols for Rietveld QXRD analysis of CCBs, and compare 
results to those acquired by conventional quantitative and semi-quantitative methods.  The 
package of working parameters thus developed will be tailored for various study materials and 
levels of intended use, will be presented at a national conference together with results from Task 
1, and will be made available for electronic distribution from a World Wide Web site to be 
created.  Appropriate levels of sensitivity, accuracy, and precision will be determined and 
reported, depending on the nature of materials to be studied and sophistication level of analysis 
to be performed. This task will also be completed during year one. 
 
3)  Apply quantitative Rietveld analysis protocols, developed in Task 2, to an additional set of 
utilized or disposed cementitious clean coal technology byproducts, which have been exposed to 
the natural environment, from at least five additional sites.  Negotiations for sampling to be 



completed during year two.  Sampling of first three sites to be done during summer of 1997, 
sampling of final two sites to be done during summer of 1998. SEM/EMPA analysis to be 
performed, using NDSU facilities.  Compare results to those obtained from previously studied 
test cells. 
 
 
Results and Discussion 
 

Task 1 was initiated immediately prior to major flooding at the SEM/EPMA facilities.  Due 
to destruction of the equipment, and related delays in re-instrumenting the facility, this task was 
discontinued, and efforts were redirected to the second and third tasks.  Additionally, when the 
SEM/EPMA facility was again opened, this subcontract was used to focus on the chemical 
composition of individual grains of ettringites and thaumasites.  Due to the lack of distinct 
external crystalline form of ettringite in two of the four study sets, the originally-desired goals 
were not achieved, though insights were gained from the microstructural investigations.  A 
portion of this subcontract was also used to measure bulk composition of a subset of the borehole 
study sets, for comparison to XRD results. 
 
Task 2 was completed as originally defined, with the exception of the ability to quantitatively 
model complex solid solutions such as ettringite and thaumasite.  Work continues in this 
important area, in this laboratory, at Minot State University (Minot, ND), under the direction of 
the researcher who received his Ph.D. degree performing this work, and simultaneously by an 
unrelated research group who have also initiated research toward this end, at Staffordshire (UK). 
Results from this task are summarized in other portions of this report, and detailed in Appendix 
A, attached. 
 

Task 3 was accomplished using borehole sample sets from four sites that were sampled and 
analyzed using the protocols developed in Task 2.  Results and new insights from this task are 
summarized in other portions of this report, and detailed in Appendix B, attached. 
 
During the period of the contract: 

• 1 Ph.D. degree was granted, 
• 1 M.S. degree was granted, and 
• 8 undergraduate students were exposed to research. 

The results of the project were disseminated to the research community through: 
• a World Wide Web server, 
• 9 international symposium presentations (including 1 invited, and 2 awards), 
• 4 national symposium presentations, 
• 7 regional symposium presentation, 
• 1 peer-reviewed journal article, and 
• 3 book chapters 

 
 
 
 
 



Conclusion 
 

This project has advanced the methodology of mineralogical characterization of residues 
from coal conversion and utilization processes necessary for identifying the potential uses of 
CCBs, or environmentally safe methods for their disposal.  The QXRD Rietveld methodology 
will be available the coal research community through conventional refereed publications as well 
as a new World Wide Web site.  Finally, through study of a representative number of CCBs that 
have been exposed to the environment on utilization or disposal, a more generic understanding of 
CCB diagenesis has been obtained.   

Information on this diagenesis phenomenon has been widely disseminated, through 
conference presentations and publications, to those concerned with developing salable byproduct 
utilization techniques that involve exposure of the material to nature.  The understanding of how 
ubiquitous is this diagenesis phenomenon, and of the factors that control it, should lead to 
measures that prevent undesired diagenesis or minimize its effects, thus providing the necessary 
assurance that the material will not fail within its function lifetime due to diagenetic processes.  
Those concerned with long-term modeling of the leachability of trace elements in fly ash and 
other CCBs will better understand the source materials that are hosting the trace elements of 
concern. 

The energy-related research conducted in this project has also provided for science education 
and training of several graduate and undergraduate students. 
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Development of the Rietveld Method for Quantitative X-Ray Diffraction  Analysis of Complex 

Mixtures Including Coal Combustion By-Products 
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1.   INTRODUCTION 

1.1.  Coal Combustion By-Products 

Coal combustion by-products (CCBs) are the solid waste from the burning of coal 

for the production of power.  For the year 1995, in excess of 92 million tons of CCB 

materials were produced in the United States, with less than 25% (23 million tons) being 

used in an application and the remaining 75% disposed in landfills or storage ponds 

(Brendel et al., 1997).  Some typical uses for CCB materials include admixtures in Portland 

cements, replacement for cement in concrete and grout, stabilization of highway subgrades, 

aggregate for road bases, structural fill, absorbing oil spills, abrasive grit for ice-covered 

roads, sand-blasting grit, filter media for water treatment, and wallboard manufacture 

(Brendel et al., 1997).  However, the presence of trace amounts of hazardous elements 

causes concern for the use of these materials in large amounts in any particular 

environmental area.  Another concern is the lack of knowledge of the long-term behavior 

of CCB materials when they are exposed to the environment.  In some cases, the materials 

undergo a mineralogical alteration similar to natural diagenesis (McCarthy et al., 1997).  

This diagenesis may result in lower strengths and increased permeability.  In these cases, 

although initial tests of landfilled and compacted materials indicated concrete-like 

properties, after some years of exposure to the environment, the disposed material more 

closely resembled a soil than a concrete. 

In order to investigate diagenesis, appropriate materials characterization is 

necessary.  While chemical analysis methods such as inductively coupled plasma atomic 

emission spectroscopy and X-ray fluorescence spectrometry can determine the overall 

chemical composition of the materials, it is typically the mineralogy of the material that 
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determines its behavior.  Mineralogy is the term used in industrial chemistry to designate 

the chemical compounds among which the elements are distributed.  The mineralogy of the 

CCB materials will vary depending on the initial coal source, burning conditions, method 

of ash collection, and any subsequent treatment (i.e., flue gas desulfurization, sluicing of 

ash into ponds, etc.).  In essentially all cases, there is also a non-crystalline, or amorphous, 

phase present, sometimes up to 90% of the CCB material.  The crystalline portion of the 

material is readily characterized by X-ray diffraction while the amorphous portion is not. 

Coal combustion by-products are difficult to analyze by traditional XRD methods.  

They often exhibit many crystalline phases which result in peak overlaps, preferred 

orientation, peak broadening due to size and/or strain, low intensities due to dominant glass 

materials, and possible solid solution behavior in a number of phases.  Previously, CCB 

materials were quantified using internal standard methods such as the Reference Intensity 

Ratio (RIR) method principally by the McCarthy group at North Dakota State University 

during the 1980s and early 1990s.  The RIR is the ratio of the intensity of a particular peak 

of the phase of interest to the intensity of a peak from an internal standard (in a 50:50 

mixture).  This RIR value can be used to determine the amount of that material in an 

unknown mixture to which the same standard has been added.  Unfortunately, each of the 

above characteristics exhibited by CCBs poses a problem in the RIR method that can 

introduce significant errors.   

The Rietveld method (Rietveld, 1969) is based on a least squares minimization of 

the difference between a calculated diffraction pattern and one obtained experimentally.  

Because the Rietveld method uses the entire pattern in the quantification, overlapping 
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peaks should pose less of a problem.  In addition, preferred orientation, peak broadening, 

and solid solution compositions can be modeled. 

The goal of this study was to determine if the Rietveld method was, in fact, suitable 

for the quantification of CCB materials and, if so, to develop a cost-effective analysis 

protocol for the use of the method in a laboratory staffed primarily by undergraduate 

researchers.  This project had three main objectives: 

1. Obtain structural information for each of the phases present in CCB materials. 

2. Determine a protocol for the quantitative analysis of CCB materials and the 

general precision and accuracy that can be obtained by applying that protocol. 

3. Apply the analysis protocol to a representative number of CCB materials. 

 

1.2.  X-Ray Powder Diffraction 

It has been known since the early 20th century that electromagnetic radiation is 

scattered by the electrons in matter.  Each scattering point acts as the origin for a new 

spherical wave.  A number of these spherical waves can then interact in one of two ways; 

they can interact constructively or destructively, depending on the specific conditions 

(distance between the scattering points, angle of the incident radiation, wavelength of the 

radiation, etc.).  Max von Laue was the first to describe the scattering effect (called 

diffraction) produced by the interaction of X-rays with a crystalline solid.  In the early 

1900s, the father and son team of William H. and William L. Bragg, developed a useful 

analogy for the description of this phenomenon and solved numerous crystal structures.  

They were later awarded the Nobel Prize for this work.  Their work, summarized by 

Bragg's Law (Equation 1) explains the diffraction of X-rays in terms of the principles of 
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reflection.  A graphical explanation of Bragg's Law is shown in Figure 1.  Three 

crystallographic planes are shown in Figure 1, with two points (A and B) in a vertical line 

with a distance, d, between the two points.  An X-ray beam strikes the sample, as indicated 

by X and Y, at an angle, θ, and is diffracted (X' and Y').  For constructive interference to 

occur, the waves, X' and Y' must be in phase. (The waves must be identical.)  In order for 

this to occur, the additional distance traveled by waves Y plus Y' must sum to an integral 

number of wavelengths.  The additional distance traveled by the second wave is denoted by 

CBD.  Thus, for diffraction to occur, the distance CBD must be equal to one wavelength 

(or any integral number).  Using geometry, the distance CB can be shown to be equal to 

d*sin θ.  Additionally, the distance BD is also equal to d*sin θ.  This analogy to reflection 

gives rise to Bragg's Law: 

  θλ sin2dn =        (1) 

where n is an integer. 

 The diffraction angles for a given system are then dependent on the distances 

between crystallographic planes.  Diffraction from these crystallographic planes are 

dependent on 

1. The symmetry of the system 

2. The lattice size 

3. The position of atoms within the lattice 

 The symmetry of the system aids in the determination of the number of non-

equivalent crystallographic planes.  For example, if the system is cubic, the (100) plane is 

equivalent to the (010) and (001) planes; however, if the system is tetragonal, the (100) and 

(010) are equivalent, while the (001) is distinct.  If the crystallographic planes
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Figure 1.  Bragg's Law as can be seen as analogous to the reflection of X-rays by 
crystallographic planes. 
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are equivalent, the corresponding d spacing is also equivalent, and they will diffract at the 

same angle.   

 The lattice size determines the angles at which an analyte will diffract as illustrated 

in Figure 2.  For instance, magnesium oxide and calcium oxide both have Fm3m 

symmetry, with the alkaline earth and oxygen atoms occupying equivalent lattice positions 

in both compounds.  Magnesium oxide has a unit cell length of 421 pm while sodium 

fluoride has a unit cell length of 481 pm.  Because the space group and atomic positions are 

the same, the diffracting planes should be equivalent.  The difference in unit cell length 

changes the distances between diffracting planes, even though the atoms are on equivalent 

positions.  This difference causes the d spacings to be different, resulting in the peaks to 

diffract at different angles as shown in Figure 2.  The top diffraction pattern is from 

magnesium oxide.  As shown, the d spacings should be smaller for this compound, 

resulting in the diffraction angles to be larger.  The bottom diffraction pattern is for calcium 

oxide, with the larger d spacings represented by the smaller diffraction angles. 

 The third factor is the number of atoms and their positions within the unit cell.  

Figures 3 and 4 demonstrate the difference in possible crystallographic planes available for 

diffraction for two compounds with the same space group.  Magnetite (Fe3O4) and 

elemental germanium both occur within the space group F d 3- m.  The atoms in magnetite 

occupy three different positions: a Fe at (1/8, 1/8, 1/8), a second Fe position at (1/2, 1/2, 

1/2) and the oxygens at (0.258, 0.258, 0.258).  The germanium occupies the position, (0, 0, 

0).  Because of the larger number of atoms present, the number of planes diffracting with 

significant intensity will increase.  Figure 3 illustrates a unit cell for both magnetite and 

germanium while Figure 4 shows the possible peak positions for the two compounds.  
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Figure 2.  Diffraction plots for magnesium oxide (top) and calcium oxide (bottom) 
illustrating the effect of ion sizes, and thus unit cell dimensions, on diffraction angle. 
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Figure 3.  Comparison of the atom positions for two compounds, magnetite (left) and 
germanium (right), with the same space group. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4.  Peak positions for the available crystallographic planes in magnetite (top) and 
germanium (bottom), both having symmetry F d 3- m.   
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 The peak intensities depend on the constituent elements and their positions.  To a 

first approximation, the diffracted intensity from an atom is proportional to the number of 

electrons that atom has.  However, due to the radius of the electron cloud surrounding an 

atom being on the same order as the wavelength of incident radiation, differences in the 

position of electrons cause some destructive interference due to differing diffraction 

lengths as shown in Figure 5.  This intensity is termed the atomic scattering factor, fo, and 

is dependent of the wavelength of the incident radiation and the angle at which the 

diffraction is being viewed.  Thus, there are tabulated values of fo vs. (sin θ / λ) for each 

element.  A typical atomic scattering curve is shown in Figure 6. 

 Thermal motion will also affect the intensity of the diffracted intensity.  Thermal 

motion is the motion of an atom within the crystalline lattice due to the inherent heat 

content of the system.  It is directly related to the Third Law of Thermodynamics, which 

can be interpreted as "all motion ceases at absolute zero."  This statement means that at any 

temperature above absolute zero, all atoms show some degree of motion.  The motion of an 

atom within the crystallographic lattice has the effect of making the atom seem larger, 

making the atomic scattering factor fall off more quickly than for a stationary atom.  The 

thermal effect can be represented by an exponential factor on the atomic scattering factor as 

shown in Equations 2 and 3.  Equation 2 shows the relation for isotropic thermal motion; 

i.e., the motion is the same in all directions.  Equation 3 shows the relation for anisotropic 

thermal motion; i.e., the motion differs depending on the direction in space. 
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Figure 5.  Scattering of X-rays by the electrons in an atom (Jenkins and Snyder, 1996) 
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Figure 6.  Plot of f0 vs. (sin θ)/λ for Cu and its ions (Jenkins and Snyder, 1996). 
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where B is the isotropic Debye-Waller temperature factor, d* is the reciprocal d spacing for 

the diffracting plane of interest; a*, b*, and c* are the reciprocal lattice constants; h, k, and l 

are the Miller indices for the diffracting plane of interest, and Blm are the anisotropic 

Debye-Waller temperature factors. 

 To determine the intensity of the scattered radiation for a given diffraction line, all 

of these factors must be considered.  The intensity for a given reflection can be calculated 

using Equation 4. 
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where 

 I0 is the incident-beam intensity, 

 λ is the wavelength of the incident radiation, 

 vα is the volume fraction of phase α, 

 r is the distance from the specimen to the detector, 

 e is the charge on an electron, 

 me is the mass of an electron, 

 c is the speed of light, 

 Mhkl is the multiplicity of the reflection hkl of phase α, 

 Vα is the volume of the unit cell of phase α, 

 2θm is the diffraction angle of the monochromator crystal, and 

 F(hkl)α is the structure factor for the reflection hkl of phase α.  
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The structure factor takes into account the atomic scattering factor and the phase of the 

diffracted beam.  The structure factor has the form 

 ( )[ ]∑
=

++=
m

j
jjjjhkl lzkyhxifF

1

2exp π      (5) 

where the sum is over m atoms in the unit cell and xj, yj, and zj are the fractional 

coordinates of atom j in the unit cell. 

 

1.3.  The Reference Intensity Ratio Method 

In the early 1970s Chung (1974a, 1974b) developed an internal standard method 

that utilized the fact that the intensity-concentration ratio of one phase relative to an 

internal standard is not affected by the presence of other phases in the specimen.  This 

method is known as the Chung method or, more commonly, the reference intensity ratio 

(RIR) method.   

The intensity of a particular reflection, i, for phase a of a flat specimen can be given 

as 

  Iia = Kiaχa / (µ/ρ)s,       (6) 

where Kia is a constant combining the structure factor and instrumental configuration, ρ is 

the density, and χa is the weight fraction of phase a.  The value of the mass attenuation 

coefficient, µ, for the sample is not known.  However, if an internal standard is used, it can 

be shown that the mass attenuation coefficient for the sample can be eliminated from the 

expression, as seen in the next section. 

      For a system of two phases, a and b, the ratio of the intensities for a specific 

reflection from each phase is given by 
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  Iia/Ijb = k(χa/χb),       (7) 

where 

   k = Kia/Kjb. 

If phase b is an internal standard whose weight fraction is known, the weight fraction of 

phase a is readily determined if k is known.  To determine k, which is known as the 

reference intensity ratio (RIR), typically a 1:1 mixture (by mass) of phase a and phase b is 

made.  This mixture then has a composition in which χa = χb.  This equality allows 

Equation 7 to be simplified to 

  k = (Iia/Iib)1:1        (8) 

This equation is the crux of the RIR method, allowing for the RIR value, k, to be 

determined for any phase in which a mixture of the phase pure material and an internal 

standard can be made.  A 50:50 mixture of the internal standard and the phase of interest 

are mixed together, and a diffraction pattern is taken of the resulting mixture.  The ratio of 

the most intense peak of each of the two phases then gives the RIR value for the phase of 

interest.  These RIR values can be tabulated for a particular internal standard and then used 

to determine the weight fraction of a phase in an unknown specimen, χas. 

Equation 7 can be rearranged to give 

  χas = χbIia/Ijbk        (9) 

The weight fraction of phase a in the sample before addition of the internal standard is then 

given by 

  χa = χas/(1-χb)        (10) 

       When dealing with CCBs and their hydration products, the RIR method has some 

serious deficiencies.  First, obtaining phase pure and representative standards is difficult.  A 
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measured RIR value for these phases is then difficult or impossible to obtain, although a 

theoretical value can be calculated.  Second, CCB materials often contain many crystalline 

phases, which leads to severe peak overlaps, making it difficult to find representative 

reflections for the determination of weight fractions.  Third, effects such a preferred 

orientation, which may or may not be present in the reference mixture, can cause 

discrepancies in the final results. 

       In an attempt to alleviate some of these problems with CCB quantification, an 

alternate method that used reference peak intensities of any strong peak in an analyte, not 

just the most intense peak exclusively was developed by Bender et al. (1993).  The 

intensity ratio in this case was called the analytical intensity ratio (AIR).  Bender et al. 

(1993) surveyed the mineralogies and diffraction patterns of CCBs, chose a suitable 

internal standard (ZnO), and provided several AIRs for most phases, so the analyst had 

more choices of peaks with little or no overlap. 

       The typical method of quantifying the mineralogy of CCB materials by XRD is to 

determine the RIR or AIR using a 50:50 weight percent mixture of each of the common 

phases found in the materials with a particular internal standard.  Once the RIR or AIR for 

each phase is known, any CCB material containing those phases in any combination can be 

quantified.  Even using the AIR method, peak overlaps cause the resulting equations to be 

more complex than Equation 9.  These equations often include work-arounds by 

subtracting the intensity of overlapping peaks.  An example of these work-arounds can be 

seen in the equation for the determination of tricalcium aluminate (C3A, Ca3Al2O6).  The 

best analytical RIR peak of C3A at 33.3° 2θ has a significant overlap with the strongest 

peak of merwinite (Mw, Ca3Mg(SiO4)2), and there are no other suitable peaks for possible 
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use for the AIR method.  This merwinite peak also happens to be the RIR peak for 

merwinite, but an AIR peak is present at 33.8° 2θ which has few overlaps.  The peak height 

of the Mw peak at 33.3° 2θ is approximately 1.5 times the peak height at 33.8° 2θ.  The 

resulting RIR equation for C3A is then 

χC3A = χis(I33.3 - 2.27*(I33.8(Mw) + I54.1(Hm)) - 0.38*I26.3(Mu))/RIRC3AIis, (11)  

where I54.1(Hm) = I54.1 - 0.08*I26.3(Mu), χis is the weight fraction of the internal standard, 

and Iis is the intensity of the reference peak for the internal standard.  Other phases 

common to CCBs have relations as complex. 

In order to determine the RIR or AIR values, phase pure and representative 

standards are required.  By phase pure and representative, one means that the material used 

contains only the phase of interest with the correct chemical composition.  This task is not 

always easy to accomplish.  For instance, one important phase in hydrated CCBs, 

thaumasite (Ca6Si2(CO3)2(SO4)2(OH)12
.24H2O), is difficult to synthesize, and all attempts 

to date in our laboratory have been unsuccessful.  In addition to the difficulty in obtaining 

phase pure analytes, the diffraction pattern for each varies with the hydration state of the 

material.  Also, in CCB materials, the chemistry of materials is not fixed.  Solid solutions 

are readily formed, and rarely is the composition identical from sample to sample.  Due to 

the variations in composition, the diffraction pattern will vary accordingly. 

 Preferred orientation is also a limitation for the RIR and AIR methods.  Preferred 

orientation is the tendency for the crystals of an analyte to arrange themselves in an ordered 

arrangement on the flat specimen holder surface.  X-ray diffraction relies on the 

assumption that the crystals of each analyte are oriented randomly in the specimen.  When 

this does not occur, the intensities of specific peaks will be higher and lower than those for 
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a randomly oriented sample.  Then, if there are differences in the orientation between the 

analyte used to determine the RIR or AIR values and the analyte in the specimen under 

investigation, the RIR and AIR values are invalid.  The effects of preferred orientation are 

discussed in more detail in Section 1.4.3. 

 One other factor that affects the reliability of the RIR method is peak broadening 

due to sample effects, especially when peak heights rather than areas are used.  This peak 

broadening can be induced by one of two means, particle size effects or strain effects.  Peak 

broadening due to the size of the particles can be found in CCB materials.  It occurs when 

the size of the particles used to determine the RIR value and those in the specimen are 

significantly different and one of the materials has a particle size significantly less than 1 

micrometer.  The full width at half-maximum of a diffraction peak varies inversely with the 

particle size; i.e., smaller particles yield broader peaks; however, the area under the peaks 

remains constant.  The broader peaks cause the peak height to decrease proportionally.  

When the RIR value is determined by measuring the peak height, as is typically done for 

samples as complex as CCBs, the quantification is dependent on the reproducibility of this 

peak height between the reference material and the analyte.  When peak broadening occurs, 

there is no reproducibility, and the results are inaccurate. 

       Due to these complications arising from using the RIR or AIR methods, it is 

desirable to find an alternate method for quantifying CCB materials.  This method should 

not be dependent on using pure, representative standards.  It should also minimize or 

eliminate the effects of peak overlap; be able to model changes due to sample effects, such 

as peak broadening due to particle size or strain; and minimize specimen effects, such as 
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preferred orientation.  The Rietveld method, described in the next section, seems to meet 

each of these criteria. 

 

1.4.  The Rietveld Method 

The Rietveld method was originally developed by Hugo Rietveld (1969) for the 

determination of structural information from neutron diffraction from powders.  The 

concept of using this methodology for the quantitative analysis of mixtures of powders was 

introduced in the late 1970s to late 1980s (Werner et al., 1979; Hill, 1983,1991,1992; Hill 

and Howard, 1987; Bish and Howard, 1988; O'Connor and Raven, 1988; Bish and Post, 

1993; Liu and Kuo, 1996).  The Rietveld method offers superior performance over the RIR 

method due to 

1. The Rietveld method uses of the entire diffraction pattern, rather than one peak.  

Modeling the entire pattern has the advantage of reducing the effects of 

preferred orientation, instrumental factors and extinction. 

2. Peak profiles can be modeled effectively, reducing sample effects such as peak 

broadening. 

3. The inclusion of crystal structure information allows factors such as solid 

solutions and variable occupancies to be accounted for, a distinct advantage 

when dealing with CCBs. 

4. Factors such as the background and preferred orientation can be modeled, 

allowing for better analysis. 

There are many excellent sources of background information on the Rietveld method 

(Cheetham and Taylor, 1977; Werner et al., 1979; Hill, 1983, 1991, 1992; Hill and 
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Howard, 1987; Bish and Howard, 1988; O'Connor et al., 1990; Young, 1993).  A general 

overview of the method and some specifics related to the research reported herein will be 

presented here.   

 The program Generalized Structure Analysis System, GSAS, (Larson and Von 

Dreele, 1994) was the Rietveld package chosen for this research.  The factors influencing 

this decision included the support from the Department of Energy for the research 

described and the fact that the code is freeware.  Other programs were examined, however, 

the main thrust of the research was accomplished with GSAS. 

 

1.4.1. The General Method 

The Rietveld method works to minimize the residual, Sy, as given by 

  ∑ 
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where wi is a weighting function equal to 1/yi, yi is the measured intensity at point i, and yci 

is the calculated intensity at point i.  The calculated intensity at a given point is derived by 

summing the contributions from each possible Bragg reflection contributing at that point 

plus the background intensity as shown in Equation 13. 
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where s is a scale factor 

 K is the Miller index for a given reflection, 

 LK is the Lorentz, polarization and multiplicity factors, 

 |FK|2 is the square of the absolute value of the structure factor, 

 φ is the profile function for Bragg reflection K, 
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 PK is a preferred orientation function,  

 A is an absorption factor, and 

 ybi is the background intensity.  

Many of these terms will be discussed individually later in this chapter. 

 A set of normal equations is then determined, which are solvable by inversion of 

the normal matrix with elements Mjk as approximated by 
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where xj and xk are refined parameters.  This equation leads to a non-linear function, which 

must be solved via an iterative procedure.  In this method, shift values, ∆xk, as given by 
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are calculated for each parameter and applied; and the procedure is then repeated using the 

new model. 

 The quantitative analysis is then achieved by using the relationship 
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where Wa is the weight fraction of phase a; Sa is the scale factor for phase a; Z is the 

number of formula units per unit cell; M is the molecular mass of the phase; and V is the 

unit cell volume, summed over N phases included in the refinement. 
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1.4.2. Pseudo-Voigt Profile Function 

The profile function, φ (2θi - 2θk), used for these studies is based on the pseudo-

Voigt function proposed by Thompson et al. (1987).  This function was chosen for its 

ability to model the peak profiles produced by X-ray diffraction.  The combination of a 

Lorentzian and Gaussian function is its defining factor, allowing for the modeling of the 

Gaussian tails and Lorentzian peak of a X-ray diffraction peak profile.  The modified 

Thompson-Cox-Hastings pseudo-Voigt function is given by the relations  
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Equation 17 represents the pseudo-voigt profile function that is inserted in Equation 13.  

Equation 18 is the calculation of the mixing factor, the relative amount of Gaussian and 

Lorentzian "behavior" of the peaks.  Equation 20 is a measure of the FWHM of the peak 

and is dependent on both the Gaussian and Lorentzian contributions to the peak width as 
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illustrated by the presence of both Gaussian FWHM (ΓG) and Lorentzian FWHM (ΓL) 

terms.  Equations 21 and 22 define the Gaussian FWHM and Lorentzian FWHM terms, 

respectively.  Finally, Equation 23 introduces three additional factors that affect the peak 

profile: asymmetry (As), specimen displacement (Ss), and transparency (Ts). 

 As can be seen in Equations 21 and 22, both the Gaussian and Lorentzian 

contributions to the peak widths are dependent on the angle, θ.  The Lorentzian function 

also adds a second angular dependence in the form of the terms Xe and Ye.  This angular 

dependence accounts for the asymmetric broadening of some peaks.  This asymmetric 

broadening may occur due to particle size effects as discussed previously.  The coefficients 

for each of the terms in these equations (U, V, W, Z, X, Xe, Y, and Ye) are refinable, 

allowing for the fitting of the width, and thus peak profile, of each analyte peak in a 

specimen. 

 As mentioned, the peak profiles also depend on three additional terms: the peak 

asymmetry, specimen displacement, and transparency.  These factors are also refinable as 

shown in Equation 23.  Peak asymmetry arises when the peak itself is not symmetric, as is 

the case with diffraction peaks arising from X-ray diffraction.  This asymmetry is a 

function of angle, becoming more extreme at low angles.  One of the main causes of peak 

asymmetry is axial divergence.  Axial divergence is the divergence of the X-ray beam in 

the plane of the specimen (i.e., horizontal).  Axial divergence can be minimized by the 

inclusion of Soller slits in both the incident and diffracted beams; however, it cannot be 

eliminated entirely.  The specimen displacement correction arises from the specimen not 

being placed exactly on the center of the diffraction circle.  Figure 7 illustrates the 
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Figure 7.  Cause of specimen displacement (Jenkins and Snyder, 1996). 
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conditions under which specimen displacement occurs.  Finally, transparency is the effect 

introduced by the X-rays penetrating some finite depth into the specimen rather than being  

diffracted by the surface of the specimen.  This aberration gives the appearance of the 

diffracted beam originating from below the true surface of the specimen and introduces an 

error similar to the specimen displacement error. 

 Alternative profile functions exist and are used quite frequently, depending on the 

source of the data (X-ray or neutron) and type (constant wavelength X-ray, time-of-flight 

neutron, or synchrotron X-ray).  One of the more common, alternative profile functions for 

constant wavelength X-ray diffraction data is the split-Pearson VII function (Brown and 

Edmonds, 1980).  Although a discussion of this profile function is outside the scope of this 

dissertation, an excellent review can be found in Chapter 7 by R.J. Snyder in The Rietveld 

Method, edited by R.A. Young (1993). 

 The pseudo-voigt function implemented in GSAS yields peak profiles that model 

experimental peaks quite well.  The number of factors that can be modeled make this 

function one of the most robust peak profile functions available in Rietveld analysis.  Other 

functions have been examined, including an alternate implementation of the pseudo-voigt 

function, and it was concluded that this implementation is by far the most versatile of those 

examined.  It is capable of modeling peak broadening due to particle size, asymmetric 

peaks, peaks with a large Gaussian contribution, as well as peaks with a large Lorentzian 

contribution.  
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1.4.3. Preferred Orientation 

X-ray powder diffraction relies on the assumption that the crystallites being 

introduced to the X-ray beam are randomly orientated.  This assumption allows for each of 

the Bragg reflections to be equally represented in the resulting diffraction pattern and for 

the resulting intensities to be proportional to the structure factors.  Preferred orientation is 

then defined as the non-random orientation of crystallites along a specific crystalline axis, 

resulting in an increased intensity in the Bragg reflections along that axis.  An example of 

the effect of preferred orientation can be seen on bismuth films deposited on a glass slide 

(Figure 8).  When conditions favored preferred orientation, there was a distinct increase in 

intensity along two crystallographic axes, as shown by the enhanced intensity of the 012 

and 101 families of reflections.  

 The most common method of dealing with preferred orientation in Rietveld 

refinements is to use the March-Dollase model (March, 1932; Dollase, 1986).  The 

preferred orientation correction can be modeled with the expression 
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where M is the multiplicity, Aj is the angle between the preferred orientation axis and the 

reflection vector, Ri is the coefficient (refinable) for orientation axis i, and fi is the fraction 

of crystallites along orientation axis i (refinable).   

 An alternative method for modeling preferred orientation employs a set of spherical 

harmonics equations (Ahtee et al., 1989; Popa, 1992).  In this method, the preferred  
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Figure 8.  X-ray diffraction plot of a Bismuth thin film without preferred orientation (top) 
and with preferred orientation (bottom). 
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orientation can be modeled using symmetrized spherical harmonics as denoted by:
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where 
µ

lK
:

 and ν
lK&  are symmetrized spherical harmonics, m is the order desired, and M<l> 

and N<l> are the number of functions for a given value of l.  The symmetrized spherical 

harmonics are simply linear combinations of normal spherical harmonics as shown by 
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Y and g are coordinates; and the coefficients, m
lAν& , are determined as a result of symmetry 

conditions. 

 

1.4.4. Microabsorption 

When dealing with mixtures of phases, the effect of microabsorption becomes a 

potential problem.  Microabsorption arises when a sample contains phases that have large 

differences in linear absorption coefficients, µ.  The linear absorption coefficient is a 

measure of the amount of radiation absorbed by a species.  The species found in CCB 

materials have a wide range of µ values for the radiation used in this study (Cu Kα 

radiation), ranging from 80 cm-1 for cristobalite to 1176 cm-1 for magnetite.  Brindley 

(1945) was a pioneer in the modeling of microabsorption in powder X-ray diffraction.  His 
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work derived a correction factor, τ, for microabsorption based on the difference in the 

linear absorption coefficient for a given analyte (µa) and the mean linear absorption 

coefficient of a mixture ( µ ),  and the average particle radius of that analyte, R, by 

numerical integration of 
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where Va is the volume of a particle of an analyte a, µa is the linear absorption coefficient 

for an analyte a, µ is the linear absorption coefficient for the sample, and x is the length of 

the path of radiation in a particle of a with volume element dVa.  The results of this 

numerical integration are tabulated in Brindley's paper (1945). 

 Taylor (1991) then applied this microabsorption correction to Rietveld refinements.  

Taylor showed that the corrected weight fraction for a phase could then be represented by 
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Taylor determined the particle size via the Scherrer equation (Scherrer, 1918): 
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where B is the FWHM of the observed peak, b is the broadening due to instrumental 

configuration, and K is a shape factor (~0.9).  It should be noted that this approximation is 

only valid for particle sizes smaller than 1 µm. For particles larger than 1 µm, the 

instrumental broadening, b, becomes similar to or greater than the broadening due to 
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crystallite size.  At this point, the Scherrer equation becomes invalid, and the particle sizes 

cannot be calculated. 

 

1.4.5. Absorption Due to Surface Roughness 

An additional factor that may be accounted for in the Rietveld method is absorption 

due to surface roughness.  Figure 9 illustrates this concept.  Particle A in Figure 9 is 

exposed directly to the X-ray beam, while the X-ray beam has passed through sample, 

absorbing some of its energy, before striking particle B.  The linear absorption coefficient 

used in powder X-ray diffraction calculations (RIR or Rietveld) is a mean value for the 

entire sample, averaged over the entire penetration depth of the X-ray beam.  When the 

surface is rough, as in Figure 9, the X-ray beam sees different environments for the various 

particles.  Some particles are exposed directly to the full X-ray beam (Particle A), while 

others are exposed to the X-ray beam after some absorption has taken place, even though 

they are also surface particles (Particle B).  This absorption of X-rays prior to diffraction 

has the effect of changing the relative intensities of certain analytes due to the difference in 

the mean linear absorption coefficient.  These effects are more pronounced at low angles 

where the path lengths in the sample are greatest.  Also, samples with high absorption 

coefficients, where the penetration depths are not as great, are more susceptible to these 

effects, due to the surface layer being a larger portion of the specimen sampled. 

There are two main models for surface roughness absorption, A, used with the 

Rietveld method.  The first (Pitschke et al., 1993, 1994) is shown by 
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Figure 9.  The cause of absorption due to surface roughness.  Particle A and Particle B are 
both surface particles.  The X-ray beam must pass through a sample of path length L prior 
to reaching Particle B, causing a difference in the sample absorption coefficient that each 
particle sees. 
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where C1 and C2 are refinable parameters for the surface roughness.  The second model 

(Sourtti, 1972) is given as 
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where C1 and C2 are once again refinable parameters for the surface roughness.  

 

1.4.6. Background 

There are a number of functions that are used to model the background in powder 

X-ray diffraction.  The functions available in GSAS include a "Chebyshev polynomial of 

the first kind," a cosine Fourier series, and functions for modeling specific contributions to 

the background, such as thermal diffuse scattering, air scatter, or a combination of the two.  

Other Rietveld programs include backgrounds that are based on modeling the amorphous 

contribution as a broad peak.  An alternative to modeling the background is to determine 

the background by hand prior to the refinement.  This interpolation of the background can 

be useful for simple systems but, as will be discussed later, can have some deficiencies.  

The background function used for this research was a "Chebyshev polynomial of 

the first kind."  Prior to inclusion in the refinement, the polynomial is made orthogonal via 

the relation 
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The background intensity, ybi, is then calculated from 
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where Bj is the refinable parameter and T'j-1 is the Chebyshev coefficient obtained from the 

relation 

  ∑
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om

m
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where the values of Cm are tabulated. 

 One of the other more common choices for a background function in powder X-ray 

diffraction is the cosine Fourier series.  This background is given by the relation 
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where P(j-1) is the detector position in degrees 2θ for the j-1th step. 

 Of the choices available in GSAS, the Chebyshev polynomial yielded the best fits 

to the backgrounds in CCB materials while utilizing the smallest number of coefficients.  

This small number of coefficients is desirable because, if a large number of coefficients are 

needed, some of the diffraction intensity in higher angle peaks may be inadvertently 

accounted for by the background function.  As the weighting scheme is inversely 

proportional to the intensity of a given point and the higher angle peaks are of lower 

intensity, the method will yield fits that are not as good as with a smaller number of 

background coefficients.   

 

1.5.  Summary 

For efficient utilization of coal combustion by-products, their mineralogy must be 

known, and their reactions in the environment, if any, must be characterized.  One method 

of determining the mineralogy of these CCB materials is using XRD on powders.  

However, quantifying the materials in the sample is not always straightforward.  The 
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Rietveld method appears to be a method for use in quantifying the analytes present in CCB 

materials.  It is capable of correcting for many of the problem areas exhibited by CCBs, 

including preferred orientation, severe peak overlap, and peak broadening due to crystallite 

size.  In addition, a phase pure and representative standard is not necessary for 

quantification.   

Typical plots for a Rietveld refinement as produced by GSAS are shown in Figures 

10 and 11.  Figure 10 shows a binary mixture of rutile and quartz.  The lower set of data 

points is the difference curve for the experimental intensities minus the calculated 

intensities at each point.  The hatched lines between the lower and upper sets of data points 

are the peak positions for each phase included in the refinement.  The lower set of marks 

represents the first analyte included in the refinement and proceeds in order upward 

through the last analyte included in the refinement. (In almost all cases for research done in 

this lab, the last analyte will be the internal standard.)  The top set of data points represents 

the experimental diffraction pattern (+) and the calculated pattern (-).  The difference plot 

can give indications if the system is being modeled correctly or not.  For instance, in Figure 

10, there is a significant underestimation of intensity in the rutile peak at 27.4º 2θ coupled 

with an overestimation of the intensity of the 36.0º 2θ peak.  These differences between the 

calculated and observed patterns are an indication that preferred orientation my be present 

in the rutile.  Figure 11 is a more complex system, containing eight phases (in order of 

inclusion in the refinement:  gypsum, calcite, corundum, Cr2O3, zincite, silicon, 

cristobalite, and quartz) plus the rutile internal standard.  The output plot is similar to that 

described above, with the inclusion of more analytes being indicated in the middle region 

of the plot.
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Figure 10.  Typical output plot from GSAS showing the refinement of a mixture of quartz 
and rutile.
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Figure 11.  Typical GSAS output plot for a complex, multiphase mixture with a rutile 
internal standard. 
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2.  EXPERIMENTAL 

2.1.  Materials 

The compounds used for the research presented here included reagent grade 

chemicals, National Institute of Standards and Technologies (NIST) Standard Reference 

Materials (SRMs), and synthesized compounds. 

The reagent grade materials included MIN-U-SIL silicon dioxide (quartz) obtained 

as a sample from U.S. Silica Company, ferric oxide (hematite) from Baker Reagents, silica 

gel H and calcium carbonate (calcite) from EM Reagents, magnesium oxide (periclase) and 

calcium sulfate dihydrate (gypsum) from Mallinckrodt, calcium hydroxide (portlandite) 

from Fisher Scientific, magnetite from CERAC, maghemite from Control Data 

Corporation, and titanium dioxide (rutile, R900 grade) as a sample from DuPont. 

The NIST SRMs used through the course of this research include SRMs 674a, 

including zinc oxide (zincite), chromium (III) oxide (eskolaite); SRM 1879, respirable 

cristobalite; SRM 676, corundum; SRM 640b, silicon; SRMs 1633a, 1633b, 2689, 2690, 

and 2691, Fly Ash SRMs; and SRM 1976, alumina plate. 

Many of the materials used were synthesized by previous members of Dr. G. J. 

McCarthy's group at North Dakota State University.  These materials include tricalcium 

aluminate (C3A), merwinite, brownmillerite, ettringite, melilite, and bassanite.  The 

calcium oxide (lime) was prepared by firing calcium carbonate (EM Reagents) at 1000º C 

for 3 hours.  The mullite was ground from refractory bricks.  Hannebachite was prepared 

by mixing equimolar solutions of calcium nitrate and sodium sulfite (sources unknown) 

and filtering the precipitate.  The sodium sulfate (thenardite) is of unknown source.  The 
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anhydrous calcium sulfate (anhydrite) was prepared by firing gypsum (Mallinckrodt) at 

approximately 800º C for 10 hours. 

 

2.2.  Data Collection and Analysis 

All data were collected using a Philips X'Pert Multi-purpose Diffractometer in 

Bragg-Brentano geometry (vertical θ-2θ).  The details of the diffractometer configuration, 

operating conditions, and scan parameters are described in Table 1.  Qualitative analyses 

were accomplished using the search/match software Jade+ (1998) based on the JCPDS-

ICDD powder diffraction database (PDF2).  Quantitative analyses were done using the 

publicly available code GSAS (Larson and Von Dreele, 1994).  The parameters included in 

the refinements are outlined in Table 2.  Alternate Rietveld codes examined were RIQAS 

(1998) and DBWS (Young et al., 1998). 

 

2.3.  Specimen Preparation 

Each test mixture was weighed on a Sartorius Analytical balance.  The mixtures 

were ground with a mortar and pestle under 95% ethanol for a minimum of 5 minutes to 

achieve the correct particle sizes and ensure mixing.  The internal standard was then added, 

and the resulting mixture was then ground with a mortar and pestle under 95% ethanol for 

an additional 5 minutes to ensure homogeneity.  These conditions were chosen because 

they have been shown previously (McCarthy et al., 1988) to be the optimum conditions to 

prepare CCB mixtures to ensure minimal dehydration of hydrated phases and minimize the 

hydration of anhydrous phases. 
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Table 1.  Diffractometer and measurement conditions for obtaining qualitative and 
quantitative powder X-ray diffraction data. 
 

  
Qualitative Scan 

 

 
Quantitative Scan 

 
Radiation source 

 
Cu Kα, long fine focus 

 
Cu Kα, long fine focus 

 
Monochromator 

 
Graphite diffracted beam 

 
Graphite diffracted beam 

 
Divergence Slits 

 
Variable 

 
1º 

 
Antiscatter Slits 

 
4º 

 
1º 

 
Receiving Slits 

 
0.2 mm 

 
0.2 mm 

 
Detector 

 
Proportional counter 

 
Proportional counter 

 
Söller slits 

 
0.04 rad, incident and 
diffracted beam 

 
0.04 rad, incident and 
diffracted beam 

 
Generator settings 

 
45 kV, 30 mA 

 
45 kV, 30 mA 

 
Starting angle 

 
6º 

 
20º 

 
Final angle 

 
65º 

 
80º 

 
Step size 

 
0.025º 

 
0.03º 

 
Step time (s) 
 

 
1 

 
2 

 

Table 2.  Parameters included in Rietveld refinements. 

 
Background 

 
Weight fractions 

 
Lorentzian component of peak shape 

 
Lattice parameters 

 
Specimen displacement 
 

 
Peak asymmetry 
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  The original rutile internal standard was micronized in a McCrone Micronizing mill 

for 30 minutes to reduce the average particle size to ~5 µm prior to its inclusion in 

mixtures.  Later studies used a rutile internal standard obtained from DuPont (R900 

coatings grade titanium dioxide), which did not require the micronizing step as its particle 

size was initially less than 1 µm. 

  Samples for qualitative scans were prepared by mounting the specimen as a slurry 

on a glass slide.  In this technique, a small amount (100 mg) of sample is suspended in a 

liquid medium (for this work, 95% ethanol).  This suspension is then placed on a glass 

microscope slide and allowed to cover an area of approximately 2 cm by 2 cm.  The liquid 

medium is then allowed to evaporate, leaving a thin layer of the sample.  The diffraction 

pattern was then obtained with the following scan parameters: 6-65º 2θ, 0.02º step size, and 

1 second count time.  The samples for quantitative scans were prepared by side drifting the 

powder into a well mount as illustrated by McMurdie et al. (1986).  In side drifting, a glass 

slide is placed over the top of a sample mount.  The mount is typically made of aluminum, 

containing a precision-machined depression with an opening along a portion of one edge.  

The specimen is then added carefully through the opening on the side, being careful not to 

pack the sample too tightly (introduces preferred orientation) or too loosely (allows for X-

rays to penetrate to the sample mount).  The glass cover is then removed prior to 

introducing the mount into the diffractometer, allowing the sample to be directly exposed 

to the beam.  This mounting technique is used because of its propensity for the 

minimization of preferred orientation in the specimen as well as the introduction of 

sufficient sample to the X-ray beam to prevent the X-rays from reaching the sample holder.  

The starting angle of 20º was chosen because the area covered by the X-ray beam with a 1º 
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fixed slit goes beyond the edge of the specimen in a well mount at 18º.  The scan 

parameters for the quantitative scans will be discussed in more detail in Section 3.3.2. 

 

2.4.  Scanning Electron Microscopy (SEM) Analyses 

The SEM analyses were performed at the North Dakota State University SEM 

laboratory, using a JEOL JSM6300V Electron Microscope with the Noran Voyager III 

microanalysis package for qualitative elemental analysis.  The analyses were performed by 

Kathy Iverson and Scott Payne. 

 

2.5.  The Rietveld Method 

The Rietveld code chosen was developed by Larson and Von Dreele (1994) at Los 

Alamos National Laboratory.  As the program was developed under the Department of 

Energy, it is free to download using file transfer protocol from 

ftp://ftp.lanl.gov/public/gsas/.  The program used here runs under DOS, but compiled code 

for use with Unix or Silicon Graphics systems is also available.  There is a minimal 

Windows interface, allowing for the program to be used from Windows 95 or 98.  The 

most recent version of GSAS was made available in January 1998 and is the version 

currently being used. 

The steps involved in performing a Rietveld analysis begin well before the Rietveld 

code is even used.  The steps in performing an analysis are as follows: 

1. Collect data. 

2. Data are transferred to working computer through laboratory LAN. 

3. Data are read into JADE for analysis and conversion. 

ftp://ftp.lanl.gov/public/gsas/
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4. Data are examined to determine if there are any anomalies present that weren't 

noted in the qualitative scans. 

5. Data are then converted to GSAS format using the ASCII file converted in Jade. 

6. The header information is copied from an existing GSAS file, and the old 

header is deleted using the DOS editor. 

7. GSAS is started, and the experimental file is created.  

8. The phases are read into the experimental file 

9. The data file that was just created is read into GSAS. 

10. The Rietveld refinement is performed (refinement protocol outlined in the 

following chapter). 
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3.  METHODS DEVELOPMENT AND ANALYSIS OF COMPLEX MULTI-PHASE 
TEST MIXTURES 

 
3.1.  Structure Database 

One of the requirements for RQXRD is that knowledge of the crystal structure data 

of all phases needed for the analysis be available.  Therefore, a database of structural data 

was compiled for each of the phases commonly found in CCBs (Table 3).  The database 

was constructed by searching the literature and the Inorganic Crystal Structure Database 

(ICSD) (ICSD, 1997).  For many CCB phases there have been multiple crystal structure 

determinations published in the literature and archived in the ICSD.  The structure data sets 

were screened by calculating powder patterns and looking for the best match to 

experimental CCB powder XRD patterns.  Each structure data set was entered into the 

program Micro-POWD (Smith and Smith, 1993).  Other criteria used to select the final 

structures included date of determination (more recent structure determinations had higher 

priority than older structure determinations) and the availability of thermal parameters 

(which are often missing from older determinations).   

Each phase's structural data were then tested in RQXRD analyses of samples 

containing CCBs.  For the majority of CCB phases, the tests consisted of 50:50 mixtures 

with the internal standard phase, rutile (TiO2).  Each Rietveld plot was examined closely in 

order to determine whether there were any peaks that were not a good match to the 

experimental pattern, the three common poor matches were differing relative intensities, 

spurious peaks, or missing peaks.  A poor match to the experimental pattern often indicated 

errors in a structure data set.  This examination has yielded structures deemed  



 43 

 
Table 3.  Phases contained in the structure database. 
 
 
Name 
 

 
Nominal Formula 

 
Other Names and Shorthand 
Notations 

 
Anhydrite 

 
CaSO4 

 
SA  

 
Akermanite 

 
Ca2MgSi2O7 

 
C2MS2 

 
Bassanite 

 
CaSO4.1/2H2O 

 
Hemihydrate 

 
Brownmillerite 

 
Ca2(Al,Fe)2O5 

 
C4AF, ferrite 

 
Tricalcium aluminate 

 
Ca3Al2O6 

 
C3A, aluminate 

 
Calcite 

 
CaCO3 

 

 
Ettringite 

 
Ca6Al2(SO4)3(OH)12

.26H2O 
 
AFt 

 
Gehlenite 

 
Ca2Al(AlSi)O7 

 
C2AS 

 
Gypsum 

 
CaSO4.2H2O 

 
2HSC  

 
Hannebachite 

 
CaSO3

.1/2H2O 
 
Calcium sulfite hemihydrate 

 
Hematite 

 
Fe2O3 

 
α-Fe2O3 

 
Lime 

 
CaO 

 
Quicklime 

 
Magnetite 

 
Fe3O4 

 

 
Merwinite 

 
Ca3Mg(SiO4)2 

 
C3MS2 

 
Mullite 

 
Al6Si2O13 

 
A3S2 

 
Periclase 

 
MgO 

 

 
Portlandite 

 
Ca(OH)2 

 
CH 

 
Quartz 

 
SiO2 

 
α-Quartz 

 
Sodalite 

 
Na8Al6Si6O24Cl2 

 

 
Straetlingite 

 
Ca2Al2SiO7

.8H2O 
 
Gehlenite hydrate, C2MS2H8 
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Table 3.  Phases contained in the structure database (cont.) 
 

 
Name 
 

 
Nominal Formula 

 
Other Names and Shorthand 
Notations 

 
Thaumasite 

 
Ca6Si2(SO4)2(CO3)2(OH)12

.24H2O 
 

 
Thenardite 

 
Na2SO4 

 

 
Vaterite 

 
CaCO3 

 

 
Ye'elimite 

 
Ca4Al6O12(SO4) 

 
SAC 34 , kline phase 

 



 45 

inadequate for the systems being studied.  The structure data sets that looked best initially 

for hematite, magnetite, and calcite all produced discrepancies between the calculated and 

experimental patterns when employed in RQXRD experiments.  An alternate choice of 

structure was used, and the subsequent calculated patterns matched the experimental 

patterns more closely.  Examples of the testing plots are shown in Figure 12.  Figure 12 

(top) shows the RQXRD analysis of a sample of magnetite using the initial structure data 

set for magnetite.  The calculated pattern (solid line) for most of the peaks in this region is 

lower in intensity compared to the experimental pattern (crosses).  Figure 12 (bottom) 

shows the same mixture using the new structure data for magnetite.  In this case, the 

intensities of the calculated pattern (solid line) and experimental pattern (crosses) match 

better, although still not perfectly.  The most significant improvement is in the region 

between 30 and 45º 2θ, where there is a drop in intensity in the difference plot (lower 

curve) for three of the peaks. 

A web site was created for the research community to have access to these tested 

structure data sets.  The web site contains the structure information for each phase in Table 

3, as well as the analysis protocol to be outlined in a later section, hints and tips on 

analyses, and a survey page.  The structure information is included as a GSAS (Larson and 

Von Dreele, 1994) .EXP (experiment) file.  These files allow users to download the phases 

of interest and read them directly into a working .EXP file.  The web site can be found at 

http://qxrd.chem.ndsu.nodak.edu/ccbs/.  The structure data set and literature reference for 

each CCB phase included in the database can be found in Appendix A.   A sample input 

file from the CCB web site is found in Appendix B. 

http://qxrd.chem.ndsu.nodak.edu/ccbs/
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Figure 12.  Rietveld plot of magnetite using the old structure data  
(top) and new structure data (bottom). 
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 Structure data sets were also required for the phases chosen for the test mixtures.  

Names and formulas for the six additional phases used in these mixtures are given in Table 

4.  Structure data sets for these phases were obtained from the ICSD using the same criteria 

and tests described above. The structure data and literature references for each of these 

additional phases can be found in Appendix C. 

 

3.1.1.  Hannebachite 

Hannebachite, CaSO3.½ H2O, posed an especially difficult problem for the 

determination of the structure to be included for use in subsequent Rietveld refinements.   

The initial discrepancies were noticed when the diffraction pattern obtained from a 

synthetic hannebachite sample was compared to the calculated pattern (Figure 13).  

Preferred orientation did not fully account for the differences between the two patterns.  An 

additional parameter, sfec, which accounts for stacking faults was included in the 

refinement.  There are two types of dislocations that may be modeled under this heading, 

planar dislocations or linear dislocations.  Planar dislocations occur when there is a layered 

structure and the layers become offset by some amount from the "normal" structure.  This 

type of dislocation will typically involve the loss of intensity along certain directions.  The 

second type of dislocation, linear, is what appears to be occurring in this instance.  In a 

linear dislocation, there is a departure from the "normal" structure along a given direction.  

In the case of hannebachite, the linear dislocation appears to be along the 020 direction.  

What appears to be occurring here is that there is a range of d spacings along the 020 

direction, causing a broadening of those peaks.  The inclusion of this parameter in the  
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Table 4.  Additional materials used in the test  
mixtures. 

 
 
Cristobalite (SiO2) 

 
Rutile (TiO2) 

 
Corundum (α-Al2O3) 

 
Silicon (Si) 

 
Eskolaite (Cr2O3) 
 

 
Zincite (ZnO) 
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Figure 13.  Comparison of Rietveld refinements for hannebachite  
using the original structure (top) and the refined structure (bottom). 
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refinement significantly improved the agreement between the calculated and experimental 

patterns, but more improvement was needed.   

  A structure refinement of hannebachite was then undertaken to improve the 

agreement between the calculated and experimental diffraction patterns.  The scan 

parameters used for the structure refinement were 20-140º 2θ, 0.02º per step and 10 second 

count time for a total scan time of 16 hours and 40 minutes.  These scan parameters are 

required because the quality of the data necessary for structure refinements must be much 

higher than that for the quantitative analysis.  The higher angles are required because more 

accurate thermal parameters are obtained when that region of the diffraction pattern is 

included.  The parameters included in the refinement are shown in Table 5.  A comparison 

of relevant bond distances and angles is found in Table 6.  A complete listing of the 

structural data necessary for a Rietveld analysis can be found in Appendix A. 

 

3.2.  Standard Protocol for Quantitative Analysis of Complex, Multi-Phase Mixtures 
 
A quantitative analysis protocol needed to be developed for complex, multi-phase mixtures 

for use in quantifying the phases in CCB materials using the Rietveld method.  This 

protocol was designed in order to allow non-expert users to perform Rietveld analyses on 

these types of systems and obtain quantitative results with reasonable accuracy in a suitable 

time frame, both instrumental and computational.  The main focus of this portion of the 

study was to determine only the parameters necessary for a refinement to obtain a specific 

level of accuracy and then fix the remaining parameters.  The analysis protocol will be 

explained here.  A step-by-step process for the Rietveld refinement is given in Appendixes 

D and E. 
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Table 5.  Parameters refined for the structure solution of hannebachite. 

 
Parameter 

 

 
Comments 

 
Background 

 
Shifted Chebyshev polynomial with 12 coefficients 

 
Lattice parameters 

 

 
Specimen Displacement 

 
Profile Coefficient (PC) shft 

 
Peak Width 

 
PC LX 

 
Atomic positions 

 

 
Anisotropic Broadening  

 
PC stec, ptec and sfec; stacking fault model used 
along the 020, 100, 001 direction 

 
Preferred orientation 

 
16th order spherical harmonics 

 
Thermal Parameters  

 
Anisotropic 

 
Lorentz Polarization 

 
Parameter POLA 
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Table 6.  Comparison of the bond lengths (Å) and angles (º) for the original hannebachite 
structure and the refined structure.a 
 

 
Parameter 

 

 
Original Hannebachite 

 
Refined Hannebachite 

 
S-Ca bond length 

 
2.9804 

 
3.0932 

 
S-O1 

 
1.5288 

 
1.4828 

 
S-O2 

 
1.5168 

 
1.4731 

 
S-O3 

 
1.5099 

 
1.6183 

 
Ca-O4 

 
2.4988 

 
2.5668 

 
O1-S-O2 angle 

 
104.05 

 
105.73 

 
O1-S-O3 

 
101.60 

 
107.92 

 
O2-S-O3 

 
106.27 

 
106.12 

 
a 

 
10.663 

 
10.663 

 
b 

 
6.484 

 
6.492 

 
C 
 

 
9.812 

 
9.805 

aThe full structure data set is reported in Appendix A. 
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 There are two main steps in the analysis protocol.  The first step is the 

determination of the parameters specific for the XRD instrument being used.  These factors 

include instrumental peak widths, which are a function of the diffractometer's focusing 

circle and slits, and the Lorentz-polarization (Lp) term, which is a function of the 

diffraction geometry, angle of diffraction, and the fact that the process of diffraction causes 

the X-ray beam to become polarized.  The second step is to apply the refinement procedure 

to experimental data for the sample of interest. 

 

3.2.1  Determination of Instrumental Parameters 

Prior to beginning work using the Rietveld method for either structure 

determinations or for the quantitative analysis of mixtures of solids, the XRD instrument 

being used must be modeled.  This modeling uses a material with a known peak profile to 

determine the peak-shape characteristics of the instrument.  This information is then used 

as the starting point for subsequent Rietveld refinements.  Using this information allows the 

user to fix specific variables relating to the instrument, reducing the number of variables 

necessary in the refinement.  The second advantage gained with this approach is that the 

initial peaks in the refinement are already modeled for instrumental effects, leaving only 

sample and specimen effects to be modeled.  The advantages presented by modeling the 

instrument are twofold.  First, the number of variables necessary in the refinement is 

reduced.  As the peaks shapes are already partially modeled, typically the only remaining 

variable is the peak width, which may be modeled with the refinement of one parameter.  

Second, it reduces the chance of the Rietveld refinement finding a false minimum on the 

least squares "surface," thus increasing one's confidence in the results. 
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The instrumental parameters are determined by Rietveld refinement of data 

collected from the National Institute of Standards and Technologies (NIST) Standard 

Reference Material (SRM) 1976 Alumina Plate.  This SRM is a sintered plate of corundum, 

α-alumina (α-Al2O3). This standard was issued for the purpose of instrument parameter 

determinations: SRM 1976 has certified peak positions and relative intensities, and is 

reported to be free of peak broadening due to size or strain.  The data are collected such 

that they can be used to calibrate the sensitivity (intensity as a function of 2θ) of the 

instrument and be used to determine the instrumental peak profiles.  The recommended 

procedure is to scan from 20-120° 2θ with a 0.02° step size and 10 second count time.   

The instrument sensitivity is calibrated first.  This calibration is accomplished by 

comparing the experimental peak heights and/or areas with the certified values.  To 

determine if the instrumental sensitivity is within specifications, a graphical evaluation of 

the ratio of the experimental intensities versus the certified intensities (determined by peak 

height or area) plotted as a function of diffraction angle (2θ) is performed.  Two criteria 

must be met for the instrumental sensitivity to be within the prescribed specification. First, 

all data points must fall within the appropriate error bars (6.12% if peak areas are used, 

7.85% if peak heights are used).  Second, there should be no obvious systematic pattern to 

the data points (e.g., linearity).   

Once the instrument has been calibrated, the data are used in a Rietveld refinement 

to determine the instrumental peak profiles and Lorentz polarization.  A typical calibration 

plot is shown in Figure 14.  The instrument falls well within the error bars over the range of 

the scan, and the scatter is such that no systematic pattern can be detected. 
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Figure 14.  Calibration plot for the Phillips X'Pert MPD using integrated peak areas   
for SRM 1976. 
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  To obtain the instrumental parameters necessary for subsequent Rietveld work, the 

full instrumental peak profile was determined using SRM 1976.  This instrumental peak 

profile is the peak shape that the instrument will give when there are no additional factors 

present to cause peak broadening.  The procedure for determining the instrument 

parameters necessary for a Rietveld refinement is given below.  A description of each 

parameter was given in Section 1.3.  The listed parameters are added sequentially to the 

parameters that are allowed to vary in the refinement, until in the last step all listed 

parameters are being  refined.  The refinement proceeds in the sequence shown in Table 7, 

with the specific functions used with GSAS for this work given in the right-hand column. 

  The user is cautioned to carefully monitor the progression of the refinement.  One 

way of monitoring the progress of a refinement is to watch how the ratio of the shift, the 

amount the refinement calculates to change a given variable,  to the estimated standard 

deviation (esd) behaves.  As this number approaches zero, the amount the variable is 

changed becomes much smaller than the error associated with that value.  The refinement 

is considered converged (finished) if the shift/esd ratio for each of the refined parameters is 

approximately zero. (In most cases the values will be between 0.02 and 0.00 in the final 

refinement step.)  An example of the output from the last step in a Rietveld refinement is 

shown in Appendix B.  If at anytime the refinement will not converge, the values of each 

parameter must be examined.  If any are zero (or near zero) with a large shift/esd 

associated with them, do not refine that parameter, and set its value to zero.  It should be 

noted here that the specimen displacement term is not necessary but, in most cases, will 

give a good first approximation to the value for the refinement of interest.  A copy of an  
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Table 7.  Parameters refined in the determination of the instrument profile. 
 

 
Parameter 

 

 
GSAS Parameter 

 
Background and histogram scale 
factor 

 
Background function #1, shifted Chebyshev 
polynomial with 12 coefficients 

 
Set peak profile and cut-off 

 
Function #2, pseudo-Voigt, cut-off set to 
0.25% of the peak maximum 

 
Lattice Parameters 

 
Initial value from structure data 

 
Specimen displacement 

 
Profile coefficient (PC) shft 

 
Peak shape, gaussian component 

 
PC GW 

 
Peak shape, lorentzian component 

 
PC LX 

 
Peak shape, asymmetric component 

 
PC asym 

 
Peak shape, gaussian component 

 
PC GU 

 
Preferred orientation 

 
Spherical harmonics, 4th order 

 
Specimen transparency 

 
PC trns 

 
Peak shape, gaussian component 

 
PC GP 

 
Peak shape, size/strain broadening 

 
PC stec, PC ptec, PC sfec 

 
Lorentz-polarization 

 
Instrumental parameter, POLA 

 
Peak shape, lorentzian component 

 
PC LY 

 
Preferred Orientation 

 
Spherical harmonics, 8th order 

 
Preferred Orientation 
 

 
Spherical harmonics, 12th order 
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instrumental parameter file is shown in Appendix B.  This refinement should be run at least 

once a year to determine if any instrumental changes have occurred. 

 

3.2.2.  Quantitative Analysis of Complex, Multi-Phase Mixtures 

Once the instrument profile was determined, the next step was to devise a 

methodology for the quantitative analysis of complex, multi-phase mixtures, such as CCB 

materials.  The Rietveld refinement protocol was designed to incorporate only the terms 

necessary to obtain results within the accuracy desired; in the case of CCB materials for 

this laboratory, initially the target was within ±15% of the actual value.  This value was 

chosen because it offered a significant improvement over the RIR protocol used previously 

on these systems, but was slightly lower accuracy than what was felt could be obtained 

from the Rietveld method if full refinements were performed.  A RQXRD analysis is 

capable of refining the structures and, to some extent, the chemical compositions of solid 

solution phases.  However, it is desirable to fix the crystal structure data, and in most cases, 

the chemical composition of solid solution phases.  Including this data as refinable 

parameters typically makes the refinements more difficult, taking more cycles, or even 

impossible to converge.  The principle difficulty is the large number of variables that must 

be included.  For example, in a mixture containing 3 cubic binary phases with all atoms on 

fixed special positions (e.g., 0 0 0 or 1/8 1/8 1/8, but not x y 0) and only the isotropic 

thermal parameters being refined, refinement of the structure data adds 6 variables to the 

refinement.  However, in a CCB material containing ettringite, if all structural variables of 

just the ettringite are refined, there are 88 additional variables included in the refinement.  

Thus, the selection of the structure data, as outlined in Section 3.1, and then fixing it in the 
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refinement is an important step for the Rietveld refinement protocol developed here.  It was 

also necessary to determine the most effective combination of profile coefficients to 

include in the refinement.  After much trial and error, the combination outlined below met 

the previously described criteria. 

 Many of the factors studied over the course of the determination of the analysis 

protocol will be examined in the following sections.  The steps in the protocol developed 

here for the Rietveld refinement of complex, multi-phase mixtures are presented in Table 8.  

The number of coefficients to be refined for the background is determined by the perceived 

amount and type of amorphous material present.  For a refinement on a sample with little 

amorphous content, that is little or no background amorphous "hump," a background with 

only 6 coefficients would be necessary.  For a refinement on a high-calcium fly ash, where 

there is a significant, asymmetric amorphous scattering "hump," an 18 coefficient 

background function is necessary to ensure proper modeling. 

  This Rietveld refinement protocol yields results quickly, typically within 15 

minutes for the test mixtures, and with little user intervention.  The only decision that is 

usually necessary is whether a preferred orientation correction is required.  The errors in 

the weight percentages obtained with this quantitative analysis protocol are typically under 

±10 of the value and almost always under ±15 for crystalline phases in the test mixtures 

present at >1% abundance. 
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Table 8.  Rietveld refinement protocol for complex, multi-phase mixtures. 

 
Step 

 

 
Parameter 

 
Comments 

 
 
1 

 
 
Background 

 
Shifted Chebyshev polynomial with 6-18 coefficients, 
depending on the perceived amount and type of 
amorphous material present 
 

 
2 

 
Phase/element Fraction 

 
i.e., the weight percentages 

 
3 

 
Lattice Parameters 

 
To allow for slight shifts in peak position 

 
4 

 
Specimen Displacement 

 
Profile Coefficient (PC) shft, constrained to the same 
value for all refined phases 

 
5 

 
Peak Broadening 

 
PC LX 

 
6 

 
Peak Asymmetry 

 
PC asym 

 
7 

 
Preferred Orientation 

 
If necessary 

 
8 

 
Microabsorption 

 
Post-refinement correction if necessary 
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3.3.  Test Mixtures 
 
3.3.1.  Crystallinity of Materials 
 

The chemicals used for the test mixtures consisted of stable laboratory chemicals 

and NIST SRMs.  These chemicals were chosen for their known compositions; their 

availability; their stability in the laboratory environment; and, in the case of the SRMs, the 

additional available information such as particle size and chemical composition. 

Prior to their inclusion in test mixtures, two questions needed to be addressed for 

each material:  the purity of the materials and the crystallinity of the material.  The first 

question is commonly addressed through a high sensitivity X-ray diffraction scan.  The 

second question is rarely asked by researchers using known materials to determine the 

accuracy of a method.  X-ray diffraction studies principally the crystalline component of a 

sample, so the crystallinity of a material is quite important.  

The second question was prompted due to the analysis information supplied with 

the NIST SRMs.  The Respirable Quartz SRM (1876) was reported on the SRM certificate 

to be 4.5 +/- 1% amorphous, and SRM 676 (corundum) has recently been reported to be 

1.6% amorphous (Cline and Von Dreele, 1998).  These data suggested that the crystallinity 

of every phase proposed for use in the test mixtures should be studied. 

This question has only been addressed a limited number of times previously in the 

literature.  Altree-Williams et al. (1981) first addressed the issue by examining the effect of 

the amorphous content of quartz on its RIR values with corundum.  Hill (1983, 1984) 

studied the use of calculated diffraction patterns for the calculation of RIR values to avoid 

any amorphous contribution.  Howard and Hill (1991) were the first to address the problem 

of amorphous content in the materials used to make test mixtures.  Prior to this, only the 
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question of amorphous content in the materials used to determine the RIR values was 

addressed; this was the first attempt to quantify the amorphous content of the materials 

actually used in samples designed for testing and error analysis.  Yang (1996) illustrated 

the importance of determining the amorphous content of the materials used to test methods.  

Yang analyzed the materials used to determine the accuracy of the RIR method of a cement 

mixture.  He then examined the recoveries of gypsum in a cement mixture with and without 

accounting for the amorphous content.  The results show a decrease in the average 

weighted relative error for the gypsum recoveries from 4.3% to 0.7% for 5 samples with 

varying gypsum content. Others have examined the crystallinity of quartz (O'Connor and 

Chang, 1986; Nakamura et al., 1989; Jordan et al., 1990), either as a function of source or 

grinding time. 

To determine the amorphous content of the materials, each compound to be used 

was mixed in a known proportion (50:50) with rutile.  These samples were then analyzed 

using the Rietveld method to determine the amount of amorphous material present.  The 

one assumption made was that the rutile used in our laboratory over the last decade was 

100% crystalline.  To test this assumption, the first material to be analyzed was SRM 676 

(corundum), which has a known amorphous content of 1.6% (Cline and Von Dreele, 1998), 

mixed with 50 wt. % of this rutile.  The amorphous content of the corundum was 

determined to be approximately 2.0%, indicating that the assumption of 100% crystallinity 

for the rutile was reasonably valid.  However, due to the microabsorption and particle size 

questions, especially surrounding the rutile used here, the crystallinities should be treated 

as approximate, and as such, are reported to the 0.5% level.  These approximate 

crystallinity values, while not exact, will increase the validity of the accuracy statements 
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made, due to the reference weight percentages being more exact with these values than 

without.  Each of the materials used in the test mixtures was then analyzed for purity and 

crystallinity.  Two phases, lime and anhydrite, were found to have contaminant phases 

present (portlandite and bassanite, respectively).  These materials were fired in a furnace at 

1000º C for 3 to 5 hours, and the resulting material was then phase pure.  The crystallinities 

were determined for each of the pure phases and tabulated (Table 9). 

 The materials ranged from fully crystalline (quartz, hematite, etc.) to having a 

significant amorphous component present (thenardite and magnetite).  The range of 

crystallinities is disturbing, considering the fact that one iron oxide (hematite) is fully 

crystalline, while a second iron oxide (magnetite) is only about 75% crystalline.  The 

reason for the large amorphous component in some of these materials is not yet fully 

understood.  SEM and TEM analysis of some phases will hopefully determine if there is a 

nanocrystalline component present in the magnetite.  SEM analysis indicates that the 

magnetite consists of very small particles (on the order of 200 nm, Figure 15), and 

fluorescence work indicates that it is almost exclusively iron oxide.  XRD analysis shows 

there are no crystalline contaminants in the material.  TEM work will hopefully determine 

if a nanocrystalline iron oxide phase is present.  The presence of a nanocrystalline phase 

would resolve the questions associated with the magnetite crystallinity.  If a nanocrystalline 

phase was present, it may be crystalline in the range of a few nanometers, but "X-ray 

amorphous" as described by Jarabek et al. (1996).  In this situation, the material may be 

crystalline at the TEM level of analysis, but not have sufficient long-range order for 

diffraction to occur.  Jarabek et al. found that up to 30% by weight of an "X-ray 
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Table 9.  Amorphous content of phases used in standard mixtures. 
 

 
Phase 

 

 
% Amorph. 

 
Phase 

 
% Amorph. 

 
Phase 

 
% Amorph. 

 
Anhydrite 

 
0 

 
Gypsum 

 
10 

 
Portlandite 

 
2 

 
Brownmillerite 

 
24 

 
Hematite 

 
0 

 
Quartz 

 
0 

 
Calcite 

 
6 

 
Maghemite 

 
8 

 
Rutile (old) 

 
0 

 
Corundum 

 
2 

 
Magnetite 

 
26 

 
Rutile (new) 

 
5 

 
Cristobalite 

 
3 

 
Melilite 

 
13.5 

 
Silicon 

 
0 

 
C3A 

 
13 

 
Merwinite 

 
23 

 
Thenardite 

 
23 

 
Eskolaite 

 
0 

 
Mullite 

 
7.5 

 
Zincite 

 
3 

 
Ettringite 
 

 
0 

 
Periclase 

 
0 
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Figure 15.  SEM image of magnetite.  One micrometer (1000 nm) scale bar is shown below 
the photomicrograph. 
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 amorphous" material may be present in a mixture and not be detectable by the presence of 

either diffraction peaks or an amorphous background. 

As mentioned previously, the scans used to determine the crystallinity of the 

materials were also used to determine the appropriateness of the structure data chosen for 

each phase.  The Rietveld plots were carefully examined to determine if each peak was 

correctly represented in peak position and intensity.  If the calculated pattern was either 

missing a peak or showing a significant variation in intensity compared to the experimental 

pattern, the structure data were deemed suspect, and an alternate structure was investigated. 

 In addition to the instrumental parameters, parameters for inclusion in the 

refinement, and compositions to use for solid solution phases, there were many other 

factors that needed to be addressed during the course of determining the refinement 

procedure for the RQXRD of CCB materials.  These factors included the choice of the data 

acquisition parameters, microabsorption, the choice of internal standard, and limitations of 

the Rietveld program.  Each of these factors will be discussed in the following sections. 

 

3.3.2.  Data Acquisition Parameters 
 
 The data acquisition parameters were the first factors examined.  A quick review of 

the Rietveld literature shows scans with large angular ranges (5-20 to 120-160º 2θ), short 

step sizes (0.01-0.02º /step), and long counting times (10-20 seconds).  For a point of 

reference, a scan taken over the range of 20 to 120º 2θ, with a 0.02º step size and counting 

for 10 seconds per step would take almost 14 hours.  In a laboratory designed to analyze 

hundreds, if not thousands, of samples per year, these scan parameters are not feasible.  An 
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alternative, less costly set of scan parameters that yielded comparable accuracies to the 

longer scans needed to be determined. 

Two sets of parameters were examined; the first set consisted of a scan from  

20-140° 2θ with a 0.025° step size and 8 second count time ("long scan").  The total time 

required for this scan is 10 hours and 46 minutes.  The second scan utilized 20-80° 2θ with 

a 0.03° step size and 2 second count time ("short scan").  The total time for this scan is 1 

hour and 6 minutes.  The weighted relative error obtained from RQXRD analysis of an 

eight phase mixture (further discussion below) using the long scan was 5.6%, while the 

weighted relative error of an identical analysis of data from the short scan was 5.5%.  As 

can be seen from these results, the counting statistics are apparently satisfactory in the short 

scan for this quantitative analysis protocol.  Therefore, the short scan was used to obtain 

the remaining results.   

Subsequent to this determination, Toraya and Hayashi (1998) concluded from the 

results of a round robin study that 80° 2θ was the minimum angle at which to stop data 

collection for use with the Rietveld method.  The round robin study indicated that 

refinements using scans terminating at shorter angles tended to yield inconsistent results, 

while those terminating at 80° or higher showed less variability.  Thus, our choice of 80° 

seems to be valid. 

 

3.3.3.  Microabsorption 
 
 The next factor examined was microabsorption.  The microabsorption phenomenon 

and its effect on X-ray intensities was outlined in Section 1.3.4.  The quantitative analysis 

protocol developed here uses Equation 30, a modified version of Equation 22, 
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where τA and τj are the Brindley corrections for phases A and j, respectively.  Using the 

weight fractions calculated in a Rietveld refinement, a spreadsheet corrects for 

microabsorption effects post-refinement.  The required particles sizes for materials used in 

the development of the quantitative analysis protocol were determined by scanning electron 

microscopy (SEM).  Table 10 shows each material and its associated particle size. 

 Microabsorption was corrected for post-refinement using a Microsoft Excel 

spreadsheet (Microsoft, 1997).  The user inputs the two-letter code for each phase from a 

table of available phases and the weight fractions of each phase.  For the test mixtures, the 

user would also enter the amount of each phase weighed into the test mixture.  The 

spreadsheet then calculates the corrected values for each phase, with the relative errors 

when initial amounts are given. 

 A typical example of the effect of microabsorption can be seen in Table 11.  In this 

example, the largest effect of microabsorption is seen in the calculation of the amorphous 

content of the material.  The large (and physically impossible) negative value in the 

uncorrected case becomes more reasonable when corrected for microabsorption.   It should 

be noted here that correcting for microabsorption is not always straightforward.  In the 

mixtures used to develop the quantitative analysis protocol, the particle sizes have been 

characterized using SEM analysis.  In other samples, where individual grains in a complex  
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Table 10.  Average particle sizes of phases used in standard mixtures as determined by 
SEM analysis. 
 
 

Phase 
 

Particle 
Size (µµµµm) 

 

 
Phase 

 
Particle 

Size (µµµµm) 

 
Phase 

 
Particle 

Size (µµµµm) 

 
Anhydrite 

 
3.5 

 
Gypsum 

 
7.7 

 
Portlandite 

 
2 

 
Brownmillerite 

 
- 

 
Hematite 

 
0.2 

 
Quartz 

 
1 

 
Calcite 

 
1.7 

 
Maghemite 

 
0.2 

 
Rutile (old) 

 
2 

 
Corundum 

 
0.5 

 
Magnetite 

 
0.25 

 
Rutile (new) 

 
0.4 

 
Cristobalite 

 
1.2 

 
Melilite 

 
- 

 
Silicon 

 
2.5 

 
C3A 

 
2 

 
Merwinite 

 
0.7 

 
Thenardite 

 
5 

 
Eskolaite 

 
0.4 

 
Mullite 

 
- 

 
Zincite 

 
0.3 

 
Ettringite 
 

 
- 

 
Periclase 

 
0.2 
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Table 11. RQXRD analyses with and without using the microabsorption correction, in wt. 
%.  The reference weight percentages were corrected for inherent amorphous content. 
 
 

Phase 
 

Particle 
Size (µµµµm) 

 
Reference 

 
Uncorrected 

RQXRD 
 

 
Corrected 
RQXRD 

     

Hematite 0.3       26.8         28.3 (6%)         28.7 (7%) 

Calcite 1.7       25.2         27.7 (10%)         25.3 (0%) 

Quartz 1.0       13.4         13.9 (3%)         13.0 (3%) 

Cr2O3 0.4       11.0         10.3 (6%)         10.5 (4%) 

Silicon 2.5         7.3           7.8 (6%)          6.7 (9%) 

ZnO 0.3         7.1           7.3 (3%)          7.2 (1%) 

Corundum 0.5         3.6           4.1 (16%)          4.0 (12%) 

Cristobalite 1.2         3.4           4.0 (14%)          3.7 (4%) 

"Amorphous"          2.0         -3.4 (270%)          0.9 (54%) 
     

Weighted Relative Error*     

All Phases:           12.2%          5.3% 

Crystalline Phases:             6.9%          4.3% 

*Weighted average of the absolute values of relative errors for each phase. 
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mixture cannot be isolated or identified, determining a particle size may be difficult or even 

impossible.  If the particle sizes are only approximated, the results may be significantly 

changed, as shown in Table 12.   

  As can be seen, the decision to use the microabsorption correction is not to be 

entered into lightly.  A small change in the particle size can yield a large difference in the 

calculated weight fraction of a given phase.  An excellent example of the effect of particle 

size is the weight fraction of hematite from Table 12.  If the particle size is approximated to 

be 5 µm, the weight fraction is calculated to be 43.9%; however, if the entered particle size 

is approximated to be 1 µm, the weight fraction is significantly lowered to 30.9%.  The 

results show a decrease in the amount present by 13%.  Even a change from 1 µm to 0.1 

µm results in a decrease in the amount of hematite of 2.3% (approximately 9% of the actual 

amount present). 

 

3.3.4.  Choice of Internal Standard 
 

The next factor examined was the internal standard.  Rutile was originally chosen 

because its linear absorption coefficient (µ = 549 cm-1) falls near the median of the range of 

possible linear absorption coefficients in CCB materials.  However, the rutile used in the 

initial studies has a particle size of approximately 2 µm, as shown in Figure 16.  This 

particle size is about an order of magnitude higher than other available internal standards, 

such as zincite, ZnO (0.3 µm, µ = 288 cm-1), and corundum, Al2O3 (0.5 µm, µ = 124 cm-1), 

used for QXRD.  Using a variety of mixtures, all three internal standards were examined to 

determine the most effective.  The results using a 5 phase mixture are shown in  
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Table 12.  RQXRD analyses with microabsorption correction using 5, 1, and 0.1 µm 
particle sizes for the correction, in wt. %.  Data corrected for inherent amorphous content. 

 
 

Phase 
 

Part. Size 
(µµµµm) 

 

 
Reference 

 
5 µµµµm 

RQXRD 

 
1 µµµµm 

RQXRD 

 
0.1 µµµµm  

RQXRD 
      

Hematite 0.3   26.8    43.9 (64%)    30.9 (15%)      28.6 (7%) 

Calcite 1.7   25.2    21.3 (16%)    26.4 (5%)      27.6 (10%) 

Quartz 1.0   13.4       9.7 (27%)    13.0 (3%)      13.8 (3%) 

Cr2O3 0.4   11.0    13.6 (24%)    10.9 (1%)      10.4 (6%) 

Silicon 2.5     7.3      5.7 (22%)      7.3 (0%)        7.7 (5%) 

ZnO 0.3     7.1      6.0 (16%)      7.1 (1%)        7.3 (3%) 

Corundum 0.5     3.6      3.0 (16%)      3.9 (9%)        4.1 (15%) 

Cristobalite 1.2     3.5      2.8 (20%)      3.8 (7%)        4.0 (13%) 

"Amorphous"      2.0    -6.0 (396%)    -3.2 (257%)      -3.5 (275%) 
      

Weighted Relative Error      39.4%    11.5%      12.3% 
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Figure 16.  SEM images of original rutile internal standard (top) and R900 rutile internal 
standard (bottom).  Note the different sizes of the 1 µm scale bars. 
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Table 13.  The full results are summarized in Appendix F.  As indicated by the data, rutile 

is the best choice for these types of mixtures, giving a weighted relative error for the entire 

specimen of 5.3% after correction for microabsorption. 

 A second rutile internal standard (DuPont, Co., R900 coatings grade Ti-Pure 

titanium dioxide), denoted as R900, was also examined near the end of the investigation.  

The new rutile internal standard showed smaller and more uniform particle sizes by SEM 

(~0.3 µm), as shown in Figure 16.  This internal standard was checked for purity and 

amorphous content.   

For the determination of amorphous content, a mixture of the rutile and SRM 676 

(corundum) was prepared.  SRM 676 was used because its amorphous content is reported 

to be 1.6% by Cline and Von Dreele (1998).  Jim Cline is the NIST scientist who certifies 

X-ray diffraction SRMs, and Bob Von Dreele is the senior author of the Rietveld code 

GSAS.  These workers took extraordinary steps to derive the 1.6% amorphous content of 

SRM 676.  The RQXRD analyses indicate that the rutile contains 5% amorphous material.  

The results were verified by examining a 50:50 mixture of the R900 and hematite 

(previously predicted to be fully crystalline).  The results agreed with the alumina 

experiment, giving an amorphous content of 5%.  A comparison of R900 with the original 

rutile, denoted as rutile for the remainder of the text, is shown in Table 14. 

 One additional advantage to R900 is the small particle size.  It has been noted 

previously that the microabsorption correction is not necessary when the majority of 

particles have a mean diameter of approximately 1 µm or less (Brindley, 1945).   As can be 

seen in Table 15, R900 shows slightly better recoveries without the microabsorption  
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Table 13. RQXRD analyses of a five phase mixture using rutile, zincite and corundum as 
internal standards, in wt. %.  Data corrected for amorphous content and microabsorption. 
 

 
Phase 

 
Reference 

 
Rutile RQXRD 

 
Zincite RQXRD 

 
Corundum RQXRD 

     

Hematite      30.1      31.9 (6%)    28.7 (5%)        28.2 (6%) 

Quartz      29.9      29.7 (1%)    26.6 (11%)        26.0 (13%) 

Calcite      23.4      21.8 (7%)    19.5 (17%)        20.0 (15%) 

Periclase      10.0      11.4 (14%)      9.9 (0%)        10.2 (3%) 

Silicon        5.0         5.0 (1%)      3.9 (23%)          3.8 (24%) 

Amorphous        1.5        0.3 (82%)   11.4 (660%)        11.8 (690%) 
     

Weighted Relative Error  5.3%    10.0%        11.0% 
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Table 14.  Comparison of RQXRD analyses using Rutile and R900 Rutile as the internal 
standard, in wt. %,  (Relative errors are in parentheses). 
 
    

Rutile 
 

 
R900 

 
Phase 

 
Reference 

 
RQXRD 

 
Reference 

 

 
RQXRDa 

 
Quartz 

          
          50.1 

 
     49.7 (1%) 

 
         49.0  

     
     48.4 (1%) 

 
Calcite 

 
          15.6 

 
     16.3 (4%) 

 
         16.5 

 
     16.9 (2%) 

 
Periclase 

 
          11.9 

 
     13.1 (9%) 

 
         12.1 

 
     13.0 (8%) 

 
Zincite 

 
            7.1 

 
       7.4 (4%) 

 
           5.0 

 
       5.0 (0%) 

 
Silicon 

 
            6.6 

 
       6.9 (4%) 

 
           6.7 

 
       6.4 (5%) 

 
Alumina 

 
            3.3 

 
       3.4 (5%) 

 
           4.0 

 
       4.1 (3%) 

 
Cristobalite 

 
            2.9 

 
       3.1 (4%) 

 
           4.1 

 
       4.1 (2%) 

 
Hematite 

 
            1.1 

 
       1.2 (6%) 

 
           1.3 

 
       1.3 (1%) 

 
"Amorphous" 
 

 
            1.4 

 
     -1.0 (172%) 

 
           1.4 

 
       0.8 (46%) 

 

 
Weighted Relative Error 
 

 
  

 
      5.4% 

 
 

 
       3.0% 

aResults without microabsorption correction 
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Table 15. RQXRD analyses using the R900 rutile internal standard with and without the 
microabsorption correction, in wt. %.  The reference weight percentages were corrected for 
inherent amorphous content. 

 
 

Phase 
 

Particle 
Size (µµµµm) 

 
Reference 

 
Uncorrected 

RQXRD 
 

 
Corrected 
RQXRD 

     

Quartz 1.0       49.0         48.4 (1%)         46.9 (4%) 
 

Calcite 
 

1.7 
 
      16.5 

 
        16.9 (2%) 

 
        16.6 (1%) 

 
Periclase 

 
0.2 

 
      12.1 

 
        13.0 (8%) 

 
        12.7 (5%) 

 
Zincite 

 
0.3 

 
        5.0 

 
          5.0 (0%) 

 
          4.9 (2%) 

 
Silicon 

 
2.5 

 
        6.7 

 
          6.4 (5%) 

 
         6.2 (8%) 

 
Corundum 

 
0.5 

 
        4.0 

 
          4.1 (3%) 

 
         4.0 (1%) 

 
Cristobalite 

 
1.2 

 
        4.1 

 
          4.2 (2%) 

 
         4.1 (2%) 

 
Hematite 

 
0.3 

 
        1.3 

 
          1.3 (1%) 

 
         1.3 (1%) 

 
"Amorphous" 

 

  
        1.4 

 
          0.8 (46%) 

 
         3.4 (140%) 

     

Weighted Relative Error* 

 
    

All Phases: 
 

            3.0%          5.5% 

Crystalline Phases: 
 

            2.5%          3.5% 

*Weighted average of the absolute values of relative errors for each phase. 
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correction.  This increased accuracy is probably due to the particle sizes being determined 

on pure samples ground under similar conditions for their inclusion in the microabsorption 

correction, not on the actual samples themselves which have been mixed by intergrinding.  

The differences in grinding may result in slight discrepancies in the particle sizes, and this 

error then propagates to the recoveries.    

 
3.3.5.  Amorphous Content 
 

One of the key questions that this research needed to address was the effect of a 

large, amorphous component on the analyses using the RQXRD method.  This question is 

key because of the large amorphous component typically found in CCBs (typically >60% 

amorphous).  This large amorphous content results in significantly reduced intensities for 

the crystalline phases.  This reduced intensity poses difficulty when determining and 

modeling the confirming, lower intensity peaks for most phases.   

 As shown in Table 16, the overall results using the Rietveld method are not 

significantly changed, and might be considered slightly better overall, when a large 

amorphous component is present.  These results indicate the method shows promise for use 

with the systems typically encountered with CCB materials.  These results are typical for 

samples with large amorphous contents. 

Our lab has previously examined CCB materials with >90% amorphous material.  

A standard mixture was then designed to examine materials with this extremely high 

amorphous content.  The standard mixture contained approximately 1% of eight phases 

plus approximately 92% amorphous material.  The results for this standard mixture are 

shown in Table 17.  As can be seen, the relative errors for this mixture are slightly larger  
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Table 16.  RQXRD analyses for a sample with and without an amorphous component, in 
wt. %.  (Rutile internal standard, corrected for microabsorption and inherent amorphous 
content). 
 

 
Phase 

 
Reference  

 

 
RQXRD 

 
Reference  

 
RQXRD 

 
Hematite 

 
         27.7 

    
   30.6 (11%) 

 
           9.2 

   
    9.8 (6%) 

Calcite          26.9    28.5 (6%)            9.0     7.9 (12%) 

Alumina          10.9    12.1 (13%)            3.6     3.7 (3%) 

Eskolaite          11.2    11.3 (0%)            3.7     3.5 (6%) 

Zincite            7.7      7.9 (2%)            2.6     2.5 (3%) 

Silicon            7.2      7.7 (7%)            2.4     2.2 (3%) 

Cristobalite            3.6      3.9 (7%)            1.2     1.1 (8%) 

Quartz            3.1      3.1 (2%)            1.1     1.0 (7%) 

Amorphous             -        -          66.7   68.3 (3%) 

 
Weighted Relative Error 

       
     6.9% 

    
   4.0% 
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Table 17.  RQXRD analysis for a standard mixture with >90%  
amorphous material, in wt. %. 
 

 
Phase 

 

 
Reference 

 
RQXRD 

 
Quartz 

 
            1.0 

 
       0.9 (10%) 

 
Calcite 

 
            1.0 

 
       1.2 (22%) 

 
Gypsum 

 
            1.0 

 
       1.4 (48%) 

 
Hematite 

 
            1.0 

 
       1.3 (32%) 

 
Anhydrite 

 
            1.0 

 
       1.1 (10%) 

 
Periclase 

 
            1.0 

 
       0.5 (49%) 

 
Magnetite 

 
            0.8 

 
       0.7 (7%) 

 
Portlandite 

 
            1.0 

 
       0.4 (63%) 

 
Amorphous 
 

 
          92.3 

 
     92.5 (0%) 
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for this system than for those seen previously.  The weighted relative error for the 

crystalline components is 32% (1.0 ± 0.3%), while the weighted error for all phases is only  

2.5%.  These results indicate that the Rietveld method can yield moderately accurate 

information about systems with only a small amount of crystalline material. 

 

3.3.6.  Limitations of GSAS 

As mentioned previously, the Rietveld code used for the work described here is the 

freeware code GSAS developed at Los Alamos National Laboratory by Larson and Von 

Dreele.  This code is one of the more robust and versatile codes that this author has come 

across.  It is continually kept up to date with the latest advances and corrections to the 

Rietveld method.  The background and peak profile functions are the best that this author 

has found.  This particular code does have its drawbacks, however.  

The main limitations in GSAS are the number of phases and elements that can be 

included in the refinements.  The current limit is nine phases and nine distinct elements in 

the refinement.  Both of these limits have potential ramifications for CCB materials.  First, 

the number of phases in CCBs is typically between six and twelve (Bender et al., 1993; 

McCarthy and Solem-Tishmack, 1994; McCarthy et al., 1997).  Also, in CCBs with higher 

sodium content, the number of elements included in the phases can exceed nine.  For 

example, a CCB material with C3A, merwinite, gypsum, hematite, calcite, and quartz has a 

total of eight elements (Ca, S, O, Al, Mg, Si, Fe, and C).  The internal standard adds a ninth 

element (Ti).  If the material happens to be high in sodium, it adds an additional element to 

the refinement, which GSAS is incapable of handling at this time.  
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There are two approaches to dealing with this limitation.  The first will be discussed 

here while the second approach will be discussed in Chapter 5.  In the first approach, two 

refinements are run on the sample.  In the first refinement, the majority of phases are 

refined with the internal standard (in this case seven phases plus rutile).  The phases that 

are typically left out are either minor phases or phases containing a particular element.  

Then, a second refinement is run with just the remaining phases and the internal standard.  

The results are determined as normal, and the amorphous content is determined by 

difference from the sum of the phases from both refinements.  Typical results obtained 

using this method can be found in Tables 18 and 19.   

The results in Table 18 are for the refinement of seven phases in the first step and 

the refinement of hematite in the second step.  Table 19 shows results for the same system, 

with the only difference being zincite is refined in the second step as opposed to hematite.  

As can be seen in the tables, the results are within the expected ranges with the exception 

of the zincite in the second refinement.  This method is then a viable option for cases in 

which the limitations of GSAS have been exceeded. 

 

3.4.  Results and Discussion 

The results of the initial studies for using the Rietveld method for the quantitative 

analysis of complex mixtures are promising.  The scope of this chapter is to summarize the 

results found, however, supplemental data can be found in Appendix F.  The method has 

shown recoveries that typically fall within ±15% of the reference weight percentages.  The 

typical results were within ±10%.  The recoveries appear to fall within a tighter error  
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  Table 18.  RQXRD analysis using a two-stage refinement procedure with  
  hematite being refined in the second stage, in wt. %. 
 

 
Phase 

 

 
Reference 

 
RQXRD 

 
Quartz 

 
            18.5 

 
       15.2 (18%) 

 
Periclase 

 
            17.1 

 
       16.4 (4%) 

 
Gypsum 

 
            13.1 

 
       11.8 (9%) 

 
Calcite 

 
            16.5 

 
       14.6 (12%) 

 
Anhydrite 

 
            10.1 

 
         9.3 (8%) 

 
Hematite 

 
              6.9 

 
         7.1 (3%) 

 
Thenardite 

 
            10.2 

 
       10.8 (6%) 

 
Zincite 
 

 
              2.1 

 
         1.9 (13%) 

 

      Table 19.  RQXRD analysis using a two stage refinement procedure  
      with zincite being refined in the second stage, in wt. %. 

 
 

Phase 
 

 
Reference 

 
RQXRD 

 
Quartz 

  
           18.5 

 
       16.3 (12%) 

 
Periclase 

 
            17.1 

 
       16.6 (3%) 

 
Gypsum 

 
            13.1 

 
       12.2 (7%) 

 
Calcite 

 
            16.5 

 
       15.3 (7%) 

 
Anhydrite 

 
            10.1 

 
         9.3 (8%) 

 
Hematite 

 
              6.9 

 
         6.6 (5%) 

 
Thenardite 

 
            10.2 

 
         9.8 (3%) 

 
Zincite 
 

 
              2.1 

 
         3.1 (47%) 
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window when using the R900 rutile, with the majority of the errors falling inside the ±10% 

range for the standard mixtures.   

The reproducibility of the methodology has been examined.  Eight individuals 

prepared specimens of approximately the same composition, with and without an additional 

amorphous component.  The results are summarized in Tables 20 and 21.  Additional data 

for the study can be found in Appendix F.  The data indicate that the recoveries are 

reproducible within the target error limit set at the onset of the study (±15% relative error).  

It should be noted here that cristobalite was present at the 0.8% level in the specimens.  

This low concentration reduces the significance of the inordinately high error for one 

cristobalite measurement.  Also, there was one worker whose results gave errors that were 

significantly higher than the others (five of the eight phases for the specimen without an 

additional amorphous component).  These higher results may be attributed to sample 

preparation errors by the worker, not in any inherent problems with the method itself.  

The precision of the quantitative analysis protocol with complex phase assemblages 

has also been examined.  Five aliquots of a sample were taken and prepared using the 

previously described methodology and the R900 internal standard.  Each of the five 

specimens was then scanned twice, with the specimen being reintroduced to the X-ray 

beam between scans.  The precision of the methodology is on the same order as the 

accuracy shown above.  The precision is summarized in Table 22, while additional material 

can be found in Appendix F.  As can be seen from the data in Table 22, the relative percent 

standard deviations are on the same order as the relative errors of the methodology when 

the data were collected and examined by independent investigators. 
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Table 20.  RQXRD analyses examining the reproducibility of the Rietveld method for 
complex mixtures, in wt. %. 
 

Phase RQXRD 
Average 

Average Rel. 
Error (%) 

Standard 
Deviation 

Minimum 
Error 

Maximum 
Error 

 
Quartz 

 
     52.9 

 
        2.8 

 
        2.4 

 
        0.4 

 
        6.6 

 
Calcite 

 
     16.2 

 
        7.2 

 
        5.7 

 
        0.6 

 
      18.2 

 
Periclase 

 
     13.8 

 
        6.2 

 
        4.8 

 
        0.5 

 
      12.6 

 
Hematite 

 
       5.3 

 
        2.6 

 
        1.0 

 
        1.4 

 
        4.1 

 
Zincite 

 
       3.3 

 
        7.0 

 
        6.6 

 
        2.9 

 
      21.2 

 
Silicon 

 
       3.4 

 
        5.1 

 
        2.0 

 
        2.3 

 
        7.9 

 
Alumina 

 
       2.0 

 
        4.4 

 
        7.4 

 
        0.5 

 
      20.9 

 
Cristobalite 

 
       2.0 
 

 
        5.4 

 
        5.1 

 
        1.3 

 
      15.6 

 

Table 21.  RQXRD analyses examining the reproducibility of the Rietveld method for 
complex mixtures with an amorphous component, in wt. %. 
 

Phase RQXRD 
Average 

Average Rel. 
Error (%) 

Standard 
Deviation 

Minimum Maximum 

 
Quartz 

 
     21.1 

 
        2.7 

 
        3.7 

 
        0.2 

 
      10.5 

 
Calcite 

 
       6.5 

 
        6.5 

 
        3.3 

 
        0.4 

 
      10.2 

 
Periclase 

 
       5.5 

 
        4.1 

 
        2.5 

 
        0.4 

 
        7.2 

 
Hematite 

 
       2.1 

 
        4.8 

 
        2.7 

 
        1.5 

 
        7.8 

 
Zincite 

 
       1.3 

 
        6.4 

 
        3.0 

 
        2.2 

 
        9.9 

 
Silicon 

 
       1.4 

 
        8.5 

 
        6.0 

 
        1.5 

 
      15.8 

 
Alumina 

 
       0.8 

 
      10.7 

 
        7.1 

 
        1.8 

 
      18.1 

 
Cristobalite 

 
       0.8 

 
      14.2 

 
      18.2 

 
        1.9 

 
      52.8 

 
Amorphous 
 

 
     60.5 

 
        2.0 

 
        1.9 

 
        0.6 

 
        5.9 
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Table 22.  RQXRD analyses of the precision of the Rietveld method for complex mixtures, 
in wt. %. 
 

Phase RQXRD 
Average 

Standard 
Deviation 

Rel. Percent 
Std. Deviation 

Minimum Maximum 

 
Quartz 

 
      31.2 

 
         0.4 

  
         1.2 

 
      30.6 

 
      31.8 

 
Calcite 

 
      26.9 

 
         0.4 

 
          1.6 

 
      26.0 

 
      27.3 

 
Gypsum 

 
       8.4 

 
         0.3 

 
          4.0 

 
        8.0 

 
        8.9 

 
Hematite 

 
       7.8 

 
         0.1 

 
          1.7 

 
        7.5 

 
        8.0 

 
Magnetite 

 
       4.0 

 
         0.3 

 
          6.6 

 
        3.5 

 
        4.1 

 
Periclase 

 
       5.6 

 
         0.3 

 
          4.6 

 
        5.1 

 
        6.0 

 
Anhydrite 

 
       5.2 

 
         0.3 

 
          4.8 

 
        4.7 

 
        5.4 

 
Alumina 
 

 
       3.8 

 
         0.2 

 
          5.7 

 
        3.5 

 
        4.2 
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 The recommended precision and accuracy associated with this protocol vary with 

the amount of material present.  Using the R900 rutile, the recommended precision is as 

follows: phases present in large amounts (>5%) have RSDs of 5% of the value; phases with 

intermediate concentrations (1-5%) have slightly higher RSDs (10% of the value); and 

phases in low concentrations (<1%) have the highest RSDs (15% of the value).  The 

estimated standard errors (ese's) for the quantitative analysis protocol are slightly higher 

than the recommended RSD values.  Phases present in large amounts (>5%) have ese's of 

10% of the value; phases with intermediate concentrations (1-5%) have slightly higher 

ese's (15% of the value); and phases in low concentrations (<1%) have the highest ese's 

(25% of the value).  Further recommendations on estimated standard errors are found at the 

beginning of Chapter 5. 
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4.  QUANTITATIVE ANALYSIS OF FLY ASH 

4.1.  Introduction 

The American Society for Testing and Materials (ASTM) has defined two classes 

of fly ash, Class “F” and Class “C”.  The fly ashes are classified on the amount of silicon, 

aluminum, and iron in the ash (reported as the weight percent as oxide).  Class “F” fly 

ashes have are defined as having an oxide total for iron, aluminum, and silicon (as Fe2O3, 

Al2O3, and  SiO2) greater than 70 weight percent.  Class “C” fly ashes are defined as those 

having a total concentration of iron, aluminum, and silicon (as the oxides) of less than 50 

weight percent.  In a Class “C” fly ash, the reduction in the three main components in the 

ash is usually accompanied by an increase in the calcium concentration.  

Fly ashes typically contain a large proportion of amorphous material.  This high 

degree of amorphicity leads to a low signal to noise ratio in the diffraction data which 

could make Rietveld quantitative X-ray diffraction (RQXRD) less effective.  This potential 

problem was discussed in Section 3.3.5.  The results from test mixtures indicate that the 

large proportion of amorphous material does not pose a significant problem for the 

Rietveld method and that the errors in systems with significant amorphous component are 

not significantly higher than in those without amorphous material. 

Class “F” fly ashes have less peak overlap than Class “C” fly ashes due to their 

relative simplicity.  Class "F” fly ashes usually only contain quartz, mullite, hematite, and 

magnetite.  Class “C” fly ashes, however, are usually much more complex, containing as 

many as 15 different phases, and numerous peak overlaps, some of which occur among the 

strong peaks.  The worst case of such overlaps in Class “C” fly ashes are the phases 

merwinite (Mw, Ca3Mg(SiO4)2) and tricalcium aluminate (C3A, Ca3Al2O6).  The major 
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peaks for both phases fall at 33.1º, 40.7º, and 47.5º 2θ.  Merwinite also has significant 

peaks at 33.5º and 33.8º 2θ.  The remaining peaks for the two phases are typically too small 

for use with the RIR method.  Figure 17 shows the region between 30º and 45º 2θ for a 

common Class “C” fly ash with peaks from seven phases labeled to show the high degree 

of peak overlap.  The large amount of peak overlap has caused difficulty in the analysis of 

these materials by the semi-quantitative RIR method used by McCarthy and 

Thedchanamoorthy (1989).   

Figure 18 shows the diffraction pattern for a mixture of C3A and merwinite in a 

sample with significant amorphous content.  As can be seen, there is significant overlap for 

a majority of the peaks in both phases.  The major peaks of merwinite and C3A (33.1º, 

40.7º, and 47.5º 2θ) show direct overlap.  Merwinite shows two additional, significant 

peaks without overlap with C3A, but as seen in Figure 17, there are overlaps with other 

phases in this region.  The remaining peaks are typically too small to determine accurate 

intensities to use for the RIR method as shown in Figure 18. 

Due to the extent of the peak overlap between C3A and merwinite, a mathematical 

expression based on the relative intensities in pure phases was utilized by McCarthy and 

Thedchanamoorthy (1989) to obtain peak intensities for use in the RIR equation.  Figure 19 

shows a flow chart depicting the process of determining the correct peak intensities to use 

for quantitative analysis by the RIR method (McCarthy and Thedchanamoorthy, 1989).  

For example, the intensity to use for C3A is as follows: 

Intensity of 33.1° peak from C3A = I33.1° - {2.27*(Intensity of 33.8° peak of Mw)  
+ 2.27*(Intensity of 54.1° peak from Hm) + 0.48*(Intensity of 26.3°  
peak of Mu)}, where Intensity of 54.1° Peak from Hm = I54.1° -  
0.08*(Intensity of 26.3° peak of Mu) 
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Figure 17.  Diffraction pattern showing the large degree of overlap in Class “C” fly ashes. 
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Figure 18.  X-Ray diffraction pattern showing merwinite and tricalcium aluminate in a 
mixture with quartz, hematite, an amorphous phase, and the rutile internal standard. 
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Figure 19.  Flow chart for the quantification of a Class “C” fly ash (McCarthy and 
Thedchanamoorthy, 1989). 
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As can be seen from the complexity of this equation process, the analysis could be 

considered as semi-quantitative only (McCarthy and Thedchanamoorthy, 1989). 

 
4.1.  RQXRD of Tricalcium Aluminate and Merwinite 

Before attempting to analyze fly ashes, the challenging problem of C3A and 

merwinite analysis was addressed with standard mixtures.  The tricalcium aluminate and 

merwinite samples were synthesized previously by former members of the McCarthy 

group.  They were both analyzed for phase purity and amorphous content as outlined in 

Section 3.3.  The merwinite sample was phase pure but contained a large amorphous 

component (26% by weight).  The original C3A sample appeared to be a mixture of two 

polymorphs, the cubic and monoclinic phases.  This C3A sample was fired at 1200° C for 8 

hours.  The resulting material was phase pure cubic C3A with an amorphous component of 

13% by weight. 

Tricalcium aluminate has three common polymorphs.  The first has cubic 

symmetry; the second has orthorhombic symmetry; and the third has trigonal symmetry.  

For this work, the cubic structure is sufficient for obtaining reasonable recoveries for C3A, 

so the cubic structure was used for all refinements.  Stoichiometric merwinite, 

Ca3Mg(SiO4), was used to model this phase. 

The ability of the Rietveld method to yield acceptable quantitative analyses of these 

two phases was investigated using three mixtures with varying proportions of C3A and 

merwinite.  The phase composition of the three specimens was 80:20, 50:50, and 20:80, 

yielding ratios of crystalline components (C3A to merwinite) of 69.0:14.8, 43.1:37.0, and 

17.2:59.2. 
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The results are summarized in Table 23.  As can be seen, the recoveries are 

reasonable when the amount of merwinite is relatively high.  The relative errors for the 

50:50 and 20:80 mixtures are under 10% for both phases, which is comparable to 

recoveries obtained in other multiphase mixtures.  The 80:20 mixture gave errors that were 

slightly higher, with a merwinite error of 14%. 

 It should be noted here that the recoveries for merwinite are consistently low while 

the errors for the C3A are fairly consistent around 3%.  These differences in errors indicate 

that the error in the merwinite results may not be a limitation of the Rietveld method itself, 

but rather due to sample preparation errors or inadequate structure data. 

 This system was also analyzed in the presence of a large amount of additional 

amorphous material.  The mixture contained a 50:50 mixture of merwinite and C3A in the 

presence of 60% additional amorphous material.  The resulting specimen contained 13.5% 

C3A and 12.0% merwinite.  The recoveries are reasonable, but the error in the merwinite 

recovery is still outside the desired 15% range.  The errors are 9% and 19% for C3A and 

merwinite, respectively. 

In fly ash, not only is the amount of crystalline material low (~30%), but the 

amount of C3A and merwinite is quite low (~2-5%).  The last mixture studied mimicked 

these conditions.  The standard mixture contained five phases: approximately 1% each of 

the C3A and merwinite, 23% additional crystalline material (quartz and hematite), and 75% 

amorphous material.  The results are given in Table 24.  As the weight percentages of C3A 

and merwinite are only one percent of the mixture, a relative error of 25% is acceptable  
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        Table 23.  RQXRD analyses of three standard mixtures containing  
        C3A and merwinite.  Relative errors are in parentheses. 

 
 

Phase 
 

Reference 
 

 
RQXRD 

 
C3A 
 

69.0 
 

70.6 (1%) 

 
Merwinite 
 

14.8 
 

13.2 (14%) 

 
C3A 
 

43.1 
 

44.5 (2%) 

 
Merwinite 
 

37.0 
 

36.6 (5%) 

 
C3A 
 

17.2 
 

18.3 (5%) 

 
Merwinite 
 

 
59.2 

 
57.3 (7%) 

 

    Table 24.  RQXRD analysis of C3A and Merwinite in a mixture with  
    quartz, hematite, an amorphous phase, and the rutile internal standard.   
    Relative errors are in parentheses. 

 
 

Phase 
 

 
Reference 

 
RQXRD 

 
Quartz 

 
                   11.8 

 
               10.8 (8%) 

 
Hematite 

 
                   10.4 

 
                 9.9 (5%) 

 
Merwinite 

 
                     1.2 

 
                 0.9 (26%) 

 
C3A 

 
                     1.3 

 
                 1.1 (21%) 

 
Amorphous 
 

 
                   75.3 

 
               77.6 (3%) 
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using the estimated standard errors (ese's) reported previously.  One should note that while 

the errors are high (>20% relative) for C3A and Mw, the absolute values are within 0.2 and 

0.3% of the reference amounts, respectively. 

 

4.2.  Rietveld Quantitative Analysis of Fly Ash 

Little work has been done using the Rietveld method for quantitative X-ray 

diffraction analysis of coal combustion by-products overall, and particularly of fly ashes.  

In the only previous study of a fly ash, Taylor and Clapp (1992) have shown the feasibility 

of using the Rietveld method to investigate a high sodium fly ash.  The particular ash that 

was studied included 11 identified phases with an amorphous content of 62%.  There are a 

few shortcomings to this paper, however.  First, the qualitative analysis may be incorrect.  

The authors assign the doublet of peaks at 25.9 and 26.1 °2θ to sillimanite, Al2SiO5.  

However, the peak intensities are reversed for that phase, with the more intense peak 

falling at 25.9 ° (significantly more intense).  The pattern exhibited in this fly ash is more 

representative of mullite, Al6Si2O13, where the 26.1 ° peak is more intense.  Second, the 

authors use the Scherrer equation to determine the particle sizes of the phases in the 

sample.  The first problem is the assumption that the particles are single crystallites and not 

agglomerates of crystallites; i.e., the Scherrer particles are part of a larger particle, which 

will contribute differently to the microabsorption of the specimen.  The second problem is 

the assumption is made that the Scherrer equation is accurate in determining particle sizes 

over 1 µm.  These two assumptions then bring the reliability of the microabsorption 

correction used in the analyses into question.  As shown previously, small deviations in the 

particle size can produce significant changes in the calculated weight fractions. 
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The noticeable lack of representation of this subject area in the literature makes one 

pause to consider if no one has examined the method or if the method is not adequate for 

the challenge of quantifying fly ashes.  Chapter 3 showed the Rietveld analysis protocol 

developed yielded results within a given accuracy range on complex systems similar to fly 

ashes.  The Rietveld analysis protocol was then applied to both synthetic and actual fly ash 

samples. 

 

4.2.1. RQXRD of Standard Mixtures Approximating Low-Calcium and High-
Calcium Fly Ashes 

 
Three synthetic fly ash samples were prepared using laboratory chemicals.  Each of 

the materials was characterized as outlined previously.  The first synthetic fly ash was 

designed to resemble a typical Class “F” fly ash.  The second and third synthetic ashes 

were designed to resemble Class “C” fly ashes.  The main difference between the second 

and third sample is the number of phases.  The second fly ash was designed with the 

limitations of GSAS in mind, while the third sample was designed to test the methodology 

developed when more than eight phases are present.  A second, and possibly more 

important, reason for the second and third samples is to examine the errors associated with 

using the multiple refinement approach that is necessary when dealing with samples 

containing more than eight phases. 

The first fly ash sample contained four phases and a large amorphous component 

(~72%).  The errors in recoveries for this sample are within the expected tolerances, with 

the largest being 15% for magnetite.  The relative ease with which the results were 

obtained coupled with the reasonable recoveries indicates that "simple" CCBs like Class 
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“F” fly ashes should be routine for a lab such as ours.  The results for this synthetic fly ash 

are summarized in Table 25.  

The second fly ash sample contained eight phases typically identified in Class “C” 

fly ashes, plus a large amorphous component (~69%).  Table 26 shows the phases, their 

reference weight percentages, and the RQXRD analysis.  The large relative errors in 

recoveries were unexpected for this sample, especially for magnetite, while the errors for 

the C3A and Mw have been shown to be above the desired value of ± 15% previously in 

samples similar to these.  Given the unexpected results here and the results for an 11 phase 

test mixture given in the next section, this experiment needs to be repeated to eliminate the 

possibility of human error in the preparation of the synthetic mixture.  The third synthetic 

fly ash was designed to mimic a complex Class “C” fly ash containing 11 phases.  Because 

the current version of the GSAS Rietveld code can only deal with eight phases plus the 

internals standard, a special procedure for the analyses needed to be developed.  Six 

refinements were run on the sample, with each refinement containing eight phases plus the 

internal standard.  The six refinements were designed such that quartz, mullite, merwinite, 

and C3A were present in all refinements.  The remaining phases were distributed among the 

six refinements, with the goal of having each phase in a minimum of three refinements.  

The remaining criterion for the analyses was that magnetite and hematite were required to 

be together and that brownmillerite was not present in the same refinement with them.  

Unfortunately, the stability of the refinements did not allow for each phase to be in a 

minimum of three refinements; melilite was only in two refinements. 

 Table 27 shows the phases included in the mixture, their reference weight 

percentages, and the average recovery obtained by RQXRD.  The recoveries for four of the  
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Table 25.  RQXRD analysis of a low-calcium synthetic fly ash,  
in wt. %. 
 

 
Phase 

 

 
Reference 

 
RQXRD 

 
Rel. Error* 

 
Quartz 

 
8.1 

 
7.2 

 
11% 

 
Mullite 

 
11.1 

 
10.8  

 
3% 

 
Hematite 

 
4.0 

 
3.9 

 
3% 

 
Magnetite 

 
3.3 

 
2.8  

 
15% 

 
Glass 
 

 
73.5 

 
75.3 

 
2.4% 

 
Weighted 
Relative Errors 
 

 
Crystalline Phases 

 
All Phases 

 

 
7.2% 

 
3.6% 

          *Rel. Error = 100*(Reference - RQXRD)/Reference. 
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Table 26.  RQXRD analysis of a synthetic Class “C” fly ash containing eight phases, in wt. 
%.  (Relative errors in parentheses). 
   

 
Phase 

 

 
Reference 

 
RQXRD 

 
Rel. Error* 

 
Quartz 

 
            9.9 

 
            9.5  

 
             4% 

 
Mullite 

 
            4.8 

 
            4.6  

 
             3% 

 
Hematite 

 
            3.0 

 
            3.4  

 
           13% 

 
Magnetite 

 
            3.0 

 
            1.8  

 
           41% 

 
Periclase 

 
            4.0 

 
            4.2  

 
             7% 

 
C3A 

 
            2.7 

 
            2.1  

 
           23% 

 
Merwinite 

 
            2.4 

 
            1.6  

 
           32% 

 
Melilite 

 
            1.7 

 
            1.6  

 
             8% 

 
Amorphous 

 

 
          68.6 

 
          71.1  

 
             4% 

*Rel. Error = 100*(Reference - RQXRD)/Reference. 
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  Table 27.  RQXRD analysis of a high-calcium synthetic fly  
  ash using the averaging technique, in wt. %. 

 
 

Phase 
 

Reference 
 

 
RQXRD 

 
Rel. Error* 

 
Quartz 

 
     7.3 

 
     6.8 

 
      6% 

 
Mullite 

 
     4.8 

 
     4.2  

 
    12% 

 
Hematite 

 
     1.7 

 
     1.5 

 
      8% 

 
Magnetite 

 
     0.4 

 
     0.3  

 
    21% 

 
Periclase 

 
     1.6 

 
     2.0  

 
    21% 

 
Calcite 

 
     3.1 

 
     2.8  

 
      9% 

 
Merwinite 

 
     2.6 

 
     2.9  

 
    14% 

 
C3A 

 
     2.2 

 
     1.7 

 
    20% 

 
Anhydrite 

 
     3.4 

 
     4.0  

 
    16% 

 
Brownmillerite 

 
     0.9 

 
     0.7 

 
    21% 

 
Melilite 

 
     1.6 

 
     2.1 

 
    25% 

 
Amorphous 

 

 
   70.5 

 
   71.0 

 
      1% 

 
 

Weighted Relative 
Errors 

 

 
Crystalline Phases 

 
All Phases 

 

 
 12.9% 
 
   4.3% 

  *Rel. Error = 100*(Reference - RQXRD)/Reference. 
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eleven phases had relative errors outside the accepted ranges outlined in Chapter 3.  It 

should be noted, however, that one of the phases is C3A, previously shown to have larger 

errors in these systems.  The Rietveld method was also able to distinguish and refine the 

small amount of magnetite present in the sample, finding an average of 0.31% magnetite in 

a sample containing 0.39%.   

 RQXRD analyses of Class “F” fly ashes follow the same quantitative analysis 

protocol and have the same estimated standard errors (ese's) as the test mixtures discussed 

in Chapter 3.  Class “C” fly ashes, being more complex than any mixture studied 

previously here, require a new set of ese's for phases with more numerous peak overlaps.  

These phases include C3A, merwinite, melilite, ye'elimite, and brownmillerite.  The 

recommended ese's for these phases are as follows:  if present in less than 1 weight percent, 

the ese is ±30%; if the phase is between 1 and 5 weight percent, the ese is ±25%; and if the 

phase is greater than 5 weight percent of the sample, the ese is ±15%. 

 

4.2.2. RQXRD of NIST Fly Ash Standard Reference Materials 

The United States National Institute of Standards and Technologies (NIST) has 

issued or reissued four Standard Reference Materials (SRMs) coal combustion fly ashes 

(NIST SRM, 1999), principally as standards for trace elements analysis. The materials 

were designed to be representative of the range of compositions of North American fly 

ashes. SRM 1633 and 2689 are low-calcium, American Society for Testing and Materials  

(ASTM) Class “F” fly ashes derived from combustion of bituminous coal. SRM 2690 and 

2691 are subbituminous coal fly ashes with higher calcium contents. An extensive review 

of the chemical composition and mineralogy (crystalline phases) in North American Fly 
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Ashes is given by McCarthy et al. (1990). In that publication, fly ashes were classified by 

the CaO content in their oxides' chemical analysis: low-calcium (<10%), intermediate-

calcium (11-20%), and high-calcium (>20% CaO).  

A decade ago, McCarthy et al. studied the fly ash SRMs by X-ray diffraction 

(XRD) and reported qualitative (McCarthy and Johansen, 1988; McCarthy et al., 1988) and 

semi-quantitative (McCarthy and Thedchanamoorthy, 1989) crystalline phase analyses. 

The semi-quantitative analyses were done by the reference intensity ratio (RIR) method 

using rutile as the internal standard. RIR values were determined in their laboratory from 

synthetic materials or minerals.  

North American fly ashes typically contain between four and twelve crystalline 

phases plus glass (McCarthy, 1988; McCarthy and Johansen, 1988, McCarthy and 

Thedchanamoorthy, 1989, McCarthy et al., 1990; McCarthy and Solem, 1991).  The typical 

mineralogy of low-calcium fly ashes is quartz, mullite, hematite, and magnetite. High-

calcium ashes have all of these phases plus calcium and magnesium containing compounds 

such as lime, periclase, melilite, merwinite, and anhydrite. According to the data reported 

by McCarthy and Thedchanamoorthy (1989), the NIST fly ash SRMs contain from 65% to 

77% glass.  

McCarthy and Johansen (1988) and McCarthy and Thedchanamoorthy (1989) 

described the mineralogy of SRM 1633a. In 1993, SRM 1633b replaced 1633a. X-ray 

diffractograms of SRM 1633a and 1633b are shown in Figure 20. The diffraction patterns 

are almost identical, with quartz, mullite, hematite, magnetite, and a similar background all 

being present.  However, SRM 1633b also contains an additional minor phase, gypsum 

(CaSO4•2H2O), as indicated by the unique peaks of this phase at 11.8° and 29.1º 2θ.   
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        Figure 20.  X-ray diffraction patterns of NIST SRMs 1633a and 1633b. 
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SRMs 2689 and 2690 (Figure 21) show the mineralogy typical of a Class “F” fly 

ash. A small amount of lime (CaO), as indicated by peaks at its unique 32.2° and 37.4º 2θ, 

was also present in SRM 2689. Lime was not reported in SRM 2689 by McCarthy and 

Johansen 

 (1988) or McCarthy and Thedchanamoorthy (1989). Lime does not occur commonly in 

ASTM Class “F” fly ashes derived from bituminous coal (McCarthy et al., 1990).  

 SRM 2691 (Figure 22) has the most complex mineralogy of the SRM fly ashes. The 

phases identified were quartz, mullite, hematite, lime, periclase, merwinite, melilite, C3A, 

brownmillerite, anhydrite, and ye'elimite.  (See Table 3 for nominal chemical 

compositions.)  McCarthy and Johansen (1988) and McCarthy and Thedchanamoorthy 

(1989) also reported magnetite but no observable hematite in diffraction patterns of SRM 

2691. They did report that hematite was observable in magnetically enriched fractions of 

SRM 2691.  

Three independent investigators (myself; Jennifer Parker, a first-year graduate 

student; and Renee Peterson, a freshman undergraduate student) participated in a study of 

the precision expected for RQXRD analyses of fly ashes.  The precision was examined by 

performing six replicate analyses of SRM 1633b (Table 28).  The relative standard 

deviations (RSDs) show a similar trend to those reported in Chapter 3, with phases present 

in large amounts (>5%) having lower RSDs (5% or less), phases with intermediate 

concentrations (1-5%) having slightly higher RSDs (10%), and phases in low 

concentrations (<1%) having higher RSDs ( 15%).  The one exception is gypsum; however, 

as it falls at 1.0 percent, the cutoff for the expected precision between 10 and 15%, this 

value is not out of line. 
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       Figure 21.  X-ray diffraction patterns of NIST SRMs 2689 and 2690.
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        Figure 22.  X-Ray diffraction pattern for NIST SRM 2691. 
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Table 28.  Six replicate RQXRD analyses and precision statistics for SRM 1633b,  
in wt.%. 

 
Phase 
 

RQXRD Mean STD RSTD 

 
Quartz 

 
6.2 

 
5.7 

 
6.5 

 
6.1 

 
5.9 

 
6.0 

 
6.1 

 
0.2 

 
4% 

 
Mullite 

 
21.3 

 
21.2 

 
22.6 

 
22.0 

 
21.9 

 
21.8 

 
21.8 

 
0.5 

 
2% 

 
Hematite 

 
2.1 

 
2.1 

 
2.6 

 
2.1 

 
2.2 

 
2.1 

 
2.2 

 
0.2 

 
8% 

 
Magnetite 

 
3.7 

 
4.0 

 
4.4 

 
3.8 

 
3.9 

 
3.8 

 
3.9 

 
0.2 

 
6% 

 
Gypsum 

 
1.1 

 
0.9 

 
1.1 

 
1.1 

 
1.2 

 
0.8 

 
1.0 

 
0.1 

 
13% 

 
Glass 
 

 
65.6 

 
66.1 

 
62.8 

 
64.9 

 
64.9 

 
65.5 

 
65.0 

 
1.1 

 
2% 

SD = Standard Deviation; RSD = Relative Standard Deviation. 
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The results reported here for the fly ash SRMs should then be expected to follow 

the recommended limits for precision as outlined in Chapter 3.  SRMs 1633a, 1633b, 2689, 

and 2690, all being low calcium fly ashes with patterns representative of Class “F” fly 

ashes, should also have the same ese's as discussed in Chapter 3.  SRM 261, being a Class 

“C” fly ash with C3A, merwinite, melilite, ye'elimite, and brownmillerite, will have slightly 

different ese's as outlined in the previous section.  The ese's for the 5 phases mentioned will 

increase from ±25% to ±30% if the phase is present at a level less than 1 weight percent, 

from ±15% to ±25% if the phase is present at the 1 to 5 weight percent level, and from 

±10% to ±15% if the phase is present at a level greater than 5 weight percent. 

The results for the three RQXRD analyses of each SRM fly ash are found in Tables 

29-32.  The results are compared to those obtained a decade ago from two replicate 

analyses using the Reference Intensity Ratio (RIR) method (McCarthy and 

Thedchanamoorthy, 1989).  The results obtained with each method were reproducible as 

noted by the similarity of the three results (RQXRD) and two results (RIR) for each phase.  

However, comparing the results obtained using the two methods, one finds that many 

results obtained using the RIR method are outside the ese range for the RQXRD results. 

The two methods compare reasonably well for SRM 1633a and 2689.  The average 

difference between the two methods (average of both determinations) was 0.9% with the 

largest difference being in the quartz value (1.3% difference).  The presence of lime was 

detected in SRM 2689.  This phase was not found in the previous study.  The lime was only 

found in trace amounts (0.1-0.2 wt. %), emphasizing the potential of the Rietveld method 

to quantify trace phases that were inaccessible previously. 
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Table 29.  RQXRD analyses for SRM 1633a from three replicate analyses compared with 
two replicate RIR SQXRD* analyses of McCarthy and Thedchanamoorthy (1989), in wt. 
%. 
 
 
Phase 
 

 
RQXRD 

 
Mean 

 
M&T, 1989 

 
Mean 

 
Quartz 

 
         7.0 

 
        6.8 

 
       7.0 

 
     6.9 

 
        5.8 

 
        5.5 

       
    5.7 

 
Mullite 

 
      21.2 

 
      21.0 

 
     20.4 

 
   20.9 

 
      19.0 

 
      20.8 

 
  19.9 

 
Hematite 

 
        2.2 

 
        2.0 

 
       2.0 

 
     2.0 

 
        2.3 

 
        2.4 

 
    2.4 

 
Magnetite 

 
        5.4 

 
        5.6 

 
       5.0 

 
     5.3 

 
        5.6 

 
        7.1 

        
    6.2 

 
Glass 

    
   64.9 
 

 
 

  
  65.8 

*Semi-Quantitative X-Ray Diffraction analysis by the Reference Intensity Ratio method 
(SQXRD).
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Table 30.  RQXRD analyses for SRM 2689 from three replicate analyses compared with 
two replicate RIR SQXRD analyses of McCarthy and Thedchanamoorthy (1989), in wt. %. 
 
 
Phase 
 

 
RQXRD 

 
Mean 

 
M&T, 1989 

 
Mean 

 
Quartz 

 
      5.5 

 
       5.2 

 
        5.2 

 
      5.3 

 
        4.1 

 
      3.8 

 
    4.0 

 
Mullite 

 
    10.5 

 
       9.5 

 
      10.4 

 
    10.1 

 
        8.8 

 
    10.9 

 
    9.9 

 
Hematite 

 
      2.5 

 
       2.3 

 
        2.6 

 
      2.5 

 
        3.4 

 
      3.7 

 
    3.6 

 
Magnetite 
 
Lime 

 
      4.3 
 
      0.1 

 
       3.8 
 
      trace 

 
        4.4 
 
        0.2 

 
      4.2 
 
      0.1 

 
        4.9 
 
          - 

 
      4.8 
 
        - 

 
    4.9 
 
      - 

 
Glass 
 

    
   77.8 

   
   77.6 

 

 
 
Table 31.  RQXRD analyses for SRM 2690 from three replicate analyses compared with 
two replicate RIR SQXRD analyses of McCarthy and Thedchanamoorthy (1989), in wt. %. 
 
 
Phase 
 

 
RQXRD 

 
Mean 

 
M&T, 1989 

 
Mean 

 
Quartz 

 
      12.8 

 
      12.6 

 
     12.3 

 
    12.6 

 
      11.7 

 
      11.0 

 
   11.4 

 
Mullite 

 
        8.9 

 
        9.3 

 
       8.3 

 
      8.8 

 
      11.1 

 
      11.3 

 
   11.2 

 
Hematite 

 
        0.7 

 
        0.5 

 
       0.5 

 
      0.6 

 
          - 

 
          -  

 
      - 

 
Magnetite 

 
        0.6 

 
        0.5 

 
       0.7 

 
      0.6 

 
        1.3 

 
        1.0 

 
     1.2 

 
Glass 
 

 
 

   
   77.4 

   
   76.2 
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Table 32.  RQXRD analyses for SRM 2691 from three replicate analyses compared with 
two replicate RIR SQXRD analyses of McCarthy and Thedchanamoorthy (1989), in wt. %. 
 
 
Phase 
 

 
RQXRD 

 
Mean 

 
M&T, 1989 

 
Mean 

 
Quartz 

 
      7.7 

 
       8.8 

 
       8.7 

 
    8.4 

 
      7.6 

 
      9.1 

 
    8.4 

 
Mullite 

 
      5.1 

 
       5.6 

 
       5.3 

 
    5.3 

 
      4.6 

 
      3.8 

 
    4.2 

 
Hematite 

 
      2.1 

 
       0.9 

 
       1.4 

 
    1.5 

 
        -  

 
        - 

 
      - 

 
Magnetite 

 
        -  

 
        - 

 
        - 

 
      - 

 
      1.4 

 
      1.2 

 
    1.3 

 
Periclase 

 
      2.1 

 
       2.2 

 
       2.7 

 
    2.3 

 
      2.3 

 
      2.4 

 
    2.4 

 
Lime 

 
      0.6 

 
       0.9 

 
       0.5 

 
    0.7 

 
      1.0 

 
      1.0 

 
    1.0 

 
Merwinite 

 
      4.4 

 
       3.9 

 
       5.7 

 
    4.7 

 
      5.7 

 
      5.8 

 
    5.8 

 
C3A 

 
      3.8 

 
       4.4 

 
       4.7 

 
    4.3 

 
      2.8 

 
      2.8 

 
    2.8 

 
Anhydrite 

 
      2.8 

 
       2.8 

 
       2.5 

 
    2.7 

 
      1.4 

 
      1.2 

 
    1.3 

 
Brownmillerite 

 
      4.5 

 
       4.7 

 
       5.3 

 
    4.8 

 
   Trace 

 
   Trace 

 
   Trace 

 
Melilite 

 
      2.1 

 
       1.8 

 
       2.3 

 
    2.1 

 
      1.7 

 
      1.4 

 
    1.6 

 
Ye'elimite 

 
      0.4 

 
       0.4 

 
       0.7 

 
    0.5 

 
    <1.0 

 
    <1.0 

 
  <1.0 

 
Glass 
 

    
  66.3 

   
ca. 69 
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SRM 1633b was analyzed for both qualitative and quantitative information.  A 

comparison of SRM 1633a and 1633b can be found in Figure 20.  This is the first 

examination of this SRM for mineralogy.  Its mineralogy is similar to that of SRM 1633a, 

with the exception of the presence of gypsum.  Both materials have essentially the same 

amounts of each crystalline phase, with 1633b having slightly less magnetite.  As 

mentioned, 1633b also contains gypsum, at a level of about one percent.   

  The results for SRM 2690 and 2691 show significant deviation between the results 

obtained in the two different studies.  For SRM 2690, the researchers in the previous study 

predict the absence of hematite while, in the present study, the researchers found evidence 

of both hematite and magnetite.  The Rietveld method finds significant intensity for both 

hematite and magnetite, resulting in a calculated weight percentage for both.    The sum of 

the iron containing phases is approximately the same for both methods; only the phase 

distribution is different.  The failure to find hematite in the earlier study may be due to the 

estimations used to determine the peak heights used for the calculations.  A portion of the 

peak height used for hematite is subtracted due to a contribution from mullite.  If the 

mullite contribution is overestimated, then the amount of calculated hematite will be low, if 

present at all.  The magnetite analysis relies on the amount of hematite present.  If there is 

no hematite to detract from the magnetite peak intensity, the results will be overestimated.   

 Due to the presence of 11 phases, SRM 2691 was analyzed using the averaging 

technique described in the previous section.  Comparing the C3A and merwinite results 

from the McCarthy and Thedchanamoorthy report, which utilized the RIR SQXRD 

method, and the RQXRD method used here, one finds there are significant differences.  

McCarthy and Thedchanamoorthy (1989) report twice the amount of merwinite as C3A, 
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while the RQXRD analysis indicates that the two phases are present in approximately equal 

amounts.  Other discrepancies between the two studies also include the lack of hematite 

being predicted in the previous study, while in this study, hematite is calculated to be 

present at approximately 1%.  McCarthy and Thedchanamoorthy (1989) report 

approximately 1% magnetite, while results from the Rietveld method do not indicate any 

magnetite present. 

 Comparing the two studies overall, one finds that few results are within the 

predicted accuracy or precision.  The ese's for the RIR SQXRD protocol used by McCarthy 

and Thedchanamoorthy (1989) are shown in Table 33.  The values for each phase, 

including the estimated precision range and ese's, for SRM 1633a are presented in Table 

34.  SRM 1633a shows the best correlation between the two methods, with the results for 

hematite and mullite calculated using the RIR method falling within the predicted range of 

values calculated using the Rietveld method.  The value for mullite calculated with the RIR 

method also falls within the precision range calculated using the Rietveld method.  The 

RQXRD results for SRM 1633a all fall within the expected range of values reported using 

the RIR SQXRD method, with the exception of quartz, which is just outside the accepted 

range.  SRM 2690 shows the worst correlation between the two methods, with only quartz 

falling within the error range calculated using the Rietveld method. 

 

4.3.  Conclusions 

 The crystalline phase content of five NIST SRMs were investigated using the 

RQXRD methodology.  Three replicate analyses by independent researchers, representing 

three levels of expertise, were run on each SRM.  The agreement among the three  
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Table 33.  Estimated standard errors (ese's) for the RIR SQXRD method of McCarthy and 
Thedchanamoorthy (1989). 
 
 
Phase 
 

 
Ese 

 
Phase 

 
Ese 

 
Anhydrite 

 
23% 

 
Melilite 

 
38% 

 
C3A 

 
30% 

 
Merwinite 

 
30% 

 
Hematite 

 
30% 

 
Mullite 

 
38% 

 
Lime 

 
15% 

 
Periclase 

 
15% 

 
Magnetite 
 

 
30% 

 
Quartz 

 
15% 

 
 

Table 34.  Comparison of the RQXRD results including ese and precision  
estimates for SRM 1633a from three replicate analyses compared with two  
replicate RIR SQXRD* analyses including ese and precision estimates of  
McCarthy and Thedchanamoorthy (1989). 

 
 
Phase 
 

 
RQXRD (ese) 

 
RQXRD 

(precision) 
 

 
M&T, 1989 (ese) 

 
Quartz 

 
     6.9 ± 0.7 

 
     6.9 ± 0.4 

 
      5.7 ± 0.9 

 
Mullite 

 
   20.9 ± 2.1 

 
   20.9 ± 1.1 

 
    19.9 ± 7.6 

 
Hematite 

 
     2.0 ± 0.3 

 
     2.0 ± 0.2 

 
      2.4 ± 0.7 

 
Magnetite 

 
     5.3 ± 0.5 

 
     5.3 ± 0.3 

 
      6.2 ± 1.9 

 
Glass 

 
   64.9 ± 6.5 
 

 
   64.9 ± 3.3 
 

 
    65.8 ± 6.6 

*Semi-Quantitative X-Ray Diffraction analysis by the Reference Intensity  
Ratio method (SQXRD). 
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replicates was better using the RQXRD method than was reported previously for these 

same ashes quantified using the RIR method.  The results obtained by McCarthy and 

Thedchanamoorthy (1989) using their RIR SQXRD protocol and those obtained here using 

the RQXRD protocol developed for these systems tend to be within the ese for both 

protocols for phases with strong peaks with few overlaps (quartz, mullite, etc.).  However, 

for phases with more overlaps, particularly on the stronger peaks, the results from the two  

studies tended to fall outside the ese range for the RQXRD protocol and even outside the 

ese range for the RIR SQXRD protocol.  These deviations can be attributed to the analysis 

protocol used in the RIR SQXRD protocol, where diffraction intensities for overlapping 

phases are dependent on differences of the intensity attributable to one phase from the 

overall intensity at a given point.  The protocol for high-calcium fly ashes shown in Figure 

19 requires subtractions necessary to proportion intensity of strong overlapping analyte 

peaks.  The peak intensities for fly ashes are measured as the peak heights.  The relatively 

weak peaks in fly ash combined with a large amorphous background contribution, which 

must be estimated by eye, make the evaluation of peak heights subjective to the analyst.  

The Rietveld method does not have this analyst subjectivity because the method relies on 

the entire pattern and the intensities are calculated directly from the structural information 

for a given phase. 
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5.   Rietveld Analysis of Complex Multi-Phase Mixtures of 
Coal Combustion By-Products 

 
The goal of this dissertation research was methods development.  The application of 

these methods to a few representative samples collected from four CCB emplacement sites 

in the United States is described in this chapter.  The general location of each site, the coal 

source, type of material disposed and duration of emplacement are shown in Table 35.  

Sampling was performed with hollow stem augers and split spoon samplers at three of the 

sites, where the material was relatively unconsolidated and with a diamond-tipped hollow 

coring drill at the fourth site.  Borings and cores were retrieved as relatively undisturbed 

samples. 

 

5.1.  Protocol for the Analysis of Coal Combustion By-Products (CCBs) 

The full protocol for the analysis of complex, multi-phase mixtures, such as CCBs, 

will given here, including the estimated standard errors (ese's) for common phases for a 

given phase abundances of the sample.  Examples of the use of this analysis protocol, as 

applied to representative samples from four sites examined across the United States, will 

also be shown. 

A general flow chart for the analysis of complex mixtures is shown in Figure 23.  If 

hannebachite is present in the sample, the flow chart is modified to include the modeling of 

peak broadening due to size and strain, and asymmetric broadening stacking faults along 

the 020 plane.  These functions are added to the refinement after the peak profile 

coefficient, LX, and before the preferred orientation is modeled.  For these systems, it 

should also be mentioned that the magnetite phase should be modeled using both the  
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Table 35.  Sites sampled, type of coal burned, CCB type, and duration of emplacement. 

 
Site* 

 
Origin and Type of 

Coal 

 
CCB Type 

 
Duration of 
Emplacement 

 
Midwest 

 
MT Powder River 
Basin subbituminous 

 
Dry-process Flue Gas 
Desulfurization (FGD) 
ash 

 
5 years 

 
North Dakota 

 
ND low sodium lignite 

 
Class “C” fly ash and 
FGD ash 

 
17 years 

 
Indiana 

 
IN bituminous 

 
Circulating Fluidized 
Bed Combustion 
(CFBC) ash 
 

 
3 years 

 
Kentucky 

 
KY bituminous (low 
and high sulfur) 

 
Class “F” fly ash 

 
20 years 

*Agreements with the entities that supplied the core samples preclude providing specific 
plant locations and owners 
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Figure 23.  Flow chart for the RQXRD protocol for complex mixtures.
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magnetite phase and an aluminum substituted magnetite phase.  The analyses reported here 

were completed using only magnetite in the refinements. 

The ese's for each phase at various phase abundances are shown in Table 36.  The 

ese's follow the general guidelines given in Chapter 4. 

 

5.2.  Midwest 

The Midwest site consisted of disposed dry-process Flue Gas Desulfurization 

(FGD) material.  During the desulfurization process, a slurry of Ca(OH)2 is sprayed into the 

flue gas to remove SO2 from the exhaust.  The desulfurization process causes the formation 

of many calcium-containing materials and makes the material more mineralogically 

complex.  The site had been in place five years at the time of the sampling.  A qualitative 

diffractogram indicating the identified phases for this material is shown in Figure 24.  The 

sample shown here was taken from a depth of 39-39.5 ft (total core depth = 44.5 ft).  The 

qualitative analysis indicated that ettringite, mullite, gypsum, quartz, calcite, hannebachite, 

and hematite were present in the disposed material.  RQXRD results are summarized in 

Table 37.  

 

5.3.  North Dakota 

The North Dakota site consisted of disposed fly ash obtained from low sodium 

North Dakota lignite coal.  This coal source is high in calcium and generates a Class "C" 

fly ash.  Dry Fluidized Bed Combustion (FGD) scrubber waste was codisposed with the fly 

ash.  Qualitative identification (Figure 25) shows quartz, calcite, magnetite, hannebachite,  
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Table 36.  Recommended estimated standard errors (ese's) to apply to the results of 
Rietveld quantitative X-ray diffraction of coal combustion by-products. 
 
  

Estimated Standard Errors by Phase Abundance 
 
Phase 
 

 
< 1% 

 
1 - 5% 

 
> 5% 

 
Anhydrite 

 
25% 

 
15% 

 
10% 

 
Brownmillerite 

 
30% 

 
25% 

 
15% 

 
C3A 

 
30% 

 
25% 

 
15% 

 
Calcite 

 
25% 

 
15% 

 
10% 

 
Ettringite 

 
25% 

 
15% 

 
10% 

 
Gypsum* 

 
25% 

 
15% 

 
10% 

 
Hannebachite* 

 
25% 

 
15% 

 
10% 

 
Hematite 

 
15% 

 
15% 

 
10% 

 
Lime 

 
25% 

 
15% 

 
10% 

 
Magnetite 

 
25% 

 
15% 

 
10% 

 
Melilite 

 
30% 

 
25% 

 
15% 

 
Merwinite 

 
30% 

 
25% 

 
15% 

 
Mullite 

 
25% 

 
15% 

 
10% 

 
Periclase 

 
30% 

 
20% 

 
10% 

 
Portlandite 

 
40% 

 
20% 

 
15% 

 
Quartz 

 
15% 

 
15% 

 
10% 

 
Ye'elimite 
 

 
30% 

 
25% 

 
15% 

*If gypsum and hannebachite are present together, add 5% to each ese. 
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        Figure 24.  Qualitative X-ray diffraction plot for a representative sample of disposed   
        FGD material from a Midwest plant. 
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Table 37. RQXRD analysis of the material disposed from a  
Midwest power plant, in wt. %. 

 
 

Phase 
 

 
RQXRD 

 
Quartz 

 
                     1.5 

 
Mullite 

 
                     3.9 

 
Hematite 

 
                     1.3 

 
Calcite 

 
                     6.7 

 
Ettringite 

 
                     6.8 

 
Hannebachite 

 
                     6.5 

 
Gypsum 

 
                   11.8 

 
Amorphous 

 
                   61.6 
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        Figure 25.  Qualitative X-ray diffraction plot for a representative sample of disposed  
        material from North Dakota. 
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gypsum, and ettringite in the material.  The quantitative results are given in Table 38.  The 

sample shown here was taken from a depth of 77-77.5 ft (total core depth = 82 ft).  

 Quantitative analysis of several core samples taken from this site were complicated 

by the presence of the FGD marker phase, hannebachite.  As mentioned previously, the 

hannebachite shows both preferred orientation and asymmetric peak broadening due to 

stacking faults.  In addition, gypsum was also present, showing overlaps with hannebachite 

and severe preferred orientation.  The standard Rietveld refinement protocol developed in 

Chapter 3 includes preferred orientation, when necessary, but the additional asymmetric 

peak broadening was not accounted for.  A new Rietveld refinement protocol for these 

hannebachite-containing systems was developed to include the refinement of the 

asymmetric peak broadening by the stacking fault model.  Full refinements were straight- 

forward, with the addition of refining the asymmetric broadening terms stec, ptec, and sfec 

in GSAS (particle strain broadening, size broadening, and stacking fault model, 

respectively) between the profile broadening coefficient, LX, and the preferred orientation.  

The full refinements, however, took on the order of two to eight hours.  A modified 

refinement protocol was needed to reduce the amount of time spent refining the data. 

Several options were examined for reducing the computational time of the 

refinements on samples containing hannebachite.  The first was to use approximate values 

for stec, ptec and sfec.  The values (35, -20, and 40 for stec, ptec, and sfec, respectively) 

were chosen to represent the values typically obtained from four full refinements.  The time 

necessary for the refinement was reduced to between 45 minutes and 3 hours, but the 

results showed significant differences.  The next option was to run the normal refinement 

protocol through the refinement of the profile broadening coefficient, LX.   
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        Table 38.  RQXRD analysis of the material disposed from a North  
        Dakota power plant, in wt. %. 

 
 

Phase 
 

 
RQXRD 

 
Quartz 

  
                    2.7 

 
Magnetite 

 
                     1.1 

 
Calcite 

 
                     1.5 

 
Ettringite 

 
                     6.1 

 
Hannebachite 

 
                   34.9 

 
Gypsum 

 
                   17.5 

 
Amorphous 

 
                   36.3 
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Then, the lattice parameters, the specimen displacement parameter, and LX were fixed at 

those values.  The broadening terms were allowed to refine for hannebachite and then fixed 

at the existing values.  Finally, the orientation on gypsum and hannebachite was refined.  

The typical refinement using this protocol took 15 to 30 minutes.  The results, however, 

were not comparable to the full refinement.  (For instance, the full refinement calculated 

6.1% ettringite, while the alternate refinement protocol calculated 4.3%.)  The lattice 

parameters, specimen displacement term, and LX were then allowed to refine once more, 

improving the results (5.2% ettringite vs. 6.1%) while increasing the computational time to 

30 minutes to 1 hour.  Finally, the asymmetric broadening terms were allowed to refine, 

giving results that were not significantly different from the full refinement, while only 

taking 45 minutes to 3 hours. 

 

5.4.  Indiana 

The Indiana site consisted of material from a Circulating Fluidized Bed Combustion 

(CFBC) coal-burning power plant using bituminous coal from Indiana.  In this process, the 

coal is fired in a bubbling bed of ground limestone (CaCO3).  As in the FGD case, the 

added calcium makes the mineralogy more complex.  Ash from a stoker furnace was also 

present, mixed with the CFBC ash.  The qualitative diffractogram indicating that ettringite, 

thaumasite, gypsum, mullite, quartz, hematite, calcite and magnetite were present is shown 

in Figure 26.  The quantitative results are summarized in Table 39.  The sample shown here 

was taken from a depth of 11.0 ft (total core depth = 26.0 ft). 
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        Figure 26.  Qualitative X-ray diffraction plot for a representative sample of  
        disposed CFBC and stoker material from Indiana. 
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  Table 39.  RQXRD analysis of the material disposed from  
  an Indiana power plant, in wt. %. 

 
 

Phase 
 

 
RQXRD 

 
Quartz 

 
               15.1 

 
Mullite 

 
               12.5 

 
Hematite 

 
                 2.9 

 
Magnetite 

 
                1.3 

 
Calcite 

 
                1.6 

 
Ettringite  

 
               14.6 

 
Thaumasite 

 
                 2.2 

 
Gypsum 

 
                 6.5 

 
Amorphous 
 

 
              43.4 
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5.5.  Kentucky 

The Kentucky site consisted of fly ash obtained from a power plant burning low and 

high sulfur bituminous coals from Kentucky.  The bituminous coal source generates an ash 

in the Class "F" category (low calcium).  These samples had the least complexity of the 

materials examined.  A typical qualitative diffractogram indicating that quartz, mullite, 

hematite, and magnetite were present is shown in Figure 27.  The quantitative results are 

summarized in Table 40.  The sample shown here was taken from a depth of 30-32 ft (total 

core depth = 46.5 ft). 
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        Figure 27.  Qualitative X-ray diffraction plot for a representative sample of  
        disposed Class “F” fly ash material from Kentucky. 
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  Table 40.  RQXRD analysis of the material disposed from  
  a Kentucky power plant, in wt. %. 

 
 

Phase 
 

 
RQXRD Wt. % 

 
Quartz 

  
              8.7 

 
Mullite 

  
            25.5 

 
Hematite 

  
              2.9 

 
Magnetite 

   
              1.7 

 
Amorphous 

 

 
            61.3 
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6. RIETVELD QUANTITATIVE X-RAY DIFFRACTION OF IRON OXIDES 
INCLUDING SPINEL STRUCTURE SOLID SOLUTIONS 

 
Spinels are a group of minerals with the general formula AB2O4.  The A site in 

spinels is a four-coordinate tetrahedral site while the B site is an octahedral site.  Spinels 

can be classified by the location of the divalent cation.  If the divalent cation is located in 

the tetrahedral site, the spinel is known as "normal."  If the divalent cation is located in one 

of the tetrahedral sites, the spinel is known as "inverse."  One of the more chemically 

interesting spinels is the mineral magnetite, Fe3O4, due to the dual valence of iron.  If the 

stoichiometry is examined, one sees that to maintain neutrality, there must be one Fe2+ and 

two Fe3+ ions.  The presence of both valence states of iron allows interesting magnetic 

properties to exist in magnetite.  As such, magnetite is the only ferrimagnetic mineral that 

exhibits magnetism in the absence of an external field (Klein and Hurlbut, 1985).   

Iron-containing spinels are important in the analysis of fly ashes and other CCB materials 

due to their ability to incorporate many different cations into their structure.  Divalent 

cations, such as Mg, Zn, and Ni, may substitute for Fe2+, while trivalent cations, such as Cr, 

Co, Al, V, and U, may substitute for the Fe3+.  This wide range of substitutions makes the 

spinel structure solid solutions important for the evaluation of mobilities of potentially 

toxic elements in the disposal and possible use of fly ash.   

Very few studies have used X-ray diffraction to determine elemental compositions 

of spinel solid solutions.  In one study, Allen et al. (1995) used Vegard's law to predict the 

composition of various spinels containing Fe, Cr, Mn, Co, and Ni, such as (Mn,Co)Fe2O4 

and (Ni,Fe)Fe2O4.  Vegard's law states that the lattice parameters of a solid solution will 

vary linearly with the composition of the material.  Thus, if one end member of the solid 

solution has an a axis length of 800 pm and the other end member has an a axis length of 



 

 134 

900 pm, then a solid solution containing a 50:50 ratio of the constituent elements would 

have an a axis length of 850 pm.  Allen et al. showed that it was feasible to predict the 

composition of a spinel with varying composition if the constituent elements were known. 

The second study, conducted by Waseda et al. (1995), examined the site 

occupancies of the constituent elements in ZnFe2O4 and CoFe2O4 by anomalous X-ray 

scattering (AXS).  Because of the similar scattering factors for common X-ray sources, it is 

difficult to distinguish between Zn, Fe, and Co using common diffraction techniques.  

Systems containing these and other similar elements may be investigated using X-rays with 

energy near the K absorption edge of each element and at the K adsorption edge.  The goal 

was to determine if the 2+ cation occupied a tetrahedral hole ("normal" spinel) or an 

octahedral hole ("inverse" spinel).  By this method, Waseda et al. (1995) were able to 

determine the preference for Zn to occupy the tetrahedral holes, while the Co prefers the 

octahedral holes.  This experiment marks the first determination of site occupancy of the 

Co spinel by an X-ray diffraction technique. 

 As will be demonstrated later, this second technique may be the only option for 

determining the presence of cations such as Cr, V, or Mn in spinels using X-ray diffraction.  

The first technique is not a viable option for CCB systems because there are typically no 

distinct peaks, a single distinct spinel end member, or solid solution.  Rather, there is a 

single broad peak (with a full width at half maximum of 0 .4-0.5°, for comparison, the full 

width at half maximum of the R900 rutile internal standard is about 0.14°) representing a 

range of solid solution compositions for the spinels in the samples studied here.  If the 

position of the 311 peak is examined for iron containing spinel phases, one sees that the 

angular range for the entire set of compounds is only 1º.  If one includes spinel (MgAl2O4), 



 

 135 

the angular range increases to 2º.  However, the additional elements, beyond iron, 

magnesium, and aluminum, are only found in trace amounts, limiting the peak positions to 

a smaller range.  Even if the pattern exhibited discrete sharp peaks, one would not be able 

to discern any information from the peak shift, due to the fact that one substitution may 

shift the lattice value in one direction, but a second substitution may shift the lattice value 

in the opposite direction resulting in no apparent shift.  An example would be if a small 

amount of titanium substituted for Fe2+, causing the lattice to expand slightly.  A small 

amount of vanadium substitutes for the Fe3+, causing a lattice contraction.  The overall 

result is a unit cell that is very similar to the original cell.  This question of determining the 

composition of solid solutions and the "best" way to model them using the Rietveld method 

will be addressed in this chapter. 

 

6.1.  Limitations of Rietveld Programs 
 
      When dealing with solid solutions, one must be able to refine multiple atoms per 

site, for example, as in (Fe,Mg,Mn,Ni)(Fe,Al,Cr,V)2O4.  Due to limitations in coding, 

Rietveld programs typically only allow for the simultaneous refinement of two atoms per 

site. When refining the occupancy for a particular site, the total site occupancy will 

typically remain constant, and the occupancies of the atoms at that site must sum to that 

constant value.  The typical method of applying this constraint is to change the occupancies 

for two atoms on the same site.  When dealing with CCB materials, multiple site 

substitutions may occur in some phases.  This is typically the case for the phase chosen to 

represent the dominant spinel compound is CCBs, ferrite spinel (Fe,Mg)(Fe,Al)2O4 

(McCarthy et al., 1984).  However, the actual formula may also include nickel, chromium, 
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manganese, and other transition elements, giving a formula resembling 

(Fe,Mg,w,x)(Fe,Al,y,z)2O4.  This formula is not easily refinable using most Rietveld codes.  

Recently, Joubert et al. (1998) demonstrated the refinement of four elements that were 

constrained to have a constant total occupancy on two crystallographic sites.  To 

accomplish this, four independent diffraction patterns were necessary to solve the three 

independent linear equations for the constraints.  The only way to accomplish this is to use 

multiple X-ray sources (e.g., Cu, Mo, Fe, etc. target X-ray tubes) or use a multiwavelength 

synchrotron source.   

 

6.2.  RQXRD Analysis of Ferrite Spinel and Hematite in Low-Calcium Fly Ash 

The objectives of the work described in this chapter were to  

1. Characterize spinels and hematite ubiquitous in CCBs, 

2. Obtain results for the magnetite/hematite ratio for samples obtained from the 

USGS, 

3. Use these materials as test cases for RQXRD analysis of solid solutions, and 

4. Determine if maghemite, a phase not easily quantified in CCBs, could be detected 

and quantified using the RQXRD method. 

 

6.2.1. Magnetically Enriched Fractions of Fly Ash 
 

Fly ash obtained from one of the power plants included in our study of CCB 

materials was being studied by the United States Geological Survey (USGS) in Denver, 

CO.  The samples were obtained from two separate units of a Kentucky coal-burning 

power plant (Cathcart et al., 1997).  The majority of the samples were taken from a high 
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sulfur burning unit (3.3 % by weight).  The bulk material was further separated by particle 

size by standard wet-sieving techniques into four fractions by the USGS.  The particle size 

fractions were 150-75 µm, 75-45 µm, 45-30 µm, and <30 µm.  The size fractions were 

further separated into magnetic and non-magnetic fractions using magnetic fractioning 

techniques.  The material received in our laboratory included the bulk fly ash, non-

magnetic fraction, and the magnetically enhanced fraction for each of the size fractions. 

 The USGS characterized the samples by qualitative XRD for mineralogical 

information,  and ICP-AES and ICP-MS for chemical composition, including trace metal 

concentrations, and magnetic measurements.  The samples were similar in composition, 

with all samples containing quartz, mullite, hematite, and magnetite, in varying amounts.  

Some samples also contained additional trace crystalline components, such as calcite.  The 

magnetic measurements included magnetic susceptibilities, which gave estimates of the 

amount of magnetite, and isothermal remnant magnetization (IRM), which was used to 

estimate the amount of other magnetic materials present.  These methods only gave 

estimates of the amount of material present.  The USGS determined the following 

properties (Cathcart et al., 1997, Reynolds, 1998): 

1. IRM at 0.3 T, which maximizes the magnetization due to the magnetite in the 

sample. 

2. IRM at 1.2 T, which includes the magnetization due to magnetite (which 

saturates at 0.3T) plus a contribution from any hematite present in the sample. 

3. S value (IRM0.3 / IRM1.2), which is an indication of the amount of hematite 

present in the sample. 
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a. An S value of 1.00 indicates thatthere is no hematite present in the 

sample. 

b. An S value of 0.95 indicates that some hematite is present. 

c. An S value of 0.90 or less indicates that there is a large amount of 

hematite present in the sample. 

4. HIRM value ((IRM1.2 - IRM0.3) / 2), which is the difference in the IRM due to 

hematite 

 A complicating factor is that another ferrimagnetic mineral, maghemite, γ-Fe2O3 

(hematite is α-Fe2O3), may be present.  Maghemite has a unit cell parameter close to that of 

magnetite. 

 Prior to investigating the USGS samples, an analysis protocol for determining the 

ratio of magnetite to hematite and the best method for determining the absolute values of 

these phases needed to be evaluated.  To obtain this information, a set of standard mixtures, 

some of which included maghemite, was examined.  This investigation is outlined in the 

following section. 

 

6.2.2. Protocol for Ferrite Spinel to Hematite Ratio Analysis 
 

In order to optimize a RQXRD protocol that would lead to ferrite spinel to hematite 

ratios, two sets of standard mixtures were examined by Stephanie Lerach and myself.  The 

first included magnetite (a simple ferrite spinel, showing no solid solution behavior), 

hematite, and quartz in varying ratios.  The composition of the first set of mixtures is 

shown in Table 41.  These mixtures were examined with and without a rutile internal 

standard.  A second objective of the study was to determine the absolute amounts of ferrite  
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Table 41. Composition of the standard mixtures used for the evaluation of an analysis 
protocol for the determination of the ratio of ferrite spinel to hematite. 
 

 
 

 
Mag1 

 

 
Mag2 

 
Mag3 

 
Mag4  

 
Mag5 

 
Magnetite 

 
14.9 

 
33.3 

 
51.7 

 
33.4 

 
14.8 

 
Hematite 

 
69.9 

 
45.0 

 
20.1 

 
24.7 

 
20.0 

 
Quartz 

 
10.0 

 
10.1 

 
10.1 

 
33.3 

 
60.0 

 
Amorphous 

 
5.2 

 
11.7 

 
18.2 

 
8.7 

 
5.2 

 
 

 
Magh1 

 

 
Magh2 

 
Magh3 

 
Magh4 

 
Magh5 

 
Magnetite 

 
14.8 

 
33.3 

 
51.7 

 
23.4 

 
13.0 

 
Hematite 

 
69.9 

 
45.0 

 
20.0 

 
31.7 

 
17.5 

 
Quartz 

 
5.1 

 
5.0 

 
5.1 

 
31.7 

 
60.0 

 
Maghemite 

 

 
4.6 

 
4.6 

 
4.6 

 
4.6 

 
4.6 

Amorphous 5.6 12.1 18.6 8.6 5.0 
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spinel and hematite, thus an internal standard was required.  Also, initially it was not 

known if accurate ratios of ferrite spinel and hematite could be obtained without obtaining 

the absolute amounts.  The refinement protocol outlined previously was used.  Four 

separate refinements were run for each sample.  The different phases refined are shown in 

Table 42.  The key pieces of information of interest were the ratio of hematite to magnetite 

and the absolute values of the weight percentages of magnetite and hematite.  Table 43 

shows the magnetite and hematite weight percentages for a representative number of the 

mixtures as well as the relative errors associated with those values.  The ratios of hematite 

to magnetite for the various mixtures are collected in Table 44.  The results found in Table 

43 indicate that an internal standard is necessary for the accurate determination of the 

weight percents of hematite and magnetite.  For RQXRD analyses in which only hematite 

and magnetite are included (Magx-1), when the amount of material other than the phases of 

interest in the sample increases, the errors will also increase.  In all cases for Magx-1, the 

errors were outside the desired range of ±15% (relative).  For refinement type Magx-2, 

where all phases are refined without an internal standard, the results are as expected.  The 

recoveries are within the desired range if the amount of material other than hematite and 

magnetite is minor.  However, if the amount of additional material is not minor, as in 

Mag4-2, the recoveries are not within the desired range (±15%).  Table 45 lists the 

relationship between the amount of material not accounted for in the phase refinement 

strategy and the relative error in the hematite weight percentage.   

As can be seen in Table 44, the recoveries in the ratios of hematite to magnetite are within 

the desired range (±15%) using any of the phase refinement strategies shown, with the 

majority of the errors in recoveries being under 10%.  These results are very promising for  
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Table 42.  Phases refined in the first set of iron oxide mixtures (without maghemite). 

 
 

Magx-1 
 

Magx-2 
 

Magx-3 
 

Magx-4 
 

 
Magnetite 

 
Magnetite 

 
Magnetite 

 
Magnetite 

 
Hematite 

 
Hematite 

 
Hematite 

 
Hematite 

 
 

 
Quartz 

 
Rutile 

 
Quartz 

 
 

 
 

 
 

 
Rutile 

 
 
 



 

 142 

Table 43. RQXRD of hematite and magnetite in standard mixtures without maghemite, in 
wt. %. 
 

 
Sample 

 
Reference  

 

 
RQXRD 

Hm 

 
Relative 
Error 

 
Reference  

 
RQXRD 

Ma 

 
Relative 
Error 

 
Mag1-2 

 
69.9 

 
73.2 

 
5% 

 
14.9 

 
15.7 

 
5% 

 
Mag1-3 

 
69.8 

 
69.6 

 
0% 

 
14.7 

 
13.0 

 
11% 

 
Mag1-4 

 
69.8 

 
68.0 

 
3% 

 
14.7 

 
13.2 

 
10% 

 
Mag2-2 

 
45.0 

 
51.7 

 
15% 

 
33.3 

 
36.9 

 
11% 

 
Mag2-3 

 
45.0 

 
51.4 

 
14% 

 
33.2 

 
36.1 

 
9% 

 
Mag2-4 

 
45.0 

 
50.2 

 
12% 

 
33.2 

 
35.8 

 
8% 

 
Mag3-2 

 
20.1 

 
25.7 

 
28% 

 
51.7 

 
61.9 

 
20% 

 
Mag3-3 

 
20.1 

 
22.1 

 
10% 

 
51.6 

 
52.7 

 
2% 

 
Mag3-4 

 
20.1 

 
21.7 

 
8% 

 
51.6 

 
51.7 

 
0% 

 
Mag4-2 

 
33.4 

 
36.8 

 
10% 

 
24.7 

 
25.4 

 
3% 

 
Mag4-3 

 
33.3 

 
36.6 

 
10% 

 
24.7 

 
23.5 

 
5% 

 
Mag4-4 

 
33.3 

 
34.6 

 
4% 

 
24.7 

 
22.9 

 
7% 

 
Mag5-2 

 
20.0 

 
19.0 

 
5% 

 
14.8 

 
13.3 

 
10% 

 
Mag5-3 

 
20.0 

 
21.0 

 
5% 

 
14.8 

 
13.7 

 
8% 

 
Mag5-4 

 

 
20.0 

 
19.5 

 
3% 

 
14.8 

 
13.4 

 
10% 
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Table 44.  RQXRD ratios of hematite to magnetite in standard mixtures without 
maghemite. 
 

 
Mixture 

 

 
Reference Ratio 

 
RQXRD Ratio 

 
Relative Error 

 
Mag1-1 

 
4.7 

 
4.8 

 
2% 

 
Mag2-1 

 
1.4 

 
1.4 

 
5% 

 
Mag3-1 

 
0.4 

 
0.4 

 
8% 

 
Mag4-1 

 
1.4 

 
1.5 

 
10% 

 
Mag5-1 

 
1.4 

 
1.5 

 
11% 

 
Mag1-2 

 
4.7 

 
4.7 

 
0% 

 
Mag2-2 

 
1.4 

 
1.4 

 
4% 

 
Mag3-2 

 
0.4 

 
0.4 

 
8% 

 
Mag4-2 

 
1.4 

 
1.5 

 
7% 

 
Mag5-2 

 
1.4 

 
1.4 

 
5% 

 
Mag1-3 

 
4.7 

 
5.3 

 
13% 

 
Mag2-3 

 
1.4 

 
1.4 

 
5% 

 
Mag3-3 

 
0.4 

 
0.4 

 
8% 

 
Mag4-3 

 
1.4 

 
1.6 

 
15% 

 
Mag5-3 

 
1.4 

 
1.5 

 
13% 

 
Mag1-4 

 
4.7 

 
5.1 

 
8% 

 
Mag2-4 

 
1.4 

 
1.4 

 
4% 

 
Mag3-4 

 
0.4 

 
0.4 

 
8% 

 
Mag4-4 

 
1.4 

 
1.5 

 
12% 

 

Mag5-4 
 

 

1.4 
 

1.5 
 

7% 
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 Table 45.  Relative error in the weight percentage hematite versus the weight percentage of 
the material not included in the refinement. 
 

 
Sample 

 
Wt. % Material not 

Included 
 

 
Rel. Error in Hematite 

Wt. % 

 
Mag1-1 

 
                  15.2 

 
18% 

 
Mag1-2 

 
                    5.2 

 
5% 

 
Mag2-1 

 
                  21.8 

 
30% 

 
Mag2-2 

 
                  11.7 

 
15% 

 
Mag3-1 

 
                  28.2 

 
46% 

 
Mag3-2 

 
                  18.2 

 
28% 

 
Mag4-1 

 
                  42.0 

 
80% 

 
Mag4-2 

 
                   8.7 

 
10% 

 
Mag5-1 

 
                 65.2 

 
200% 

 
Mag5-2 

 

 
                   5.2 

 
5% 
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obtaining ratio values with little sample preparation and computational time.  The preferred 

method would then be to run the sample as obtained from a magnetic separation, refining 

all major phases present using the Rietveld refinement protocol outlined previously.   

However, if one only refines magnetite and hematite, the resulting increase in error is slight 

(~2% relative).    

The second set of mixtures added a fourth phase, maghemite (γ-Fe2O3).  Maghemite 

was added to examine its effect on the refinement of these mixtures.  Maghemite is a  

vexing problem in these systems. Because the unit cell parameter of this iron oxide spinel 

phase is very close to that of Fe3O4, it shows many significant overlaps with magnetite, 

making it difficult to identify in qualitative analyses, much less quantitative analyses.  If 

hematite and quartz also happen to be present, maghemite shows no reflections without 

significant overlap.  As shown previously, the RQXRD has the ability to quantify phases 

with significant overlap (Section 4.2), but in other systems studied, there were also some 

independent reflections unique to the phase being analyzed.   

The composition of this set of mixtures is shown in Table 41.  The different 

refinement strategies are outlined in Table 46.  The weight percentages of hematite and 

magnetite are significantly affected by the presence of even a small amount of maghemite. 

Its presence can significantly skew the results for both magnetite and hematite.  In one case 

(Magh3), the data could not even be refined to a satisfactory conclusion.  The data indicate 

that the best results were obtained when an internal standard is used and maghemite is 

ignored.  In this case, the recoveries for hematite are within the desired range, while the 

recoveries for magnetite fall outside the desired range when present in lower 

concentrations. 
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Table 46.  Phases refined in the second set of iron oxide mixtures (with maghemite). 
 

 
Mhx-1 

 
Mhx-2 

 
Mhx-3 

 
Mhx-4 

 
Mhx-5 

 
Mhx-6 

 
Mhx-7 

 
Mhx-8 

 
 

Hm 
 

Hm 
 

Hm 
 

Hm 
 

Hm 
 

Hm 
 

Hm 
 

Hm 
 

Ma 
 

Ma 
 

Ma 
 

Ma 
 

Ma 
 

Ma 
 

Ma 
 

Ma 
 
 

 
Qz 

 
Mh 

 
Mh 

 
Rt 

 
Qz 

 
Mh 

 
Mh 

 
 

 
 

 
 

 
Qz 

 
 

 
Rt 

 
Rt 

 
Qz 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
Rt 
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The ratios of hematite to magnetite for the various mixtures without a rutile internal 

standard are shown in Table 47.  Table 48 shows the ratios of hematite to magnetite for the 

various mixtures with a rutile internal standard.  As can be seen from the results in Tables 

47 and 48, the ratios that most resemble the weighed ratios were determined from 

refinements in which maghemite is not included.  The best results were obtained for a 

refinement without an internal standard and only magnetite and hematite being refined.  If 

one uses the method outlined previously (refine all major phases), the errors in the 

recoveries only increase slightly (1-4% relative).   

Given the results for the two sets of standard mixtures, the recommended analysis 

protocol will vary depending on the results desired.  If one wants the ratio of ferrite spinel 

to hematite, the standard refinement protocol outlined in Chapter 3 is followed while 

refining the ferrite spinel phase (magnetite in this case) and hematite.  If one desires the 

absolute weight percentages, the standard protocol is once again followed; however, in this 

case an internal standard must be used, and all phases, except maghemite, are to be 

included in the refinement. 

 

6.2.3. Solid Solution Composition 

6.2.3.1.  Estimation of Solid Solution Composition by Peak Shift 

The amount of substitution into the iron containing phases can be estimated by 

examining the relative shift of the peak positions for each of the iron containing phases in 

the samples.  As mentioned previously, some systems may have substitutions whose shifts 

will cancel out, giving the appearance of no substitution.  Figures 28 and 29 show the peak  
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Table 47.  RQXRD ratios of hematite to magnetite in standard mixtures containing 
maghemite (no internal standard). 
 

 
Sample 

 

 
Reference Ratio 

 
RQXRD Ratio 

 
Relative Error 

 
Magh1-1 

 
4.71 

 
4.15 

 
12% 

 
Magh2-1 

 
1.35 

 
1.32 

 
2% 

 
Magh4-1 

 
1.35 

 
1.26 

 
7% 

 
Magh5-1 

 
1.35 

 
1.12 

 
17% 

 
Magh1-2 

 
4.71 

 
4.09 

 
13% 

 
Magh2-2 

 
1.35 

 
1.31 

 
3% 

 
Magh3-2 

 
0.39 

 
0.42 

 
8% 

 
Magh4-2 

 
1.35 

 
1.22 

 
10% 

 
Magh5-2 

 
1.35 

 
1.07 

 
21% 

 
Magh1-3 

 
4.71 

 
5.90 

 
26% 

 
Magh2-3 

 
1.35 

 
1.76 

 
30% 

 
Magh4-3 

 
1.35 

 
2.05 

 
52% 

 
Magh5-3 

 
1.35 

 
2.48 

 
84% 

 
Magh1-4 

 
4.71 

 
5.63 

 
20% 

 
Magh2-4 

 
1.35 

 
1.71 

 
27% 

 
Magh4-4 

 
1.35 

 
1.75 

 
30% 

 
Magh5-4 

 
1.35 

 
1.75 

 
30% 
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Table 48.  RQXRD ratios of hematite to magnetite in standard mixtures containing 
maghemite (rutile internal standard). 
 

 
Sample 

 

 
Reference Ratio 

 
RQXRD Ratio 

 
Relative Error 

 
Mh1-5 

 
4.71 

 
3.91 

 
17% 

 
Mh2-5 

 
1.35 

 
1.28 

 
5% 

 
Mh4-5 

 
1.35 

 
1.26 

 
7% 

 
Mh5-5 

 
1.35 

 
1.16 

 
14% 

 
Mh1-6 

 
4.71 

 
3.84 

 
18% 

 
Mh2-6 

 
1.35 

 
1.27 

 
6% 

 
Mh3-6 

 
0.39 

 
0.41 

 
5% 

 
Mh4-6 

 
1.35 

 
1.22 

 
10% 

 
Mh5-6 

 
1.35 

 
1.10 

 
19% 

 
Mh1-7 

 
4.71 

 
5.81 

 
26% 

 
Mh2-7 

 
1.35 

 
1.60 

 
19% 

 
Mh4-7 

 
1.35 

 
2.02 

 
50% 

 
Mh5-7 

 
1.35 

 
2.01 

 
49% 

 
Mh1-8 

 
4.71 

 
5.44 

 
15% 

 
Mh2-8 

 
1.35 

 
1.66 

 
23% 

 
Mh4-8 

 
1.35 

 
1.75 

 
30% 

 
Mh5-8 

 

 
1.35 

 
1.65 

 
22% 
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Figure 28.  Overlay of the 24.2º peak of hematite in the USGS magnetically enriched 
fractions. 
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Figure 29.  Overlay of the 31.2º peak of ferrite spinel in the USGS magnetically enriched 
fractions. 
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positions for hematite and magnetite in the magnetically enhanced fractions provided by 

the USGS.  The hematite peaks are shifted 0.08 degrees from the positions predicted using 

the hematite pattern in the PDF2 database, while the ferrite spinel peaks are shifted 

approximately 0.13 degrees from the positions predicted for magnetite using the pattern in 

the PDF2 database.  The relative position of the hematite peak is fairly constant, varying 

from about 24.21º to 24.24º.  There is more variance in the magnetite peaks, ranging from 

approximately 30.19º to 30.28º.  Also, the hematite peak exhibits a typical X-ray 

diffraction peak shape, while the magnetite peak has a large shoulder and tail on the high 

angle side of the peak.  The large shift to higher angles and the shoulder/tail on the high 

angle side indicate the possibility of substitution in the lattice by elements with smaller 

radii than the iron.  This shift to higher angle is expected, as ferrite spinel has aluminum, 

with a smaller radius than iron, substituted into the lattice.  Because of the peak shape, it 

appears that multiple solid solutions or zoned solid solutions exist in these samples.  The 

use of multiple ferrite spinel phases should be used to model this "phase." 

The hematite will be assumed to have little to no substitution, compared to the 

magnetite.  This fact is rationalized by the shift of the hematite peaks being 0.08º, about 

half of the magnetite peak shift (0.13º) which also has the hump/tail on the high angle side 

of the peak, indicating the possible presence of multiple spinels or a zoned solid solution.   

 

6.2.3.2.  Modeling the Ferrite Spinel Solid Solution Compositions 

The ferrite spinel solid solution composition can be modeled in two ways.  First, the 

spinel "peak" can be modeled by the use of multiple spinel solid solutions, each with the 

maximum of two atoms occupying each site.  Second, the solid solution composition can 
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be modeled as one phase, and the site occupancies changed by hand until the best fit (as 

indicated by the lowest R value) is obtained.  Examining Figure 29, the second option 

would appear to be the best option for the ferrite spinels found in this system.  The peak 

shape is significantly different than that for a more well-defined phase such as hematite 

(Figure 28).  The high angle shoulder indicates that the peaks may be better modeled by 

two ferrite spinel phases. 

 The first method was investigated using three ferrite spinel phases and hematite to 

model the iron containing phases in the magnetically enhanced fraction E60.  The scan 

used for this study was from 20-140º 2θ, 0.02º step size and 8 second count time.  The 

three ferrite spinel phases were given the initial compositions: Fe3O4, 

(Fe0.5,Mg0.5)(Fe0.5,Al0.5)2O4, and (Fe0.5,Ni0.5)Fe2O4.  The elements contained in the solid 

solutions were chosen for their "large" concentrations in the sample analyzed by ICP-AES 

at the USGS, their known tendency for substitution in ferrite spinels, and their large 

difference from iron in absorption of Cu Kα X-ray radiation.  The refinement was 

conducted following a modified version of the previously outlined refinement protocol.  

The two major changes were the refinement of the lattice parameters prior to the weight 

fractions (to allow the three ferrite spinels to separate) and the addition of the refinement of 

the site occupancies in the solid solutions as the last step.  The occupancies of the A and B 

sites were constrained such that the total occupancy of the site was equal to one (fully 

occupied).  The refinement proceeded better than anticipated, converging in a reasonable 

time.  The chemical composition results, however, were mixed.   

The amount of major elements, such as Mg (0.5% as the oxide) and Al (11% as the 

oxide) yields results that appear physically meaningful.  The amount of Mg predicted from 
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the refinement was 0.5% (as the oxide), and Al was predicted to be 4.4% (as the oxide).  

The aluminum from the spinel phase, combined with the aluminum from the mullite 

(4.2%), yield a total predicted aluminum content of 8.6%.  Assuming there is aluminum 

present in the "glass" this prediction is reasonable.  On the other hand, the amount of Ni 

present in the material is on the order of 120 ppm.  The Rietveld method predicts a 

concentration for Ni of approximately 22 ppt, a difference of almost 200 over the amount 

actually present. 

For these systems then, the Rietveld method may be able to provide estimates of the 

amount of substitution present in ferrite spinels from major elements, such as magnesium 

and aluminum; however, trace elements are below the level of accurate determination.  

Calculations after the fact (after obtaining weight fractions of the appropriate ferrite 

spinels) indicate that the amount of substitution required to obtain the correct value for the 

amount of substitution of nickel would be on the order of 0.5%, which is below the level of 

accuracy for the Rietveld method.  With these low concentrations in mind, the second 

option (peaks modeled as one phase, with the occupancies for the A and B sites modified 

by hand) for the modeling of ferrite spinel solid solutions was not examined, and the 

multiple spinel refinement technique will be recommended as the option for these systems.  

This decision also makes sense in the fact that two spinel phases are required to correctly 

model the peaks. 

 

6.2.4. RQXRD of Iron Oxide Phases 
 

The samples obtained from the USGS were analyzed for magnetite and hematite as 

outlined above.  The refinements included quartz, mullite, hematite, magnetite, and an 
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aluminum-substituted magnetite.  The second phase, an aluminum-substituted magnetite, 

was included to more accurately describe the spinel peak shape.  The aluminum-substituted 

magnetite that was chosen is a solid solution between magnetite (Fe3O4) and hercynite 

(FeAl2O4).  The particular solid solution chosen was equal parts magnetite and hercynite to 

give a composition of Fe(Fe0.5Al0.5)2O4.  The original magnetite structure was used for a 

starting point, with the substitution of aluminum being made on the B site and the lattice 

parameter being estimated from the scan data from the magnetically enhanced fractions 

obtained from the USGS.  Rietveld plots of refinements with and without the additional 

spinel phase are shown in Figure 30.   

 An examination of the difference pattern for the two Rietveld plots in Figure 30 

shows the bottom pattern (ferrite spinel modeled with magnetite only) has significantly 

more deviations than does the top.  Looking at the 36º peak of ferrite spinel, the large 

amount of intensity on the high angle side of the peak, corresponding to the tail/hump, that 

is missed in the calculated pattern indicates that multiple phases are needed to model the 

ferrite spinel peaks correctly.  The necessity of the second spinel phase is verified when the 

difference pattern of the top Rietveld plot in Figure 30 is examined.  The amount of missed 

intensity is significantly reduced when two ferrite spinels are used to model the peaks. 

 The ratios of magnetite to hematite determined here and the corresponding S value 

obtained by the USGS are shown in Table 49.  The ratios correspond well with the S values 

obtained by the USGS.  As the S value decreases, the amount of hematite present increases, 

as noted by the decrease in the magnetite to hematite ratio.  The ratios of magnetite to 

hematite show an interesting trend: as the particle size decreases, the amount of hematite 

increases.  This correlation also extends to the concentration of trace elements (Cathcart et  
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   Figure 30.  RQXRD plot of a magnetically enriched fraction using  
   magnetite and an iron-aluminum spinel phase to model the spinel peaks  
   (top) and using only magnetite to model the spinel peaks (bottom). 
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Table 49.  Comparison of the ratio of magnetite to hematite calculated using the RQXRD 
method to the S value for the magnetically enriched fractions obtained from the USGS. 
 

 
Sample 

 

Ratio S Value 

 
E49 

 
5.3 

 
0.96 

 
E50 

 
5.8 

 
0.95 

 
E51 

 
4.9 

 
0.97 

 
E52 

 
2.7 

 
0.84 

 
E56 

 
2.5 

 
0.72 

 
E58 

 
4.1 

 
0.94 

 
E59 

a 
 

 
0.96 

 
E60 

 
3.5 

 
0.96 

 
E61 

 

 
2.2 

 
0.83 

adata not available at time of writing 
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al., 1997).  The concentration of such elements as chromium, nickel, zinc, and cobalt show 

a distinct preference for the faster cooling particles that correlate with more oxidizing 

conditions (Cathcart et al., 1997).   

Due to the limited amount of each sample supplied by the USGS, only two were 

examined with an internal standard.  The specimens were prepared as outlined in Chapter  

2, with the exception of the specimen being mounted on a zero-background quartz slide (a 

piece of quartz cut along the 100 direction so as to yield no background diffraction  

intensity), which requires far less sample, rather than side-drifting in a well mount.  The 

samples examined were E60 and E51.  The original fly ash, for which ample quantities 

were available, was also studied in both cases to determine if there was any correlation 

between its composition and the magnetically enriched fraction's composition.  These 

specimens were prepared as side drifted well mounts as described in Chapter 2.  The results 

for the weight fractions for the two magnetically enriched fractions and the bulk fly ashes 

are given in Table 50.  The ratios predicted for the two magnetically enriched fractions are 

3.7 and 4.9, respectively.  These results are compared to those obtained previously of 3.5 

and 4.9.  The ratios predicted are within the expected errors (±15%) of each other, 

indicating that both the magnetic and RQXRD methods for determining the magnetite to 

hematite ratio give comparable results.  The ratios of magnetite to hematite for the original 

fly ash samples drop to 2.7 and 3.8, for samples E60 and E51, respectively.  One 

explanation for this result is that the less magnetic hematite is not transferred as effectively 

as the magnetite during the magnetic separation, resulting in a lower concentration of 

hematite (relative) than in the original ash. 
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Table 50.  RQXRD analyses for samples E51 and E60, in wt. %. 
 

 
Phase 

 

E-51 E-51 Mag. 
Fract. 

E-60 E-60 Mag. 
Fract. 

 
Quartz 

 
          5.6 

 
          2.8 

 
          5.9 

 
          1.4 

 
Mullite 

 
        10.0 

 
          7.5 

 
        15.9 

 
          5.9 

 
Hematite 

 
          2.8 

 
          7.7 

 
          3.1 

 
        10.9 

 
Magnetite 

 
          4.7 

 
        17.3 

 
          4.4 

 
        22.5 

 
Al-Magnetite 

 
          6.0 

 
        20.1 

 
          4.1 

 
        17.5 

 
Calcite 
 

 
          0.7 

  
          1.4 
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7. CONCLUSIONS 

A quantitative analysis protocol for the quantitative analysis of complex, multi-

phase mixtures using the Rietveld method has been developed.  The analysis protocol has 

been shown to yield reasonable errors (±15%) in test mixtures.  Factors such as the 

crystallinity of the materials used to examine reproducibilities, large amorphous contents, 

and microabsorption were examined.  It was found that the use of an internal standard with 

smaller particle sizes and a linear absorption coefficient in the mid-range of the materials 

present in the material being analyzed reduced the errors associated with microabsorption.  

It was also found that the Rietveld method was well suited for quantitative analysis of 

materials with a large amount of amorphous material present, giving results on the order of, 

or better than, those obtained in samples without amorphous material present.  The protocol 

has been designed such that a novice user can apply the methodology to the quantification 

of CCB materials.  The scan parameters were designed such that a large number of samples 

can be examined in a short amount of time.  The precision of the protocol has also been 

examined for multiple analysts in an intra-lab round robin study and for a single analyst. 

The National Institute of Standards and Technologies (NIST) fly ash Standard 

Reference Materials (SRMs) were examined.  In order to analyze SRM 2691, a Class “C” 

fly ash containing 11 observable crystalline phases, a new methodology was developed.  

The methodology relied on an averaging technique to accommodate the limitation of 

GSAS, the Rietveld code used, of only being able to refine nine phases simultaneously.  

The methodology was tested on a synthetic fly ash and was shown to yield recoveries that 

were not quite as good as with the test mixtures, but adequate for the usage in this 

laboratory.  Other Rietveld codes without this limitation were also examined.  Other 
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deficiencies in these codes were found to outweigh the limitations of GSAS, resulting in 

the recommendation of GSAS for use with these systems.  The results were compared to 

semi-quantitative results obtained a decade ago in our laboratory using the Reference 

Intensity Ratio (RIR) method.  The Rietveld method indicated similar results for some 

phases, such as mullite, but gave somewhat higher concentrations of quartz, and the results 

for the iron containing phases showed the most significant deviations.   

The quantitative analysis protocol was then applied to CCB materials recovered 

from various emplacement sites.  The complexity of the materials ranged from an unaltered 

four-phase Class “F” fly ash to hydrated scrubber material with eight observable crystalline 

phases.  The method has been shown to be applicable to a high-throughput lab with a wide 

range of experience among its researchers, such as that at the Materials Characterization 

Laboratory here at North Dakota State University. 

Solid solution behavior was also examined using samples obtained from the USGS.  

This aspect of the project had two goals: first, to determine a quick methodology for the 

determination of the ratio of magnetite to hematite in magnetically enriched fractions; and 

second, to determine if it was possible to determine trace element concentrations in the iron 

containing phases in these magnetically enriched fractions.  Methodologies were examined 

for the determination of the absolute weight percentages of iron oxides in magnetically 

enhanced fractions and for the determination of the ratio of ferrite spinel to hematite in the 

samples.  The peak shapes of the ferrite spinel phases in the magnetically enriched 

fractions of a Class “F” fly ash indicated that a single phase would not be adequate for 

modeling the material.  A set of two ferrite spinels, magnetite and a solid solution between 

magnetite and hercynite (FeAl2O4), was required to correctly model the peak shape in these 
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materials.  It was found that in order to determine the absolute weight percentages of the 

iron oxides, the same refinement protocol used for CCBs and other complex mixtures was 

required (refine all phases present with an internal standard).  If only the ratio of ferrite 

spinel to hematite is desired, the general refinement procedure outlined in Chapter 3 is 

followed, with the ferrite spinel and hematite being the only phases included in the 

refinement.  Preliminary results indicate that it may be possible to model the solid solution 

behavior, at least for the elements with significant substitution, such as aluminum and 

magnesium.  However, more work needs to be done in this area to make any conclusive 

statements. 

Future studies should examine the effect of solid solutions on the quality of a 

Rietveld refinement; i.e., do the results vary significantly if a small amount of solid 

solution exists, yet the end-member composition is used in the refinement?  Ettringite, a 

phase not studied in-depth here, commonly forms solid solutions in CCB materials and 

because of this fact has been difficult to quantify previously.  This phase would be ideal to 

study these solid solution effects. 

An area that needs further research is the question of the crystallinity of the 

nominally fully crystalline materials used to evaluate methods in QXRD.  A further study 

could involve the investigation of the crystallinity of the various phases used in the test 

mixtures with the NIST SRM 676 Alumina Powder (Al2O3), which has been determined at 

NIST to have an amorphous content of 1.6%.  Using this internal standard will eliminate 

any questions of the method due to the crystallinity of the internal standard used.
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APPENDIX A.  STRUCTURAL INFORMATION FOR THE CCB DATABASE 
 
 This appendix lists the structural information for the CCB phases used in the 
research reported here.  Also reported are the references for each of the structures listed.  
The information listed here may also be obtained from the CCB website maintained by the 
Materials Characterization Laboratory at North Dakota State University at 
http://qxrd.chem.ndsu.nodak.edn/ccbs. 
 
Phase Anhydrite   CaSO4       
Space Group A m m a Z 4       
a 7.006 alpha 90.00000       
b 6.998 beta 90.00000       
c 6.245 gamma 90.00000       
          
Atom X y z Fraction      
Ca 0.75 0.0 0.34760 1.00     
S  0.25 0.0 0.15580 1.00     
O 0.25 0.16960 0.01610 1.00     
O 0.08200 0.0 0.29730 1.00     
          
 U11 U22 U33 U12 U13 U23    
Ca 0.00680 0.00950 0.00680 0.00000 0.00000 0.00000    
S 0.00590 0.00690 0.00470 0.00000 0.00000 0.00000    
O 0.01780 0.00840 0.00900 0.00000 0.00000 0.00240    
O 0.00640 0.01730 0.00910 0.00000 0.00150 0.00000    
 
 
Phase Akermanite  Ca2MgSi2O7       
Space Group P -4 21 m Z 2       
a 7.789 alpha 90.00000       
b 7.789 beta 90.00000       
c 5.018 gamma 90.00000       
          
Atom x y z Fraction U     
Ca 0.33550 0.16450 0.50730 1.00 0.02500     
Si 0.13960 0.36040 0.94120 1.00 0.02500     
Mg 0.00000 0.00000 0.00000 1.00 0.02500     
O 0.50000 0.00000 0.18040 1.00 0.02500     
O 0.14500 0.35500 0.25830 1.00 0.02500     
O 0.08200 0.18200 0.79090 1.00 0.02500     
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Phase Al-Magnetite  Fe(Fe0.5Al0.5)2O4       
Space Group F d -3 m Z 8       
a 8.306 alpha 90.00000       
b 8.307 beta 90.00000       
c 8.307 gamma 90.00000       
          
Atom x y z Fraction      
Fe 0.125 0.125 0.125 1.00     
Fe 0.5 0.5 0.5 0.50     
O 0.25470 0.25470 0.25470 1.00     
Al 0.5 0.5 0.5 0.5      
          
 U11 U22 U33 U12 U13 U23    
Fe 0.00490 0.00490 0.00490 0.00000 0.00000 0.00000    
Fe 0.00640 0.00640 0.00640 0.00070 0.00070 0.00070    
O 0.00760 0.00760 0.00760 -0.00050 -0.00050 -0.00050    
Al 0.00640 0.00640 0.00640 0.00070 0.00070 0.00070    
 
Phase Brownmillerite  Ca2FeAlO5       
Space Group I b m 2 Z 4       
a 5.584 alpha 90.00000       
b 14.600 beta 90.00000       
c 5.374 gamma 90.00000       
          
Atom x y z Fraction      
Ca 0.02730 0.10870 0.49200 1.00     
Fe 0.0 0.0 0.0 0.76     
Al 0.0 0.0 0.0 0.24     
Fe 0.92830 0.25 0.95330 0.24     
Al 0.92830 0.25 0.95330 0.76     
O 0.25230 0.98610 0.24910 1.00     
O 0.06800 0.14930 0.02460 1.00     
O 0.86070 0.25 0.61930 1.00     
          
 U11 U22 U33 U12 U13 U23    
Ca 0.00005 0.00001 0.0001 0.00001 0.000002 0.00000    
Fe 0.00002 0.00001 0.00003 0.00000 0.00000 0.00000    
Al 0.00002 0.00001 0.00003 0.00000 0.00000 0.00000    
Fe 0.00002 0.00000 0.00003 0.00000 0.00000 0.00000    
Fe 0.00002 0.00000 0.00003 0.00000 0.00000 0.00000    
O 0.00030 0.00001 0.00008 0.00000 0.00000 0.00000    
O 0.00007 0.00001 0.0001 0.00000 -0.00002 0.00000    
O 0.00004 0.00000 0.00009 0.00000 0.00000 0.00000    
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Phase Calcite  CaCO3       
Space Group R -3 c Z 6       
a 4.99046 alpha 90.00000       
b 4.99046 beta 90.00000       
c 17.07100 gamma 120.00000       
          
Atom x y z Fraction      
Ca 0.0 0.0 0.0 1.00     
C 0.0 0.0 0.25 1.00     
O 0.25680 0.0 0.25 1.00     
          
 U11 U22 U33 U12 U13 U23    
Ca 0.00990 0.00990 0.00970 0.00495 0.00000 0.00000    
C 0.00850 0.00850 0.01160 0.00425 0.00000 0.00000    
O 0.01110 0.01110 0.20600 0.00555 -0.00410 0.00000    
 
 
Phase C3A  Ca3Al2O6       
Space Group P a 3 Z 4       
a 15.3043 alpha 90.00000       
b 15.3043 beta 90.00000       
c 15.3043 gamma 90.00000       
          
Atom x y z Fraction U     
Ca 0.0 0.0 0.0 1.00 0.01430     
Ca 0.5 0.0 0.0 1.00 0.01430     
Ca 0.25820 0.25820 0.25820 1.00 0.01430     
Ca 0.36760 0.36760 0.36760 1.00 0.01430     
Ca 0.13760 0.37880 0.13060 1.00 0.01430     
Ca 0.37540 0.38520 0.12080 1.00 0.01430     
Al 0.25470 0.01370 0.02160 1.00 0.00510     
Al 0.24300 0.23630 0.00150 1.00 0.00510     
O 0.27810 0.12440 0.00960 1.00 0.00990     
O 0.48580 0.13110 0.25240 1.00 0.00990     
O 0.26690 0.28290 0.10440 1.00 0.00990     
O 0.23760 0.40410 0.29410 1.00 0.00990     
O 0.35050 -0.03740 -0.01600 1.00 0.00990     
O 0.15460 -0.01370 -0.02590 1.00 0.00990     
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Phase Ettringite Ca6Al2(SO4)3(OH)12•26H2O       
Space Group P 3 1 c Z 2       
a 11.22400 alpha 90.00000       
b 11.22400 beta 90.00000       
c 21.40800 gamma 120.00000       
          
Atom X y z Fraction U     
Al 0.0 0.0 0.0 1.00 0.01520     
Al 0.0 0.0 0.25 1.00 0.01598     
Ca 0.00900 0.81600 0.87500 1.00 0.02153     
Ca 0.99400 0.18900 0.12500 1.00 0.02280     
O 0.99400 0.13400 0.94800 1.00 0.02786     
O 0.99600 0.86500 0.05700 1.00 0.01267     
O 0.00400 0.14600 0.80500 1.00 0.02026     
O 0.00400 0.87600 0.19800 1.00 0.12665     
O 0.0 0.34800 0.04700 1.00 0.04939     
O 0.01000 0.66300 0.95800 1.00 0.02280     
O 0.99700 0.34500 0.19900 1.00 0.04560     
O 0.99600 0.65500 0.78800 1.00 0.03926     
O 0.26300 0.40500 0.61800 1.00 0.03673     
O 0.74400 0.59300 0.37400 1.00 0.06079     
O 0.25900 0.40600 0.12600 1.00 0.06079     
O 0.76800 0.59800 0.87000 1.00 0.02153     
O 0.33333 0.66667 0.42000 1.00 0.02406     
O 0.33333 0.66667 0.81400 1.00 0.09879     
O 0.33333 0.66667 0.07000 1.00 0.05319     
O 0.19500 0.64200 0.51800 1.00 0.05953     
O 0.19500 0.62000 0.72300 1.00 0.05446     
O 0.19200 0.58500 0.98200 1.00 0.02660     
O 0.19700 0.63700 0.24300 1.00 0.06839     
S 0.33333 0.66667 0.49100 1.00 0.02786     
S 0.33333 0.66667 0.75 1.00 0.02026     
S 0.33333 0.66667 0.00900 1.00 0.01773     
 
 
Phase Gypsum  CaSO4•2H2O       
Space Group I 1 2/a 1 Z 4       
a 6.52682 alpha 90.00000       
b 15.20513 beta 118.46730       
c 5.67792 gamma 90.00000       
          

Atom X y z Fraction U     
Ca 0.25 -0.078754 0.5 1.00 0.01181     
S  0.75 -0.081908 0.0 1.00 0.01311     
O 0.580434 -0.135430 0.967518 1.00 0.01519     
O 0.660382 -0.033764 0.787331 1.00 0.01553     
O 0.456847 -0.175589 0.367301 1.00 0.01716     
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Phase Hannebachite - lit. CaSO3•½H2O       
Space Group P b n a Z 8       
a 6.484 alpha 90.00000       
b 9.812 beta 90.00000       
c 10.663 gamma 90.00000       
          

Atom x Y z Fraction      
Ca 0.51340 0.1318 0.1459 1.00     
S  0.16190 0.3847 0.1287 1.00     
O 0.36650 0.4008 0.0517 1.00     
O 0.21010 0.2607 0.2099 1.00     
O 0.18110 0.5067 0.2147 1.00     
O 0.25620 0.25 0.5 1.00     
H 0.34250 0.2934 0.5626 1.00      
          
 U11 U22 U33 U12 U13 U23    
Ca 0.00900 0.01180 0.00830 -0.00040 -0.00080 0.00020    
S 0.00990 0.00890 0.01350 -0.00100 0.00090 0.00000    
O 0.02700 0.02600 0.01900 -0.00700 0.00900 -0.00700    
O 0.02000 0.01400 0.02700 0.00200 0.00400 0.00600    
O 0.02300 0.01500 0.03100 -0.00200 0.00700 -0.01100    
O 0.01400 0.02900 0.02700 0.00000 0.00000 -0.00900    
H 0.025         
 
 
Phase Hannebachite - ref. CaSO3•½H2O       
Space Group P b c n Z  8       
a 10.66318 alpha 90.00000       
b 6.492267 beta 90.00000       
c 9.804558 gamma 90.00000       
          
Atom x y z Fraction      
Ca 0.146850 0.512622 0.129095 1.00     
S  0.126509 0.171760 0.386578 1.00     
O 0.047332 0.358237 0.401280 1.00     
O 0.214589 0.176625 0.502276 1.00     
O 0.210854 0.199032 0.250566 1.00     
O 0 0.758984 0.25 1.00     
          
 U11 U22 U33 U12 U13 U23    
Ca 0.002929 0.014228 0.040904 0.007653 0.004495 -0.000260    
S 0.011204 0.021000 0.026651 -0.000297 -0.003074 0.012731    
O 0.046412 0.039644 0.026886 0.057970 -0.036966 -0.027952    
O 0.060896 0.015939 0.004817 -0.003839 0.007909 -0.027761    
O 0.040042 -0.007324 0.042969 0.004003 -0.028669 -0.023659    
O 0.093444 0.011626 0.044793 0.000000 0.049293 0.000000    
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Phase Hematite  Fe2O3       
Space Group R -3 c Z 6       
a 5.036 alpha 90.00000       
b 5.036 beta 90.00000       
c 13.747 gamma 120.00000       
          
Atom x y z Fraction      
Fe 0 0 0.35528 1.00     
O 0.69389 0 0.25 1.00     
          
 U11 U22 U33 U12 U13 U23    
Fe 0.00330 0.00330 0.00330 0.00165 0.00000 0.00000    
O 0.00380 0.00400 0.00430 0.00200 0.00060 0.00111    
 
 
Phase Lime  CaO       
Space Group F m -3 m Z 4       
a 4.799 alpha 90.00000       
b 4.799 beta 90.00000       
c 4.799 gamma 90.00000       
          
Atom x y z Fraction U     
Ca 0 0 0 1.00 0.025     
O 0.5 0.5 0.5 1.00 0.025     
          
 
 
Phase Magnetite  Fe3O4       
Space Group F d -3 m Z 8       
a 8.397 alpha 90.00000       
b 8.397 beta 90.00000       
c 8.397 gamma 90.00000       
          
Atom x y z Fraction      
Fe 0.125 0.125 0.125 1.00     
Fe 0.5 0.5 0.5 1.00     
O 0.25470 0.25470 0.25470 1.00     
          
 U11 U22 U33 U12 U13 U23    
Fe 0.00490 0.00490 0.00490 0.00000 0.00000 0.00000    
Fe 0.00640 0.00640 0.00640 0.00070 0.00070 0.00070    
O 0.00760 0.00760 0.00760 -0.00050 -0.00050 -0.00050    
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Phase Merwinite  Ca3Mg(SiO4)2       
Space Group P 1 21/a 1 Z 4       
a 13.254 alpha 90.00000       
b 5.293 beta 91.90000       
c 9.328 gamma 90.00000       
          
Atom x y z Fraction U     
Ca 0.25630 0.17890 0.22340 1.00 0.00887     
Ca 0.08110 0.22710 -0.07530 1.00 0.00836     
Ca 0.09780 0.73330 0.42540 1.00 0.00925     
Mg 0.00430 0.25660 0.25350 1.00 0.00532     
Si 0.13260 0.22930 0.60080 1.00 0.00241     
Si 0.14120 0.72800 0.09310 1.00 0.00228     
O 0.07400 0.21230 0.44500 1.00 0.01317     
O 0.06320 0.41930 0.69370 1.00 0.01216     
O 0.12530 -0.04750 0.67730 1.00 0.00963     
O 0.24140 0.36180 0.59400 1.00 0.01153     
O 0.07680 0.70640 -0.05910 1.00 0.01102     
O 0.25480 0.8130 0.06830 1.00 0.01039     
O 0.12660 0.47260 0.18530 1.00 0.00937     
O 0.08320 -0.04240 0.17510 1.00 0.01064     
 
Phase Mullite  Al2(Al2.5Si1.5)O9.75       
Space Group P b a m Z 1       
a 7.543 alpha 90.00000       
b 7.692 beta 90.00000       
c 2.884 gamma 90.00000       
          
Atom x y Z Fraction U     
Al 0.0 0.0 0.0 1.00 0.002913     
Al 0.14850 0.34070 0.5 0.525 0.00304     
Si 0.14850 0.34070 0.5 0.342 0.00304     
Al 0.2610 0.20730 0.5 0.1 0     
Si 0.2610 0.20730 0.5 0.033 0     
O 0.35770 0.42350 0.5 1.00 0.02685     
O 0.5 0.0 0.5 0.475 0.02609     
O 0.46350 0.04650 0.5 0.198 0.057373     
O 0.12650 0.21970 0 1.00 0.027357     
          
 
 
Phase Quartz  SiO2       
Space Group P 31 2 1 Z 3       
a 4.914 alpha 90.00000       
b 4.914 beta 90.00000       
c 5.406 gamma 120.00000       
          
Atom x y Z Fraction U     
Si 0.46990 0.0 0.33333 1.00 0.006459     
O 0.41300 0.26680 0.21400 1.00 0.010892     
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Phase Periclase  MgO       
Space Group F m -3 m Z 4       
a 4.217 alpha 90.00000       
b 4.217 beta 90.00000       
c 4.217 gamma 90.00000       
          
Atom x y Z Fraction U     
Mg 0.0 0.0 0.0 1.00 0.003952     
O 0.5 0.5 0.5 1.00 0.004585     
          
 
 
Phase Portlandite Ca(OH)2       
Space Group P -3 m 1 Z 1       
a 3.585 alpha 90.00000       
b 3.585 beta 90.00000       
c 4.895 gamma 120.00000       
          
Atom x y z Fraction U     
Ca 0.0 0.0 0.0 1.00 0.02500     
O 0.33333 0.66667 0.23300 1.00 0.02500     
H 0.33333 0.66667 0.39500 1.00 0.02500     
          
 
 
Phase Thaumasite Ca6Si2(SO4)2(CO3)2(OH)12•24H2O       
Space Group P 63 Z 2       
a 11.04 alpha 90.00000       
b 11.04 beta 90.00000       
c 10.39 gamma 120.00000       
          
Atom x y z Fraction B     
Ca 0.19470 -0.01160 0.26190 1.00 0.7200     
Si 0.0 0.0 0.00260 1.00 0.6300     
C 0.33333 0.66667 0.45600 1.00 0.9000     
S 0.33333 0.66667 -0.00270 1.00 1.0700     
O 0.39200 0.22800 0.26100 1.00 1.9000     
O 0.26000 0.40100 0.25900 1.00 1.7000     
O 0.00250 0.34110 0.08200 1.00 2.2000     
O 0.02170 0.34670 0.44210 1.00 1.2000     
O 0.02140 0.62230 0.47000 1.00 2.0000     
O 0.19140 0.62290 0.04310 1.00 1.5000     
O 0.13120 0.12490 0.11500 1.00 0.8600     
O 0.13000 0.12420 0.40520 1.00 0.8600     
O 0.33333 0.66667 0.85500 1.00 1.4000     
H 0.34700 0.29000 0.26000 1.00 3.0000     
H 0.48800 0.26500 0.29700 1.00 3.0000     
H 0.30300 0.46500 0.33333 1.00 3.0000     
H 0.31100 0.46200 0.18300 1.00 3.0000     
H 0.43900 0.07900 0.04200 1.00 3.0000     
H 0.06900 0.44100 0.06800 1.00 3.0000     
H 0.08500 0.44400 0.45200 1.00 3.0000     
H 0.41000 0.05300 0.47800 1.00 3.0000     
H 0.21500 0.17800 0.11100 1.00 3.0000     
H 0.21300 0.18000 0.41300 1.00 3.0000     
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Phase Ye'elimite Ca4Al6O12(SO4)       
Space Group P 63 Z 4       
a 9.205 alpha 90.00000       
b 9.205 beta 90.00000       
c 9.205 gamma 90.00000       
          
Atom x y z Fraction U     
Ca 0.17000 0.17000 0.17000 0.5 0.0200     
Ca 0.24100 0.24100 0.24100 0.5 0.0200     
Al 0.25 0.5 0.0 1.00 0.0025     
S 0.0 0.0 0.0 1.00 0.0200     
O 0.16300 0.16300 0.44400 1.00 0.0150     
O -0.07900 -0.07900 -0.07900 1.00 0.0150     
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APPENDIX B.  SAMPLE FILES 
 
 This appendix shows examples of two of the files used by GSAS: the .exp, or input 
file, and the .prm, or instrument parameter file.  The .exp file is used two ways for the 
research described here.  First, it is the input deck for the program GSAS; second, it is used 
as the structure information file for each of the phases in the CCB database.  This file is 
then read into the working .exp file for use in a refinement.  The instrumental parameter 
file is produced using the parameters determined from the instrumental calibration and 
refinement of the NIST SRM 1976 Alumina plate. 
 
B.1.  Sample .EXP File 
  
    VERSION    6                                                                
      DESCR   Magnetite                                                          
    HSTRY  1 EXPEDT  MS-DOS 11:04:35 12-FEB-1998 P PH        LA                  
  DSGL CDAT1  DRAD ARAD NOFO                                                     
  GNLS CDAT1  MXCY  3                                                            
 AFAC  O     3.048513.2771 2.2868 5.7011 1.5463  .3239  .867032.9089  .2508 RHF  
 AFAC  O_    15.999 .5805      .00019                                            
 AFAC  O_SIZ      1.09      0.89 1.40   96                                       
 AFAC  O_XAB  988.0 590.6 293.1 30.48 17.21                                      
 AFAC  O_XAN   .090  .073  .069  .052  .047  .032  .008  .006  .003  .004        
 AFAC FE    11.7695 4.7611 7.3573  .3072 3.522215.3535 2.304576.8805 1.0369 RHF  
 AFAC FE_    55.847  .954        2.56                                            
 AFAC FE_SIZ      1.47      1.27 2.15   32                                       
 AFAC FE_XAB  10490  6528 28230  3500  1791                                      
 AFAC FE_XAN -1.339  .764-2.095  .566-1.179 3.204  .301  .845  .244  .545        
 EXPR  HTYP1  PXCD                                                               
 EXPR  NATYP    2                                                                
 EXPR  NHST     1                                                                
 EXPR ATYP 1  FE          2      1.47      1.27 2.15   32                        
 EXPR ATYP 2  O           1      1.09      0.89 1.40   96                        
 EXPR NPHAS     1    0    0    0    0    0    0    0    0                        
CRS1    PNAM  Magnetite                                                          
CRS1   NATOM    3                                                                
CRS1  ABC     8.397000  8.397000  8.397000    N    0                             
CRS1  ANGLES   90.0000   90.0000   90.0000                                       
CRS1  AT  1A  FE         .125000   .125000   .125000  1.000000FE1        8 000   
CRS1  AT  1B   .004900   .004900   .004900   .000000   .000000   .000000  A      
CRS1  AT  2A  FE         .500000   .500000   .500000  1.000000FE2       16 000   
CRS1  AT  2B   .006400   .006400   .006400   .000700   .000700   .000700  A      
CRS1  AT  3A  O          .254700   .254700   .254700  1.000000O3        32 000   
CRS1  AT  3B   .007600   .007600   .007600  -.000500  -.000500  -.000500  A      
CRS1  CELVOL   592.069                                                           
CRS1  SG SYM  F d -3 m                                                           
CRS1  SPAXIS    0    0    1                                                      
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HAP1 1 ZONE     0    0    0    0                                                 
HAP1 1EXTPOW    0.00000E+00    N    0                                            
HAP1 1NAXIS     1                                                                
HAP1 1PHSFR      1.0000        N    0                                            
HAP1 1PRCF      2   12   0.01000                                                 
HAP1 1PRCF 1   2.936000E+00   0.000000E+00   1.000000E-01   2.613000E+00         
HAP1 1PRCF 2   1.543000E+00   1.422000E+00   5.413000E+00   2.538000E+00         
HAP1 1PRCF 3   2.157000E+00   0.000000E+00   0.000000E+00   0.000000E+00         
HAP1 1PREFO1   1.00000   1.00000   0.00000   0.00000   1.00000   NN    0         
HST  1  HNAM  Dummy histogram data set                                           
HST  1  IFIL  c:\xry.prm                                                         
HST  1 BANK     1                                                                
HST  1 CHANS         0         1         0         1      4001                   
HST  1 DUMMY      4001  CONST     2000.000     2.000                             
HST  1 EPHAS    0    0    0    0    0    0    0    0    0    F                   
HST  1 ICONR  1.540500  1.544300       0.73        0       0.49   0              
HST  1 ICONS  1.540500  1.544300       0.73        0       0.49   0              
HST  1 IRAD     3                                                                
HST  1 NEXC     2                                                                
HST  1 NPHAS    1    0    0    0    0    0    0    0    0                        
HST  1 NREF     0    1.0055    N                                                 
HST  1ABSCOR   0.000000E+00   0.000000E+00    N    0                             
HST  1BAKGD     2    3    Y    0    Y                                            
HST  1BAKGD1   0.100000E+01                                                      
HST  1CHI      90.0000                                                           
HST  1EXC  1      .000    20.000                                                 
HST  1EXC  2   100.006  1000.000                                                 
HST  1HSCALE   1.000000E+00    Y    0                                            
HST  1I HEAD  DUMMY INCIDENT SPECTRUM FOR X-RAY DIFFRACTOMETER                   
HST  1I ITYP    0    0.0000  180.0000         1                                  
HST  1OMEGA     0.0000    Y                                                      
HST  1PHI       0.0000                                                           
HST  1PRCF      2    9      0.01                                                 
HST  1PRCF1     2   12   0.01000    0NNNNNNNNNNNNNNNNNNNN                        
HST  1PRCF11   2.936000E+00   0.000000E+00   1.000000E-01   2.613000E+00         
HST  1PRCF12   1.543000E+00   1.422000E+00   5.413000E+00   2.538000E+00         
HST  1PRCF13   2.157000E+00   0.000000E+00   0.000000E+00   0.000000E+00         
ZZZZZZZZZZZZ  Last EXP file record                                               
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B.2.  Sample Instrumental Parameter File 
 
            123456789012345678901234567890123456789012345678901234567890         
INS   BANK      1                                                                
INS   DTYPE   STND                                                               
INS   HTYPE   PXCR                                                               
INS  1 IRAD     3                                                                
INS  1 ICONS  1.540500  1.544300      -0.00        0      0.49    0              
INS  1I HEAD  DUMMY INCIDENT SPECTRUM FOR X-RAY DIFFRACTOMETER                   
INS  1I ITYP    0    0.0000  180.0000         1                                  
INS  1PRCF      2    9      0.01                                                 
INS  1PRCF1     2   12   0.00250    0NNNNNNNNNNNNNNNNNNNN                        
INS  1PRCF11   5.253000E+00  -2.000000E+00   1.515000E+00   2.229000E+00         
INS  1PRCF12   2.160000E+00   1.171000E+00   5.397000E+00   1.445000E+00         
INS  1PRCF13   1.233000E+00   0.000000E+00   0.000000E+00   0.000000E+00         
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APPENDIX C.  ADDITIONAL STRUCTURE INFORMATION 

 
 This appendix contains the structure information for phases that were used in the 
test mixtures but are not common CCB materials.  The information for these phases was 
obtained from the ICSD (ICSD, 1997) 
 
Phase Corrundum  Al2O3       
Space Group R -3 c Z 6       
a 4.76300 alpha 90.00000       
b 4.76300 beta 90.00000       
c 13.00000 gamma 120.00000       
          
Atom x y z Fraction      
Al 0.0 0.0 0.35230 1.00     
O  0.30632 0.0 0.25 1.00     
          
 U11 U22 U33 U12 U13 U23    
Al 0.00220 0.00220 0.00220 0.00110 0.00000 0.00000    
O 0.00260 0.00300 0.00210 0.00150 0.00030 0.00060    
 
 
Phase Cristobalite  SiO2       
Space Group P 41 21 2 Z 2       
a 4.97800 alpha 90.00000       
b 4.97800 beta 90.00000       
c  6.93200 gamma  90.00000       
          
Atom x y z Fraction      
Si 0.30080 0.30080 0.00000 1.00     
O  0.23990 0.10390 0.17870 1.00     
          
 U11 U22 U33 U12 U13 U23    
Si 0.00530 0.00530 0.00830 0.00190 -0.00060 0.00060    
O 0.02870 0.00230 0.01200 -0.00230 0.00400 0.00520    
 
 
Phase Eskolaite  Cr2O3       
Space Group R -3 c Z 6       
a 4.95700 alpha 90.00000       
b 4.95700 beta 90.00000       
c 13.59200 gamma 120.00000       
          
Atom x y z Fraction U     
Al 0.00000 0.00000 0.34751 1.00 0.0025    
O  0.30570 0.00000 0.25000 1.00 0.0044    
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Phase Rutile  TiO2       
Space Group P 42/m n m Z 2       
a 4.59347 alpha 90.00000       
b 4.59347 beta 90.00000       
c  2.95889 gamma  90.00000       
          
Atom x y z Fraction      
Ti 0.00000 0.00000 0.00000 1.00     
O  0.30480 0.30480 0.00000 1.00     
          
 U11 U22 U33 U12 U13 U23    
Ti 0.00680 0.00680 0.00500 -0.00010 0.00000 0.00000    
O 0.00540 0.00540 0.00470 -0.00160 0.00000 0.00000    
 
 
Phase Silicon  Si       
Space Group F d -3 m Z 8       
a 5.42000 alpha 90.00000       
b 5.42000 beta 90.00000       
c  5.42000 gamma  90.00000       
          
Atom x y z Fraction U     
Si 0.12500 0.12500 0.12500 1.00 0.0003    
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APPENDIX D.  RIETVELD REFINEMENT PROTOCOL 

 
 The refinement protocol is outlined here.  First, a flow chart of the protocol is 
presented, followed by a detailed description of the refinement protocol as used in the 
program GSAS.  The detailed description outlines the commands used in GSAS through 
the user inputs. 
 
 

Is there 
amorphous?

Use 6 coefficient 
background

Use 12 coefficient. 
background

Refine weight 
fractions

Refine lattice 
parameters

Is  
(shift/esd)2 

<1?

Refine specimen 
displacement

Is 
(shift/esd)2 

<1?

Refine LX Converged?
Is it 

high Ca 
glass?

Increase background 
to 18 coefficients

Refine asymmetry 
term

yes

yes

yes

yes yes

no

no

no

no no
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This section describes the menu commands for using GSAS to perform a Rietveld analysis 
using the previously described protocol. 
 
All items in bold are pull-down menu driven by the mouse in the PC-GSAS window; items 
in <> are inputs (except for <enter> which is the enter key); all other commands should be 
typed as shown. 
1.  Create .exp file: Setup Expnam name 
2. Insert phase:  Setup Expedt  y <title> p p r  <enter> c:\phases\zzz.exp (where zzz is the 

first phase) <enter> 1 (or number of phase) <enter> 
r  <enter> c:\phases\zzz.exp (zzz is the second phase) <enter> 1 (or number of phase> 
<enter> 
Repeat for all phases 

3. Exit out of phase information: x <enter> 
4. Select and Prepare Histogram: h i <enter> <name.raw> <enter> y <enter> c:\xrytst.prm 

<enter> 1 <enter> y (for preview, n if not needed) <enter> <enter> <enter> x <enter> 
(to exit out of the plot preview) <enter> <enter> t (set 2theta range) <enter> <max. 
2theta> <enter> /  <enter> 

5. Exit out of histogram information:  x  <enter> 0  <enter> x  x  
6. Change number of least squares cycles: l l c 10 <enter> 
7. Exit out of this:  x <enter> 
8. Change background function:  o b <enter> c 1 12 / (if using sample with low 

amorphous content use 6 instead of 12) <enter> 
9. Exit out for first set of refinements:  x x x <enter> x <enter> <enter> 
10. Run Powpref:  Compute Powpref 
11. Run Genles:  Compute Genles 
 
Typical Order for Refinement: 

1. Background (1st refinement step above) 
2. Phase and Element Fraction 
3. Lattice Parameters  
4. Profile Coefficient shft (#8) – this must be constrained to be the same for all 

phases 
5. Profile Coefficient LX (#4)   
6. Profile Coefficient asym  

 
 
Then, after the first step (outlined above) the typical refinement will look like: 
 
1. Go to Phase and element fraction: Setup Expedt y l o s <enter> 
2. Turn on all phases: g 1 1 1 # y (# is the number of phases present) <enter> 
3. Exit out: x x x <enter> x <enter> <enter> 
4. Run Powpref:  Compute Powpref 
5. Run Genles:  Compute Genles 
6. Go to Lattice parameters: Setup Expedt y l o l <enter> 
7. Turn on all phases: v p 2 v p 3 v p 4 v …. p # v <enter> 
8. Exit out: x x x <enter> x <enter> <enter> 
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9. Run Powpref:  Compute Powpref 
10. Run Genles:  Compute Genles 
11. Go to Profile Coefficients: Setup Expedt y l o p <enter> 
12. Turn on shft for all phases: g 1 1 1 # / / n y / / / / (# is the number of phases present) 

<enter> 
13. Constrain all phases to have the same value: k 8 i <enter> 1 1 1 <enter> 2 1 1<enter> 

… # 1 1 <enter> <enter> 
14. Exit out: x x x x <enter> x <enter> <enter> 
15. Run Powpref:  Compute Powpref 
16. Run Genles:  Compute Genles 
17. Go to Profile Coefficients: Setup Expedt y l o p <enter> 
18. Turn on LX for all phases: g 1 1 1 # / y / / / / / (# is the number of phases present) 

<enter> 
19. Exit out: x x x <enter> x <enter> <enter> 
20. Run Powpref:  Compute Powpref 
21. Run Genles:  Compute Genles 
22. Go to Profile Coeficients: Setup Expedt y l o p <enter> 
23. Turn on asym for all phases: g 1 1 1 # / / y / / / / (# is the number of phases present) 

<enter> 
24. Exit out: x x x <enter> x <enter> <enter> 
25. Run Powpref:  Compute Powpref 
26. Run Genles:  Compute Genles 
 
To View Progress:  Graphics  Powplot  (y or n) <enter> h 1 m d t p <enter> 
 To exit from plot: <enter> <enter> x <enter> 
 
 Next is a list of the commands to get to each refinement function: 
 
Absorption:  y l o a – v turns on the refinement flags, T 0-3 sets type of  
 Function, 0 = Debye-Scherrer, 1 = linear, 2 = surface roughness 
 (Pitchke, et al.), 3 = surface roughness (Suortti) 
Background:  y l o b – c is the only function you should need here if at all. 
Diffractometer Constants:  y l o c – v z (sets diffractometer zero, should be 
 All that is needed). 
Extinction Parameters:  y l o e – v toggles the refinement flag on and off, 
 P n - switches to phase n. 
Lattice Parameters:  y l o l – v toggles the refinement flag, p n switched to 
 Phase n 
Preferred Orientation:  y l o o – two choices, h = spherical harmonics (not  
  recommended right now), and m= March-Dollase (recommended) 
  

for m –  
  A # – changes preferred orientation axis for axis # (i.e. from  
   001 to 100, etc.) 
  I – inserts new axis 
  V – sets refinement flags 
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  P n – switches to phase n 
 For h – 
  O # – changes the order of the spherical harmonics function 
  V – sets the refinement flags 
  C – changes the values for the harmonics 
  A - changes the values for the angles 
Profile Coefficients:  y l o p – v sets refinement flags, c lets you change the  
 Values, p n switches to phase n. 
Phase and Element Fraction:  y l o s – v sets refinement flags, p n switches 
 Phases. 
Atomic Parameters:  y l a – there are typically three refinements here 

1. Atomic Position:  v a:b x (a:b is the range of atoms) 
2. Thermal Parameters:  v a:b u 
3. Site Occupancy:  v a:b f 

Note:  if working with solid solutions, you will want to 
Set up some constraints.   

 P n – switches to phase n 
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APPENDIX E.  ADDITIONAL INFORMATION FROM THE DEVELOPMENT OF 
A REFINEMENT PROTOCOL FOR COMPLEX MIXTURES 

 
 Through the tests of accuracy with standard mixtures, the quantitative analysis 

protocol has been shown to be capable of accuracy in the range of ±15%.  The conclusions 

and some supporting information for the development of the analysis protocol and the 

determination of the accuracy and precision associated with the final protocol are given in 

Chapter 3.  Here, supplementary material is presented to further support the conclusions 

and recommendations made in Chapter 3. 

Tables E.1 and E.2 show the number of phases in the corresponding error ranges for 

test mixtures studied with the old rutile (E.1) and new rutile (E.2) internal standard.  For 

the old rutile internal standard, 85% of the values obtained were within the prescribed error 

range, while for results obtained with the new rutile internal standard, 95% of the values 

were within the prescribed error range.  The average relative error (absolute value) for the 

mixtures using the old rutile internal standard was 9.5%, with a standard deviation of 

12.5%.  The weighted error for these samples was 5.2%.  For samples using the R900 rutile 

internal standard, the average relative error decreased to 6.3%, with a standard deviation of 

10.7% and a weighted error of 4.4%. 

For the determination of the optimal internal standard of choice, three mixtures 

were examined.  The first mixture was discussed in Chapter 3.  The remaining two were 

designed to test the internal standards at other values of the sample linear absorption 

coefficients.  The second mixture was designed to have a low value for µ (250 cm-1) while 

the third mixture was designed to have a high value (800 cm-1).  The results are 

summarized in Tables E.3 and E.4.  As shown in these tables, zincite was the best choice  
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Table E.1.  Summary of the relative errors  
using the rutile internal standard. 
 

 
| Error Range | (%) 

 

 
# of Phases 

 
>50 

 
        6 

 
25-50 

 
      11 

 
20-25 

 
        6 

 
15-20 

 
      14 

 
10-15 

 
      34 

 
5-10 

 
      72 

 
0-5 

 

 
    108 

 

 

Table E.2.  Summary of the relative errors  
using the R900 rutile internal standard. 
 

 
| Error Range | (%) 

 

 
# of Phases 

 
>50 

 
       1 

 
25-50 

 
       1 

 
20-25 

 
       0 

 
15-20 

 
       1 

 
10-15 

 
       8 

 
5-10 

 
     13 

 
0-5 

 

 
     42 
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Table E.3.  Comparison of three internal standards using a low µ mixture. 

 
Phase 
 

 
Ref. Wt. % 

 
Rutile RQXRD 

 
ZnO RQXRD 

 
Alumina RQXRD 

 
Quartz 

 
     38.8 

 
     36.0 (7%) 

 
    37.7 (3%) 

 
       36.7 (5%) 

 
Hematite 

 
     13.2 

 
     12.5 (6%) 

 
    13.1 (1%) 

 
       12.5 (6%) 

 
Calcite 

 
     17.4 

 
     16.7 (4%) 

 
    17.9 (3%) 

 
       16.6 (4%) 

 
Periclase 

 
     10.7 

 
     11.3 (6%) 

 
    12.0 (12%) 

 
       11.2 (5%) 

 
Silicon 

 
       1.1 

 
       0.9 (16%) 

 
      1.0 (11%) 

 
         1.0 (10%) 

 
Cristobalite 

 
       1.8 

 
       1.8 (0%) 

 
      1.9 (7%) 

 
         1.9 (5%) 

 
Cr2O3 

 
       2.0 

 
       1.9 (5%) 

 
      1.8 (10%) 

 
         1.8 (10%) 

 
Gypsum 
 

 
     12.4  

 
     10.2 (18%) 

 
    10.2 (18%) 

 
       10.5 (15%) 

 
Weighted Relative Error 
 
 

 

 
       7.5% 

 
      5.9% 

 
         6.5% 
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Table E.4.  Comparison of three internal standards using a high µ mixture. 

 
Phase 

 
Ref. Wt. % 

 
Rutile RQXRD 

 
ZnO RQXRD 

 
Alumina RQXRD 
 

 
Quartz 

 
       2.8 

 
       2.9 (1%) 

 
       2.5 (13%) 

 
       2.4 (17%) 

 
Hematite 

 
     45.6 

 
     48.2 (6%) 

 
     43.9 (4%) 

 
     39.6 (13%) 

 
Calcite 

 
     10.6 

 
     10.8 (2%) 

 
       9.3 (12%) 

 
       9.4 (11%) 

 
Silicon 

 
       1.3 

 
       0.8 (37%) 

 
       1.1 (16%) 

 
       1.1 (18%) 

 
Cristobalite 

 
       2.2 

 
       2.1 (6%) 

 
       2.1 (4%) 

 
       1.7 (23%) 

 
Cr2O3 

 
       8.3 

 
       7.6 (9%) 

 
       7.2 (13%) 

 
       6.5 (21%) 

 
Magnetite 

 
     14.3 

 
      14.9 (4%) 

 
      12.0 (16%) 

 
      11.5 (20%) 

 
Thenardite 

 
       7.1  

 
       5.3 (26%) 

 
       4.9 (31%) 

 
       3.7 (48%) 

 
Weighted Relative Error 

 

 
       7.2% 
 

 
       9.8% 

 
     17.7% 
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 for internal standard for the mixture with a low µ.  Corundum does well when µ is low but 

gave poor results in the high µ mixture.  Rutile was the most consistent of the internal 

standards, as indicated by the results summarized for all three mixtures in Table E.5. 

 Tables E.6-E.10 show typical results for complex, multi-phase mixtures with and 

without significant additional amorphous material present.  The internal standard used for 

all of the mixtures reported here was the R900 rutile internal standard.  The results were 

not corrected for microabsorption.  These results are indicative of those found in Table E.2, 

with only one of the phases being outside the 15% error range; hematite in Table E.9 shows 

an error of 38% on 0.5 weight percent phase. 

 The results for the reproducibility study of the Rietveld method on complex, multi-

phase mixtures are shown in Tables E.11 and E.12.  The results are for six independent 

analysts, creating their own test mixture with weight fractions near a set value from the 

starting materials to determine the expected errors and precision when different analysts 

prepare and analyze a mixture.  One analyst's results are not included in this analysis, due 

to the reference weight fractions being so far removed from the desired value.  However, 

the errors for the results obtained for the removed data set were within the range predicted 

from the remaining six RQXRD analyses included in the statistical determination.  Table 

E.11 shows the average reference weight percentages for the six mixtures included in the 

study with their standard deviations, the average RQXRD results for the six analysts, and 

the minimum and maximum relative errors for each analysts results (their RQXRD results 

compared to the reference weight percentage for their particular sample).  As can be seen, 

the reproducibility of the reference weight percentages is excellent, with the typical error  
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     Table E.5.  Summary of three test mixtures used to evaluate the three  
     possible choices of internal standard. 

 
  

Rutile 
 

 
ZnO 

 
Corundum 

 
Average Weighted Rel. Error 

 
    6.7 

 
     8.6 

 
      11.7 

 
Average | Rel. Error | (%) 

 
    8.7 

 
   11.0 

 
      13.9 

 
# points outside desired range 
 

 
     4 

 
      5 

 
         7 

 

 

 

Table E.6.  Results for an eight phase mixture, in wt. % (R900  
rutile internal standard).  
 

 
Phase 

 

 
Reference 

 
RQXRD 

 
Quartz 

 
          50.1 

 
     49.7 (1%) 

 
Calcite 

 
          15.6 

 
     16.3 (4%) 

 
Periclase 

 
          11.9 

 
     13.9 (9%) 

 
Zincite 

 
            7.1 

 
       7.4 (4%) 

 
Silicon 

 
            6.6 

 
       6.9 (4%) 

 
Corundum 

 
            3.3 

 
       3.4 (5%) 

 
Cristobalite 

 
            2.9 

 
       3.1 (4%) 

 
Hematite 

 

 
            1.1 

 
       1.2 (6%) 
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Table E.7.  Results for an eight phase mixture, in wt. % (R900 
rutile internal standard).  

 
Phase 

 

 
Reference 

 
RQXRD 

 
Gypsum 

 
          24.6 

 
     22.0 (11%) 

 
Calcite 

 
          25.8 

 
     26.1 (1%) 

 
Corundum 

 
          11.5 

 
     12.1 (5%) 

 
Cr2O3 

 
          11.4 

 
     11.3 (2%) 

 
Zincite 

 
            7.8 

 
       8.0 (3%) 

 
Silicon 

 
            6.8 

 
       6.2 (9%) 

 
Cristobalite 

 
            4.3 

 
       4.5 (4%) 

 
Quartz 

 

 
            3.0 

 
       3.3 (9%) 
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Table E.8.  Results for an eight phase mixture, in wt. % (R900  
rutile internal standard).  

 
Phase 

 

 
Reference 

 
RQXRD 

 
Hematite 

 
          21.9 

 
     23.2 (6%) 

 
Calcite 

 
          25.8 

 
     25.5 (1%) 

 
Magnetite 

 
          12.6 

 
     12.4 (1%) 

 
Cr2O3 

 
          11.9 

 
     12.0 (0%) 

 
Zincite 

 
            7.2 

 
       7.3 (2%) 

 
Silicon 

 
            7.1 

 
       6.0 (16%) 

 
Cristobalite 

 
            3.8 

 
       3.9 (7%) 

 
Quartz 

 

 
            3.3 

 
       3.0 (7%) 
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Table E.9.  Results for an eight phase mixture with large  
amorphous content, in wt. % (R900 rutile internal standard).  

 
 

Phase 
 

 
Reference 

 
RQXRD 

 
Quartz 

 
          20.1 

 
     19.9 (1%) 

 
Calcite 

 
            6.3 

 
       6.7 (8%) 

 
Periclase 

 
            4.8 

 
       4.7 (1%) 

 
Zincite 

 
            2.9 

 
       3.0 (5%) 

 
Silicon 

 
            2.7 

 
       2.5 (6%) 

 
Corundum 

 
            1.3 

 
       1.2 (7%) 

 
Cristobalite 

 
            1.2 

 
       1.2 (2%) 

 
Hematite 

 
            0.5 

 
       0.6 (38%) 

 
Amorphous 

 

 
          60.4 

 
     60.2 (0%) 
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Table E.10.  Results for an eight phase mixture with large  
amorphous content, in wt. % (R900 rutile internal standard).  

 
 

Phase 
 

Reference Wt. % 
 

RQXRD (%) 
 

Hematite 
 
          21.3 

 
     23.0 (8%) 

 
Magnetite 

 
            6.5 

 
       6.1 (5%) 

 
Quartz 

 
            4.1 

 
       3.8 (6%) 

 
Cr2O3 

 
            4.0 

 
       4.0 (0%) 

 
Periclase 

 
            0.4 

 
       0.4 (7%) 

 
Calcite 

 
            0.8 

 
       0.8 (5%) 

 
Zincite 

 
            1.4 

 
       1.6 (14%) 

 
Silicon 

 
            1.2 

 
       1.0 (15%) 

 
Amorphous 

 

 
          60.4 

 
     59.3 (2%) 
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Table E.11.  Results from the reproducibility study by six  
analysts for a sample with an additional amorphous  
component (standard deviations in parentheses). 

 
 
 

Phase 

 
Ave. Reference 

Wt. % 
 

 
Average 
RQXRD 

 
Min. - Max. 
Rel. Errors 

 
Quartz 

 
    21.2 (0.2) 

 
 20.6 (1.0) 

 
    0 - 11  

 
Calcite 

 
      6.52 (0.02) 

 
   6.7 (0.5) 

 
    4 - 10 

 
Periclase 

 
      5.34 (0.01) 

 
   5.4 (0.3) 

 
    0 - 7 

 
Hematite 

 
      2.13 (0.01) 

 
   2.2 (0.1) 

 
    2 - 8 

 
Zincite 

 
      1.30 (0.01) 

 
   1.3 (0.1) 

 
    2 - 10 

 
Silicon 

 
      1.35 (0.03) 

 
   1.2 (0.1) 

 
    2 - 16 

 
Corundum 

 
      0.82 (0.08) 

 
   0.8 (0.1) 

 
    2 - 18 

 
Cristobalite 

 
      0.80 (0.04) 

 
   0.9 (0.2) 

 
    2 - 53 

 
Amorphous 

 

 
    60.5 (0.0) 

 
 60.9 (1.7) 

 
    1 - 6 
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Table E.12.  Results from the reproducibility study by six  
analysts for a sample without an additional amorphous  
component (standard deviations in parentheses). 

 
 

Phase 
 

 
Ave. Reference 

Wt. % 
 

 
Average 
RQXRD 

 
Min. - Max. 
Rel. Errors 

 
Quartz 

 
   53.27 (0.07) 

 
 51.7 (1.9) 

 
    0 - 7 

 
Calcite 

 
   16.29 (0.05) 

 
 17.1 (1.3) 

 
    1 - 18 

 
Periclase 

 
   13.36 (0.03) 

 
 14.4 (0.7) 

 
    1 - 13 

 
Hematite 

 
     5.33 (0.02) 

 
   5.3 (0.1) 

 
    1 - 4 

 
Zincite 

 
     3.26 (0.03) 

 
   3.3 (0.3) 

 
    3 - 21 

 
Silicon 

 
     3.37 (0.08) 

 
   3.2 (0.1) 

 
    4 - 8 

 
Corundum 

 
     2.06 (0.20) 

 
   2.1 (0.2) 

 
    1 - 21 

 
Cristobalite 

 

 
     2.00 (0.11) 

 
   2.1 (0.1) 

 
    1 - 16 
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being in the second decimal place.  The reproducibility of the results obtained via the 

Rietveld method is on the order of 5-10% of the weight percent.  The outlier in this set of 

results would be cristobalite in the samples with additional amorphous content, in which 

one analyst had an abnormally high error (52%).  With that result removed, the 

reproducibility falls in the same range as the other phases.  For the mixtures without an 

additional amorphous content added, one analyst's recoveries tended to be less accurate 

than the other analysts, resulting in four of the eight maximum errors coming from that 

sample. 

 The results of the study on the precision expected for multiple measurements on the 

same sample using the RQXRD protocol developed here on complex, multi-phase mixtures 

are summarized in Table E.13.  An eight phase mixture was prepared and analyzed a total 

of ten times.  The ten analyses consisted of taking five specimens from the sample and 

taking two diffractograms of each specimen, with the specimen being reintroduced to the 

X-ray beam between scans.  The method is fairly precise on these mixtures, with little 

variance in the standard deviations for the phases analyzed.  A more appropriate indicator 

of the precision of the method may be the relative standard deviation, which ranges from 

1.2 to 6.6%.   

 Comparing the results of the precision study, where one analyst examined the same 

sample repeatedly, and the reproducibility study, where multiple analysts examined similar 

samples, one sees that the results depend more on who is doing the experiment than on the 

reliability of the method itself.  The precision is on the order of 3.6% (average relative 

standard deviation), while the reproducibility (ability of others to achieve the same results)  
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Table E.13.  Summary of the results for the precision of the  
Rietveld method on complex, multi-phase mixtures based on  
ten independent determinations. 

 
 

Phase 
 

 
Reference 

Wt. % 
 

 
RQXRD 

 
Std. 
Dev. 

 
RSD 

 
Quartz 

 
      31.9 

 
   31.2 

 
    0.4 

 
    1.2 

 
Calcite 

 
      27.7 

 
   26.9 

 
    0.4 

 
    1.6 

 
Gypsum 

 
        8.6 

 
     8.4 

 
    0.3 

 
    4.0 

 
Hematite 

 
        7.9 

 
     7.8 

 
    0.1 

 
    1.7 

 
Magnetite 

 
        5.7 

 
     4.0 

 
    0.3 

 
    6.6 

 
Periclase 

 
        5.0 

 
     5.6 

 
    0.2 

 
    4.6 

 
Anhydrite 

 
        4.9 

 
     5.2 

 
    0.3 

 
    4.8 

 
Corundum 

 

 
        3.6 

 
     3.8 

 
    0.2 

 
    5.7 
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is on the order of 6.3% (average of all reproducibility relative errors), indicating this 

dependence on user, rather than methodology. 
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APPENDIX F.  ALTERNATIVE PROGRAMS FOR RIETVELD ANALYSIS 
 

There exist other Rietveld programs that do not suffer from the limitations of GSAS 

with respect to the number of phases and/or elements.  Two programs were examined in 

evaluating the refinement of SRM 2691, RIQAS (1998) and DBWS (Young et al., 1998).  

A brief discussion of each program is presented here, followed by an evaluation of the two 

programs. 

RIQAS has the advantage of being fully integrated in the Windows environment, 

allowing a full graphical user interface and window control of the refinement.  The profile 

functions are lacking when compared with those in GSAS.  The pseudo-Voigt function 

does not include individual components for the Lorentzian and Gaussian components.  The 

background function is also a limitation, only going through a 5th order polynomial.  There 

is the choice of using an interpolated background or a calculated amorphous "peak."  The 

second of these, the interpolated background, offers more potential than the polynomial 

background in RIQAS, but is still lacking when compared to the higher order polynomials 

found in GSAS.  The interpolated background function is user friendly, but is user 

dependent.  The background is not refined in this case and, if chosen incorrectly, will yield 

inaccurate results.  The choice of background is especially important in Class “C” fly ashes 

and CCB materials containing both C3A and merwinite, where the high calcium glass 

amorphous background drops sharply under the overlapping peaks.  The choice of 

background is then essential for the correct evaluation of these peaks, and thus the 

corresponding weight fractions of these materials. 

DBWS runs under DOS as does GSAS; however, there is no graphical interface 

(RIQAS) or menu-driven system (GSAS) for editing the input files.  The files must be 
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edited by hand, with each parameters to be refined manually changed in the input deck by 

hand.  The profile functions are similar to those offered in GSAS, at least for the X-ray 

case (pseudo-Voigt).  The background analysis has the same limitations as for RIQAS.  

There is also the option of reading a background file similar to the interpolated background 

in RIQAS.  However, when the author used this option, the time for a typical refinement 

step increased by over a factor of 100. 

As a sufficient analysis for the 11 phase synthetic Class “C” fly ash using DBWS 

could not be obtained.  (Either a lack of convergence or mathematical error causing the 

program to terminate was encountered.)  Its use for these systems is extremely limited and 

will not be investigated further.  The analyses that did converge were using a 5th order 

polynomial background and were similar to the RIQAS analyses using the same 

background function.  The program RIQAS is much easier to use, and only it will be 

discussed further. 

Three different approaches to using RIQAS were examined.  The differences in the 

approaches all dealt with the choice of background parameterization.  The first choice of 

background function was modeling using a 5th order polynomial.  The second choice for 

background function was to interpolate the background.  For this method, three different 

refinements were run with the background being interpolated each time.  The third 

background function was a 2nd order polynomial with the amorphous hump being modeled 

by a split, asymmetric function.  These methods were applied to either SRM 2691 or the 11 

phase synthetic fly ash.  The results are given in Tables F.1-F.3, respectively.  The 

completed refinement for the first case (5th order polynomial) is shown in Figure F.1. 
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Figure F.1.  Rietveld plot of eleven phase synthetic fly ash using 5th order  
background function (top) and SRM 2691 using the amorphous model  
(bottom) in RIQAS.
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  As can be seen from the results, the best method for using RIQAS is to use an 

interpolated background.  But, as shown in Table F.2, the results are, indeed, user 

dependent, with the presence of magnetite and the weight fraction of mullite being 

influenced by the choice of  background.  Overall, the results are not extremely different 

from using the averaging method for GSAS.  The weighted relative error for the RIQAS 

refinements (average of all 3) is 9.7% (21.0% for just crystalline components) vs. 4.8% for 

the GSAS results (13.7% for just crystalline components).  The 5th order polynomial is 

definitely insufficient for these systems as denoted by the large difference in weight 

percentages from those obtained using either GSAS or the interpolated background 

method.  The refined background is the largest source of error using this method as can be 

seen by the incorrect modeling shown in Figure F.1.  The results obtained when the 

amorphous hump is modeled are also insufficient, yielding extremely broad peaks for 

melilite, as noted in its extremely large weight percentages.  This phase could not be 

correctly modeled using this background choice. 

Given these results, it appears that, even though Rietveld programs that can account 

for the number of phases encountered in CCB materials do exist, they have deficiencies in 

other areas.  These deficiencies are commonly worse than the limitations of GSAS, 

resulting in our original choice of Rietveld program being appropriate for these systems, 

even with its limitation of only being able to refine nine phases simultaneously.  A request 

has been made to the authors of GSAS for an upgrade to include analysis of more elements 

and phases per analysis. 



 

 208 

        Table F.1.  RQXRD analysis using RIQAS of an eleven phase  
        synthetic fly ash using a 5th order polynomial background  
        function, in wt. %. 

 
 

Phase 
 

 
Reference 

 
RQXRD 

 
Quartz 

 
             7.3 

 
         7.1 (3%) 

 
Mullite 

 
             4.8 

 
         4.9 (2%) 

 
Calcite 

 
             3.1 

 
         2.5 (18%) 

 
Anhydrite 

 
             3.4 

 
         1.9 (46%) 

 
Periclase 

 
             1.6 

 
         1.9 (13%) 

 
Melilite 

 
             1.6 

 
         0.9 (43%) 

 
Hematite 

 
             1.7 

 
         2.0 (21%) 

 
Magnetite 

 
             0.4 

 
         0.0 (100%) 

 
Merwinite 

 
             2.2 

 
         0.0 (100%) 

 
C3A 

 
             2.6 

 
         1.0 (62%) 

 
Brownmillerite 

 
             0.9 

 
         3.0 (240%) 

 
Amorphous 

 

 
           70.5 

 
       75.0 (6%) 
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Table F.2.  RQXRD analysis using RIQAS of an eleven phase synthetic fly ash using an 
interpolated background function, in wt. %. 
 

 
Phase 

 

 
Reference  

 
RQXRD 

 
Quartz 

   
             7.3 

 
   6.6 (10%) 

 
   6.9 (6%) 

 
   6.9 (5%) 

 
Mullite 

 
             4.8 

 
   4.5 (5%) 

 
   4.4 (8%) 

 
   3.2 (33%) 

 
Calcite 

 
             3.1 

 
   2.7 (11%) 

 
   2.7 (11%) 

 
   2.7 (12%) 

 
Anhydrite 

 
             3.4 

 
   1.7 (50%) 

 
   1.7 (51%) 

 
   1.6 (53%) 

 
Periclase 

 
             1.6 

 
   2.1 (29%) 

 
   2.1 (29%) 

 
   1.9 (13%) 

 
Melilite 

 
             1.6 

 
   1.7 (1%) 

 
   1.4 (16%) 

 
   1.2 (28%) 

 
Hematite 

 
             1.7 

 
   1.8 (10%) 

 
   1.9 (15%) 

 
   2.1 (25%) 

 
Magnetite 

 
             0.4 

 
   0.2 (52%) 

 
   0.3 (34%) 

 
   0.0 (100%) 

 
Merwinite 

 
             2.2 

 
   1.0 (54%) 

 
   1.1 (49%) 

 
   0.9 (58%) 

 
C3A 

 
             2.6 

 
   2.4 (6%) 

 
   2.4 (8%) 

 
   2.4 (5%) 

 
Brownmillerite 

 
             0.9 

 
   1.7 (88%) 

 
   1.1 (24%) 

 
   0.9 (2%) 

 
Amorphous 

 

 
           70.5 

 
 73.7 (4%) 

 
 74.1 (5%) 

 
 76.3 (8%) 
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Table F.3.  RQXRD analysis using RIQAS for SRM 2691 using the amorphous model to 
model the background compared with the RQXRD results obtained using the averaging 
method for GSAS and the RIR SQXRD* results or McCarthy and Thedchanamoorthy 
(1989), in wt. %. 
 

 
Phase 

 
RQXRD 
(GSAS) 

 

 
RQXRD 
(RIQAS) 

 
M&T (1989) 

 
Quartz 

 
             8.4 

 
             8.3 

 
         8.4 

 
Mullite 

 
             5.3 

 
             6.4 

 
         4.2 

 
Hematite 

 
             1.5 

 
             0.5 

 
           - 

 
Magnetite 

 
               - 

 
             0.4 

 
         1.3 

 
Periclase 

 
             2.3 

 
             2.7 

 
         2.4 

 
Lime 

 
             0.7 

 
             0.9 

 
         1.0 

 
Merwinite 

 
             4.7 

 
             6.8 

 
         5.8 

 
C3A 

 
             4.3 

 
             2.9 

 
         2.8 

 
Anhydrite 

 
             2.7 

 
             0.8 

 
         1.3 

 
Brownmillerite 

 
             4.8 

 
             5.5 

 
       Trace 

 
Melilite 

 
             2.1 

 
           26.6 

 
         1.6 

 
Ye'elimite 

 
             0.5 

 
             0.8 

 
       <1.0 

 
Glass 

 

 
           66.3 

 
           68.4 

 
     ca. 69 

     *Semi-Quantitative X-Ray Diffraction. 
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ABSTRACT 

 
Grier, Dean G., M.S., Department of Soil Science, College of Agriculture, North 

Dakota State University, April 2000.  Long-Term Behavior of Disposed and Utilized Coal 
Combustion By-Products.  Major Professors: Dr. Jimmie L. Richardson and Dr. Gregory J. 
McCarthy. 
 

Several types of coal combustion by-products (CCBs) buried and exposed to the 

natural environment for many years to decades were recovered and studied in order to 

understand the long-term mineralogical behavior of these materials.  Four sets of core or 

borehole samples were studied.  Sites selected encompassed a range of source coals, com-

bustion and emission control technologies, and hydrological settings.  Materials studied 

included low and high calcium conventional coal combustion ashes, wet and dry process 

flue gas desulfurization (FGD) by-products, and fluidized bed combustion (FBC) by-pro-

ducts.  Each of these materials exhibit pozzolanic and/or cementitious behavior upon 

hydration, indicating potential utility in structural engineering applications.  Prior field 

studies, however, showed significant mineralogical transformations, coincident with 

significant loss of physical integrity within several hydrated, cementitious CCBs emplaced 

for extended durations.  The present project was initiated to further elucidate this phenome-

non of “ash diagenesis,” and to determine how widespread deleterious transformations can 

be expected among various CCBs.  A site with Class F fly and related ashes showed little 

to no alteration after 20 years of disposal.  Two sites with high calcium fly ashes entrained 

in or comingled with FGD by-products disposed from 5 to 17 years showed mineralogies 

consistent with short-term hydration products.  A site containing FBC by-products pro-

duced the diagenetic phase thaumasite during five years of emplacement.  Despite 

thaumasite being produced at the FBC site, the emplacement remained stable. 
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1.0 Introduction and Literature Review 

1.1 Introduction 

1.1.1 Impetus for Studying Coal Combustion By-Products Exposed to the 

Environment 

This study was undertaken to broaden our knowledge of long-term behavior of coal 

combustion by-products (CCBs) in contact with natural environments.  This information is 

important for consideration of both utilization and disposal of CCBs in natural settings. 

During combustion of coal and during subsequent emissions controls, great 

quantities of inorganic residues are generated and must be either utilized or disposed.  As 

of 1992, combustion of coal generated over 60 million tons of fly ash and bottom ash 

annually in the United States (Manz, 1997).  At that time in the U.S., only approximately 

30% of these materials were being utilized.  The remainder was disposed in landfills. 

As an alternative to disposal, numerous high volume applications exist for many 

coal combustion by-products, depending to a large degree on chemical and mineralogical 

content.  These applications include: mineral admixtures as cement replacement in concrete 

for structural engineering applications, acid mine drainage abatement, flowable fill for 

underground mine reclamation, synthetic aggregate production, road base and subbase 

applications, structural fill, controlled low strength materials, hazardous waste remediation, 

soil amendment, and synthetic soil production.  Many of these uses rely on well-known 

cementitious properties high-calcium CCBs have when they become hydrated.  Based on 

these cementitious properties, many CCBs show promising early strengths during 

established short-term tests (typically up to 91 days) of chemical and physical properties.  

Unfortunately the binder systems produced during these cementitious reactions are not at 
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equilibrium in the settings in which they are placed, and short term evaluations of 

durability may not be representative of the materials after prolonged exposure to natural 

conditions (McCarthy, et al., 1995). 

In addition to potentially harmful effects that natural conditions may have on 

hydrated CCBs, the disposed or utilized CCBs may in turn pose a potential hazard to the 

environments that they contact.  During combustion, many inorganic constituents initially 

present in coal seams become concentrated.  Some of these pose potential environmental 

concerns.  Because of the presence of these elements, the potential exists for emissions of 

alkaline solutions, heavy metals, and other hazardous or toxic species to the surrounding 

environment if uncontrolled leaching occurs.  Both utilization and disposal thus present the 

potential for undesired mass release to the adjacent environments, including groundwater. 

Increased knowledge of the long-term behavior of these materials upon exposure to 

the natural environment is necessary to assure appropriate utilization where possible, or 

environmentally responsible disposal where necessary.  Prior to this study, a limited 

understanding of the long-term effects of placing CCBs in natural settings existed, based on 

a few (thorough) site investigations.  It was the goal of this work to develop a broader 

generic understanding of how coal combustion by-products behave over long periods of 

exposure. 

1.2 Literature Review 

1.2.1 Coal Combustion By-Product Formation and Variation 

The term “coal combustion by-product” refers to an increasingly variable group of 

materials in terms of chemical and mineralogical makeup.  The term will be used 

generically and inclusively throughout this work to include both the inorganic residues 
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generated directly from coal combustion and the residues generated during any subsequent 

or simultaneous atmospheric (gaseous) emission controls.  CCBs are produced through 

many processes and differ widely based on 1) the type and portion of the power generating 

facility in which they are created and collected, 2) the type of fuel used in combustion, 3) 

the types, if any, of subsequent atmospheric emission controls employed.  The variety of 

combustion and emission control techniques presently in use has been detailed elsewhere.  

The reader is referred to Solem (1993) for an overview of these systems.  As is pertinent to 

materials encountered in the present study, a brief review is given in the following 

discussion. 

CCBs are classified according to the type and location of the power plant in which 

they are generated.  Conventional pulverized coal furnaces, which introduce finely ground 

coal into the furnace in a jet, and traveling chain grate (“stoker-fired”) furnaces, which burn 

coarsely crushed coal on a moving grid, produce fly and bottom ash.  Both types of 

furnaces typically operate in the range 1300-1600 °C.  Fly ash is the fine, unburned 

airborne particulate matter entrained in the flue gas stream.  Fly ash is filtered by a variety 

of means to prevent particulate emissions to the atmosphere, including electrostatic 

precipitation, cyclone precipitation, and fabric filtering.  Fly ash is the most abundant CCB 

produced.  Bottom ash and boiler slag are terms used for coarser uncombusted residues 

from the feed coal that settle to the furnace bottom.  Bottom ash is collected periodically 

from the bottom of dry-bottom boilers, while boiler slag, formed in wet-bottom boilers, 

results from molten slag dropping into water. 

In 1977 and again in 1990, federal Clean Air Act Amendments were passed, 

mandating increasingly stringent reduction of gaseous sulfur oxide emissions to the 
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atmosphere.  These were enacted in response to severe negative environmental impacts 

associated with acid rain downwind of coal-fired power generating facilities.  

Subsequently, controls have been emplaced retroactively on many power plants, and new 

methods of burning coal have been created to prevent the release of gaseous sulfur oxides 

to the environment. 

Two major approaches exist for capture of sulfur oxide (SOx) gases, both of which 

employ calcium compound sorbents.  The first and most common approach, Flue Gas 

Desulfurization (FGD), involves capture of SOx in separate post-combustion units.  In these 

systems, hot flue gases are mixed with a sorbent such as calcium hydroxide, oxide, or 

carbonate.  In “wet process” FGD, this occurs in tanks full of slurried sorbent, while in 

“dry process” FGD, the sorbent is injected directly into the flue gas stream.  The sorbent 

combines with sulfur oxides and water to form an inorganic solid phase that can then be 

captured.  Fluidized Bed Combustion (FBC) techniques control sulfur oxide emissions as 

they are generated at the source, rather than allowing SOx to enter the flue gas stream. 

During fluidized bed combustion, crushed coal is suspended in air with crushed limestone 

sorbent and fired at temperatures of 700-900 °C. 

1.2.2 Common Coal Combustion By-Product Types 

Disposed and utilized residues chosen for this study originated from each of the 

combustion techniques discussed in the previous section.  Fly and bottom ashes studied 

included those produced in conventional pulverized coal and chain-grate furnaces, from 

combustion of bituminous, subbituminous, and lignite fuels.  Disposed wet and dry process 

FGD wastes, and FBC by-products (fly and bed ash) were also studied. 
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1.2.2.1 Fly Ashes 

Fly ashes vary in chemical and mineralogical composition, based on fuel source, 

combustion temperature, and the presence or absence of emission controls.  Several 

excellent reviews of fly ash chemical and mineralogical compositions and properties are 

given in Helmuth (1987) McCarthy, et al. (1988, 1990), McCarthy (1988), Hemmings and 

Berry (1988), Qian and Glasser (1988), Dudas and Warren (1988), Stevenson, et al. (1988), 

Berry, et al. (1988), Bellotto, et al. (1990), Qian, et al. (1988), Schlorholtz, et al. (1988), 

and Kilgour and Diamond (1988), to which the reader is referred for detailed discussions of 

formation processes and resulting elemental and compound partitioning in fly ashes.  A 

brief overview is given in the following discussions. 

Low calcium aluminosilicate fly ashes are produced from the high rank coals 

anthracite and bituminous, which are enriched in carbon and depleted in mineral content.  

Lower rank coals such as subbituminous and lignite typically produce ashes with higher 

calcium content (often >10 wt% analytical CaO) (McCarthy, 1988). 

The American Society for Testing and Materials (ASTM) C 618 specification 

(ASTM 1999) classifies fly ashes into Class F and Class C for use as mineral admixtures in 

Portland cement concrete when several criteria are met.  Class F fly ash is defined as “fly 

ash normally produced from burning anthracite or bituminous coal that meets the 

applicable requirements for this class as given…”.  Class C is specified as “fly ash 

normally produced from burning lignite or subbituminous coal that meets the applicable 

requirements for this class as given…”.  Foremost among the chemical and physical 

requirements for classification as a Class F or Class C fly ash is the sum of the three 

primary oxides of silicon aluminum and iron (SiO2, Al2O3, and Fe2O3).  When these three 
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oxides total at least 70 wt% of the fly ash (and the other criteria are met), as is typical for 

bituminous coal fly ashes produced in conventional boilers, these are classified Class F fly 

ashes.  To be classified as a Class C fly ash, SiO2 + Al2O3 + Fe2O3 must fall into the 50-70 

wt% range.  Other important criteria include upper limits for sulfur, moisture, and carbon 

content, as well as physical properties like fineness and reactivity when mixed with 

Portland cement or lime. 

Class F and Class C fly ashes contain several inorganic, crystalline, mineral-like 

phases, as well as a significant (often 60-90 wt%) amorphous, or noncrystalline component 

in the glassy state.  Typical fly ash components are given in Table 1.1.  During combustion, 

temperatures are high enough to alter original non-coal mineral constituents present in the 

coal seam.  Clay minerals are dehydroxylated, and carbonate and sulfide minerals such as 

limestone, dolomite, and pyrite are calcined, driving off CO2 and SOx.  At high 

temperatures, the bulk of the remaining mineral matter is fused into molten particles that 

resolidify quickly upon cooling as the particles exit the flame.  Minerals such as mullite 

and ferrite spinel are formed at high temperatures during brief residence times in the flame, 

corresponding approximately to established equilibrium phase diagrams (Figs. 1.1 and 1.2).  

The remainder of the melt is typically quenched during rapid cooling as the fly ash 

particles exit the flame as noncrystalline glass phases (Hemmings et al., 1989).  In high 

calcium (Class C) ashes, lime, periclase, “melilite,” merwinite, tricalcium aluminate 

(Ca3Al2O6), also commonly form during combustion.  Anhydrite (calcium sulfate) forms 

during reaction of gaseous SOx with crystalline CaO (so-called “self-scrubbing”).  Alkali 

sulfates, where present, condense onto the surfaces of the fly ash particles during cooling 

(Fig. 1.3). 
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Table 1.1  Phases commonly encountered in coal fly ashes. 
 

Phase 
 

Code 
Nominal 
Composition 

Class F 
fly ash 

Class C 
fly ash 

Quartz Qz SiO2 √ √ 
Mullite Mu Al6Si2O13 √  
Hematite Hm Fe2O3 √ √ 
Ferrite Spinel (magnetite) Sp, Ma (Fe,Mg)2+(Fe,Al)3+

2O4 √ √ 
Periclase Pc MgO  √ 
Lime Lm CaO +/- * √ 
Anhydrite Ah CaSO4 +/- √ 
Merwinite Mw Ca3Mg(SiO4)2  √ 
“Melilite” (solid solution of 

akermanite and gehlenite) 
Ml Ca2(Mg,Al)(Si,Al)2O7  √ 

Tricalcium aluminate, “C3A” C3A Ca3Al2O6  √ 
Fused Glass Amorph var., Al-Si-O rich √ √ 

 * +/- indicates occasional occurrence of these phases in Class F fly ash 
 

In Figure 1.1 the ternary system is shown for the three dominant components of 

high calcium fly ashes, CaO, SiO2, and Al2O3.  Triangles plotted show the calculated bulk 

composition of the glassy component(s) (corresponding to melt compositions that would 

produce anorthite were the system allowed to cool slowly at equilibrium) superimposed on 

the phase diagram for this ternary system.  Note that the higher calcium bulk glass 

compositions are not in equilibrium with mullite, which is (not coincidentally) present 

usually only in minor amounts for Class C fly ashes.  Figure 1.2 shows a similar plot for 

typical Class F fly ash compositions, in which iron oxides are commonly the next-most 

abundant component after silica and alumina. 
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Figure 1.1.  Equilibrium phase diagram for chemical systems typically encountered in 
Class C fly ashes.  From Hemmings & Berry (1988).  See text for explanation. 

 

 
 
Figure 1.2.  Equilibrium phase diagram for chemical systems typically encountered in 
Class F fly ashes.  From Hemmings & Berry (1988).  See text for explanation. 
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a)      b) 

Figure 1.3.  Idealized models for composition of fly ash particles. a) from Hemmings and 
Berry, 1989, b) from Dudas and Warren, 1989. 
 

1.2.2.2 Flue Gas Desulfurization Residues 

During flue gas desulfurization, various calcium sulfate and sulfite compounds are 

created.  At relatively high scrubbing temperatures (>200 °C), anhydrous calcium sulfate 

(mineral anhydrite) is formed, according to Scheme 1 (shown on the following page).  

Refer to Table 1.2 for formulae of other phases commonly encountered in (non-fly ash) 

coal combustion by-products.  At progressively lower temperatures, calcium sulfate 

hemihydrate (bassanite), and calcium sulfate dihydrate (gypsum) are formed, according to 

Schemes 2 and 3.  Calcium sulfite hemihydrate (hannebachite) is formed according to 

Scheme 4 in the absence of strongly oxidizing conditions.  In order to produce a marketable 

sulfate product, many wet process scrubbing units employ forced oxidation and hydration 

to form gypsum. 
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Table 1.2  Phases commonly encountered in emission control by-products and in hydration 
and long-term alteration products of coal combustion by-products. 
 

 
Phase Code 

Nominal 
Composition 

 
Common Occurrence 

Bassanite Bs CaSO4 ⋅ ½H2O Flue Gas Desulfurization (FGD) 
Gypsum  Gp CaSO4 ⋅ 2H2O FGD, Fluidized Bed Combustion 

(FBC), hydrated Class C fly ash 
Hannebachite Hb CaSO3 ⋅ ½H2O FGD 
Portlandite Pl Ca(OH)2 FGD, FBC, hydrated Class C fly ash 
Calcite Cc CaCO3 FGD, FBC, hydrated Class C fly ash 
Monosulfoaluminate MS Ca4Al2(OH)12 ⋅ xH2O FGD, hydrated Class C fly ash 
Strätlingite  St Ca2Al2SiO7 ⋅ 8H2O Hydrated Class C fly ash 
Ettringite (sulfate 
ettringite) 

Et Ca6Al2(SO4)3(OH)12 ⋅ 26H2O Hydrated FGD, FBC, Class C fly ash 

Thaumasite Tm Ca6Si2(SO4)2(CO3)2(OH)12 ⋅ 24H2O Diagenesis of FGD, FBC 
Tobermorite Tb Ca5Si6O16(OH)2 ⋅ xH2O Diagenesis of high Na Class C fly ash 
Na P1 Zeolite Na Z Na6Al6Si10O32(H2O)12 Diagenesis of high Na Class C fly ash 
Nosean-Hauyne So Na8(Si6Al6)O24(SO4) ⋅ H2O – 

Na6Ca2(Si6Al6)O24(SO4)2 
Diagenesis of high Na Class C fly ash 

 
 

In wet process FGD systems, the slurry stream produced is thixotropic and poses 

significant difficulty in handling.  As a result, dry processes such as spray drying are often 

preferred by ash producers that are not able to market the FGD by-product, as this produces 

a dry material that can be transported to a disposal site more efficiently. 

Scheme 1: 

 CaO + SO2 + ½ O2 ! CaSO4  (Anhydrite) 

Scheme 2: 

 CaO + SO2 + ½O2 + 1/2 H2O ! CaSO4 ⋅ ½H2O (Bassanite) 

Scheme 3: 

 CaO + SO2 + ½ O2 + 2 H2O ! CaSO4 ⋅ 2H2O (Gypsum) 

Scheme 4: 

 CaO + SO2 + ½H2O ! CaSO3 ⋅ ½H2O (Hannebachite) 
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1.2.2.3 Fluidized Bed Combustion Residues 

Fluidized bed combustion produces significantly different by-product material than 

conventional combustion techniques, due to operating temperatures (700-900 °C) 

considerably lower than conventional combustion techniques.  Clay minerals in the feed 

coal are simply dehydroxylated rather than fused into glasses, producing a 

“crystallographically disorganized phase” (Pera, et al., 1989).  While also noncrystalline, 

the aluminum and silicon in these dehydroxylated clays, with their high surface area, are 

more soluble than in fused fly ash glasses.  Spent sorbent appears in the form of anhydrite 

or gypsum, while residual sorbent remains as lime, portlandite, and calcite.  Iron-bearing 

phases such as pyrite are typically oxidized to hematite.  Quartz is present as a detrital 

phase.  Higher temperature phases commonly seen in other CCB types, such as mullite, 

ferrite spinel, melilite, merwinite, and tricalcium aluminate are not produced in this 

combustion technique (McCarthy and Solem-Tishmack, 1995). 

1.2.3 Pozzolanic Materials and Cementitious Hydration Reactions in Coal 

Combustion By-Products 

1.2.3.1 Low Calcium Fly Ash Pozzolans 

Class F fly ash is a pozzolanic material.  Pozzolans are defined as silicious or 

aluminous and silicious materials which are not themselves cementitious, but which will 

participate in cementitious reactions when mixed with water and calcium (hydr)oxide 

(Helmuth, 1987).  In highly alkaline environments, aluminosilicate glass present in the ash 

will combine with calcium and water to form varying compositions of non-crystalline 

calcium aluminosilicate hydrates (C-A-S-H), similar to the principle binder in ordinary 

Portland cement (noncrystalline calcium silicate hydrate, or C-S-H).  This, in addition to 
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economic considerations, make Class F fly ash an attractive pozzolan for replacement in 

Portland cement.  Without an alkaline solution to “activate” the ash, however, Class F fly 

ashes are largely inert.  Crystalline phases in low calcium ash (quartz, mullite, hematite and 

ferrite spinel) do not play a role in pozzolanic reactions. 

1.2.3.2 Hydration of Intermediate and High Calcium Fly Ashes 

Higher calcium content fly ashes such as Class C, however, are often both 

pozzolanic and cementitious upon addition of water (McCarthy and Solem-Tishmack, 

1995).  When water is added to Class C fly ash, free lime generates high pH solutions in 

the pore spaces, which lead to pozzolanic and cementitious reactions, resulting in 

hardening upon hydration.  In addition to the pozzolanic glass hydration mentioned for 

Class F fly ashes (with the pozzolan being primarily silica), Class C fly ashes undergo 

sulfur-related pozzolanic reactions when hydrated under high pH conditions in the presence 

of calcium ions.  The high pH may be generated artificially, by addition of an alkaline 

component, or by hydration and dissolution of the calcium oxide present in the fly ash.  A 

cementitious complex sulfate hydrate is formed during hydration of Class C fly ashes, with 

a structure similar to that of the mineral ettringite (hereafter called ettringite or an ettringite 

structure phase, further discussion of ettringite is in Section 1.2.3.5).  Ettringite forms from 

reaction of soluble aluminum, calcium, sulfate and water at high pH (refer to Table 1.2 for 

ideal formula).  Aluminum sources include glass-phase aluminum (liberated from fly ash 

with alkaline pore solutions formed by hydration of surface deposits of lime) and calcium 

aluminate (“C3A” in cement chemists’ notation, Ca3Al2O6, present in many intermediate 

and all high calcium fly ashes).  Calcium sources include calcium compounds such as lime, 

tricalcium aluminate, anhydrite, and (over extended time periods) melilite and merwinite 
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solid solutions.  Considerable amounts of calcium are also present in Class C fly ash 

glasses.  Anhydrite is the sulfate source in Class C fly ashes (McCarthy and Solem-

Tishmack, 1995). 

Two other phases observed in hydrated Class C ashes are calcium 

monosulfoaluminate (“monosulfate,” Ca4Al2(SO4)3(OH)12 ⋅ xH2O) and strätlingite (calcium 

aluminate silicate hydrate, “gehlenite hydrate,” Ca2Al2SiO7 ⋅ 8H2O) (McCarthy and Solem-

Tishmack, 1995).  Monosulfate in chemical terms is effectively ettringite minus two 

gypsum (CaSO4 ⋅ 2H2O) formula units, and occurs when sulfur acts as the limiting reagent 

or under lower water to solid hydration ratios.  Monosulfoaluminate is one member of a 

group of calcium aluminate hydrate materials.  The crystalline compounds in this group 

have a layered structure, including sulfate, carbonate, and sulfite members, among others 

(Poellmann, 1990, Poellmann, et al., 1989).  Strätlingite has been suggested to contribute to 

strength development in self-hardening high calcium fly ashes (Schlorholtz, et al., 1988), 

and forms from hydration of calcium aluminosilicate glasses. 

1.2.3.3 Hydration of Flue Gas Desulfurization Residues 

While wet process flue gas desulfurization residues (a mixture of hannebachite and 

gypsum) are not generally cementitious, dry process (spray dryer) FGD residues, when 

containing a fly ash component, can hydrate to form ettringite as a cementitious binder.  

McCarthy and Solem-Tishmack (1995) described ettringite formation in a spray dryer 

residue, with hannebachite remaining following hydration.  Based on hannebachite (a 

sulfite mineral) being the only obvious sulfur source in the system, they raised the 

possibility of an ettringite-like phase being present with at least partial substitution of 

sulfite oxyanion for sulfate.  If these systems form sulfate ettringites, with no other 
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apparent sulfate source present, the oxidative step of sulfite to sulfate in hannebachite or in 

solution from dissolved hannebachite must be explained. 

1.2.3.4 Hydration of Fluidized Bed Combustion Residues 

Fluidized bed combustion residues hydrate readily.  Lime hydrates to portlandite, 

anhydrite hydrates to gypsum, and these in solution at resultant high pH will combine with 

soluble aluminum in residual dehydroxylated clay matter to form ettringite (McCarthy and 

Solem-Tishmack, 1995). 

1.2.3.5 Ettringite Structure 

The term “ettringite” has several meanings.  Ettringite is the mineral name for 

naturally occurring calcium aluminum sulfate hydroxide hydrate, Ca6Al2(SO4)3(OH)12 ⋅ 

26H2O.  It is also the name of a mineral group, which includes several members with 

differing chemistries in the above stoichiometry.  Finally, the term ettringite describes a 

structure type into which other chemistries can crystallize.  Sulfate end-member ettringite 

is composed of columns of aluminum hydroxide octahedra joined by hydrated calcium 

ions, with channels between adjacent columns filled with sulfate ions and water molecules 

(Fig. 1.4, Moore and Taylor, 1970).  Both the columns and channels run parallel to the long 

crystallographic axis (the “c” axis).  In this direction, covalent bonding occurs within the 

aluminum hydroxide and ionic bonding occurs between hydroxyl and calcium ions, and 

between calcium ions and the oxygen atoms of bonded water molecules.  Along the 

perpendicular, shorter, “a” axis, the columns and channel components are held together by 

hydrogen bonding of the channel constituents to the hydrogen atoms of the column water 

molecules.  The net positive charge on the columns is also likely distributed among these 

hydrogens, increasing the attraction to oxygen atoms of the column oxyanions. 
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Figure 1.4.  Structure of ettringite, showing column and channel character.  From Moore 
and Taylor, 1970. 
 
 

This structure is very accommodating of a wide variety of compositions, which 

makes it a useful candidate for sequestration and mitigation of ionic toxic species in 

solution (McCarthy, et al., 1992).  Arsenate, selenate, chromate, borate, molybdate, sulfite, 

and other oxyanions may be incorporated into the channels during crystallization from 

solution.  Silicon may substitute for aluminum in the columns under specific conditions.  

Complete substitution of silicon for aluminum, and associated charge balance by 

incorporation of an additional divalent oxyanion group gives the composition and structure 

of thaumasite, an ettringite group mineral discussed later in this section. 
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1.2.4 Review of Long Term Disposal Studies of Coal Combustion By-

Products in Natural Environments 

1.2.4.1 Coal Combustion By-Product Diagenesis 

In two previous studies of long-term alteration of coal combustion by-products, 

discussed at some length in McCarthy, et al. (1997) and references therein, continued 

exposure of disposed CCBs to natural settings resulted in significant alteration of the 

original hydration products.  After a period of two to five years at several monitored 

disposal sites with adequate access to moisture, the emplaced materials showed dramatic 

changes in physical properties.  Materials that hardened initially upon hydration lost 

physical integrity, with increased porosity and decreased compressive strength.  Coincident 

with this change in physical properties, the mineral thaumasite (Ca3Si(SO4)(CO3)(OH)6  ⋅ 

12H2O, discussed further in Section 1.2.4.3) occurred in many cases.  These changes in 

physical and mineralogical character of CCBs have been compared to diagenesis (Butler, 

1993). 

The alteration observed in the earlier studies is comparable to natural diagenesis of 

sediments, wherein initially present assemblages of minerals are converted to altered final 

assemblages.  During natural diagenesis, loose deposits of sediment become transformed 

over time into more highly consolidated rock.  Crystalline phases are transformed both 

structurally and chemically, as individual phases, and as assemblages, with the aid of 

infiltrating pore solutions.   

However, in contrast to sediment diagenesis, landfilled coal combustion by-

products, which were originally indurated following initial hydration, become more friable.  

The pressure provided by deep burial is a key factor in consolidation of sediments during 
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natural diagenesis.  Yet, with the shallow burial of landfilling, where pressure does not 

become significant, our studies indicate that the opposite effect can occur in CCBs.  In two 

studies of test disposal cells, by-product diagenesis converted initially well-cemented solids 

into friable, soil-like materials (Weinberg, et al., 1993; Butler, et al., 1993; Butler, 1993; 

Weinberg and Hemmings, 1995; McCarthy, et al., 1995, McCarthy, et al., 1997).   

The following discussion is a summary of key points from the four sites involved in 

the first prior study, which was conducted for the Department of Energy’s Morgantown 

Energy Technology Center, and which dealt with clean coal technology byproducts 

disposed in test cells at four sites for up to five years.  Personnel from NDSU, including 

this writer, were responsible for the mineralogy components of that study. 

Limestone Injection Multistage Burner (LIMB) material, composed of Class F fly 

ash produced in a low-NO2 burner, mixed on the 0.1 mm to 0.001 mm scale with reacted 

sorbent (anhydrite) and unreacted sorbent (lime), was buried in a moist climate test cell in 

northern Ohio.  The initial crystalline hydration products were found to be ettringite, 

gypsum and portlandite.  A significant amount of noncrystalline material was indicated by 

a broad increase in the baseline between 25° and 30° 2θ.  After two years of burial, up to 

80 wt% of these initial materials had been transformed to an assemblage of ettringite and 

thaumasite.  Associated with this diagenesis was substantial loss of strength and increase in 

permeability.  One core sample from year five of the LIMB study lacked thaumasite, and 

was well consolidated, presumably due to channeling of pore solutions around this isolated 

zone. 

Atmospheric Fluidized Bed Combustion (AFBC) material composed of unreacted 

coal components, and reacted (calcium sulfate) and unreacted (calcium oxide) sorbent, was 
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buried in a moist climate test cell in central Illinois. This material behaved similarly to the 

Ohio LIMB material, with significant diagenesis and associated change in physical 

properties occurring by year two. 

At the same central Illinois site, mixtures of a Class F fly ash and the AFBC 

material having different water contents were disposed in other test cells.  The silica-rich 

fly ash was added to the CaO-rich FBC residue to test whether increased calcium-silicate-

hydrate compounds would form, and subsequently help to resist diagenesis and its 

accompanying binder degradation.  After three years of burial, this material appeared to 

have resisted significant diagenesis.  No thaumasite was detected, and aside from hydration 

of anhydrite to gypsum, and subsequent dissolution and transport of gypsum, the original 

phase assemblage underwent little change from the initial hydration products by the third 

and final year of sampling.  Both X-Ray Diffraction (XRD) and magic angle spinning 

nuclear magnetic resonance (MAS-NMR) analyses confirmed that in three years, no 

thaumasite had formed (Weinberg et al. 1997; Weinberg and Hemmings, 1997).  The 

absence of significant by-product diagenesis in this mixed disposal cell may be due to the 

additional, less-reactive, C-S-H in the cementitious matrix, or simply to insufficient 

moisture infiltration in these well-consolidated, lower permeability materials.  Moisture 

inputs are necessary to continue hydration reactions and transport leached constituents 

within the materials. 

Circulating Fluidized Bed Combustion (CFBC) material, composed of 

noncombustible coal components, reacted sorbent, and a small amount of unreacted 

sorbent, was placed in an arid climate test cell in western Colorado.  After five years of 
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sampling, no significant change in mineralogy had occurred, apparently because of 

insufficient moisture to promote diagenesis. 

In addition to the four sites listed above, a second previous study involving by-

product diagenesis (Butler and Pflughoeft-Hassett, 1995; McCarthy, et al., 1997), 

conducted for a state regulatory agency and a utility, focused on dry-process (spray dryer) 

Flue Gas Desulfurization (FGD) material, composed of North Dakota lignite Class C fly 

ash and reacted sorbent materials (calcium sulfites and sulfates of varying hydration).  

Examination of core samples up to 11 years old produced varying results, although all 

materials studied showed significant diagenesis from the initial material.  One type of 

diagenetic phase assemblage studied contained ettringite and thaumasite, as had been seen 

at other landfill sites.  A second type of assemblage contained a number of interesting 

phases including the crystalline calcium silicate hydrate phase, tobermorite, a sodium 

zeolite, and a zeolite-related nosean-hauyne phase.  The assemblage found may have been 

formed by high-sodium, high-pH pore solutions infiltrating the high-sodium lignite CCB 

(Butler and Pflughoeft-Hassett, 1995; McCarthy, et al., 1997). 

1.2.4.2 Thaumasite 

The mineral thaumasite (with nominal composition Ca3Si(SO4)(CO3)(OH)6  ⋅ 

12H2O) appeared in many of the previously studied disposed materials, coincident with 

physical degradation.  This mineral, named for its “astonishing” (Greek) mix of sulfate, 

carbonate and silicate chemistry (Mitchell, 1979) is structurally similar to ettringite.  The 

nominal formula may be doubled (Ca6Si2(SO4)2(CO3)2(OH)12 ⋅ 24H2O) for comparison to 

ettringite.  As in ettringite, thaumasite also contains structural columns and channels.  The 

aluminum column site in the ettringite structure is occupied in thaumasite by silicon, 
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requiring an additional divalent oxyanionic group in the channel for every two silicons to 

account for charge balance.  This happens by replacement of two water molecules in 

ettringite by carbonate in thaumasite.  In thaumasite, a second carbonate also substitutes for 

a sulfate in ettringite.  The channels in thaumasite thus contain only sulfate and carbonate 

ions, in an alternating arrangement.  Perhaps more peculiar than the mixed composition is 

the fact that the silicon in thaumasite is six-coordinate (refer to structural description of the 

aluminum site in ettringite, described earlier in Section 1.2.3.4), an exceedingly rare 

bonding environment for silicon in natural minerals. 

Thaumasite is reported to form varying degrees of solid solutions with ettringite 

(Murdoch and Chalmers, 1958, 1960, Edge and Taylor, 1971, Lukas, W., 1975, Knudsen, 

1991, Crammond and Halliwell, 1995, Bensted, 1998, 1999, Gaze and Crammond, 2000, 

Barnett, 2000).  Technically, miscibility between the two end-member compositions is a 

more accurate description, since sulfate ettringite and thaumasite appear to have slight 

variations in crystal symmetry (McCarthy, et al., 1992).  Knudsen (1991) showed complete 

miscibility between ettringite and thaumasite, based on XRD peak positions from a series 

of laboratory experiments involving ettringite structure materials synthesized from a 

variety of starting materials.  It should be noted, however, that the XRD reflection chosen 

was sensitive only to one dimension of the structure, the long (“c”) axis. 

Barnett, et al., (2000) prepared a series of solid solutions between sulfate ettringite 

and thaumasite, and based on unit cell dimensions, suggested a miscibility gap 

corresponding to the symmetry conversion.  Nearly all of the intermediate bulk 

compositions prepared contained two distinct ettringites, clearly observable by XRD peak 

splitting.  They suggested a correspondence between elemental site substitution and unit 
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cell dimensions, with the composition of the hexacoordinate column sites (Al, Si, Mn, Fe, 

etc.) determining the c-axis, and the composition of the a-axis being primarily dependent 

on the channel constituents (sulfate, carbonate, etc.). 

This correlation holds true for the c-axis for both the hexacoordinated atomic size 

trend (from silicon through manganese, aluminum, and iron), and also apparently for the 

data from the solid solution study.  However, the size of the metal atom in the column is 

apparently not the only factor controlling the length of the c-axis.  Poellmann and Kuzel 

(1990) prepared a series of carbonate, and sulfate ettringites, among others, including solid 

solutions between many of these end members.  They showed a decrease in the length of 

the c-axis for the carbonate-substituted sulfate ettringite, despite each of the intermediate 

species containing only aluminum in the column sites. 

Prior to the two studies of altered landfilled CCBs mentioned earlier, thaumasite 

was a fairly obscure mineral, known primarily from natural occurrences such as in mild 

contact metamorphism and associated geothermal alteration products, and in degradation 

products of failed concrete.  The first reports of thaumasite in anthropogenic materials 

came from concrete failure under arctic conditions, wherein a crystalline phase structurally 

and chemically similar to the mineral thaumasite was discovered (van Aardt and Visser, 

1975).  Since then, thaumasite has been increasingly identified as a product of deleterious 

sulfate attack on cement under specific conditions (Bensted, 1999).  Systems particularly 

prone to formation of thaumasite include those wherein gypsum-rich ground water has 

come into contact and reacted with the noncrystalline calcium silicate hydrates of cement 

paste.  Thaumasite also often forms in situations where oolitic limestone with a substantial 

fine particle size component was used in the concrete mix (Collepardi, 1999).  Thaumasite 
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occurrences reported from concrete systems have all been in association with loss of 

physical integrity of the concrete, and in many cases the hardened cement matrix is reduced 

to a soft pulpy mass) (Bensted, 1999). 

Optimum conditions that favor formation of thaumasite include temperatures near 

but slightly above freezing (0-5 °C), the presence of finely divided calcite (as the carbonate 

source), and of course the presence of the remaining chemical constituents freely available 

in pore solutions (Crammond, 1985).  The reason for the promotion of thaumasite 

formation at lower temperatures is not well understood.  Van Aardt, et al. (1975) attribute 

low temperature thaumasite formation to the increased solubility of calcium hydroxide at 

lower temperatures.  However, as mentioned by Knudsen (1991), the solubility of Ca(OH)2 

in water at 0 °C is 1.85 g/L, while by 40 °C, solubility has only decreased to 1.41 g/L, 

making this explanation unlikely.  It may be noted that cold temperatures promote 

maximum dissolution of carbon dioxide (and therefore bicarbonate and carbonate) in pore 

solutions.  Both Bensted (1998) and Knudsen (1991) note that thaumasite appears to be 

thermodynamically stable at higher temperatures, and thus argue for a kinetic explanation 

to the preferred low temperature mode of occurrence of thaumasite.  Bensted (1998) 

invokes an intermediate stabilization of a six-coordinate species during crystal growth, 

claiming that this behavior is kinetically hindered at higher temperatures. 

While thaumasite formation appears to be preferred in cold conditions, and in 

slightly less alkaline environments than are preferred for ettringite formation (Bensted, 

1998, Knudsen 1991), it is interesting to note that it has been reported just at or below 

ambient laboratory temperatures (near 25 °C) in two cases.  One case was from a mixture 

of sulfite lime scrubber residue and Class F fly ash (Knudsen, 1991).  The other case 
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involved a lime injection by-product left under laboratory ambient conditions for one year 

(McCarthy, et al., 1995). 

As described in the preceding section, thaumasite was also discovered at three out 

of four sites included in the two previous studies of several test disposal cells containing a 

variety of coal combustion by-products.  Again, the appearance of thaumasite coincided in 

most cases with degradation of the cemented material.  At the Illinois fluidized bed 

combustion residue disposal site, Weinberg and Hemmings (1997) report that the physical 

disintegration preceded the detection of thaumasite.  While thaumasite may not be directly 

responsible for strength loss in disposed CCBs, it is certainly closely associated. 

1.2.5 Overview of Present Study and Statement of the Problem 

In earlier by-product diagenesis studies (described in the preceding section), 

involving a limited set of materials, two general themes emerged.  The first was of varying 

extent of alteration among similar materials in different environmental settings.  Fluidized 

bed combustion residues disposed in an arid environment did not undergo alteration after 

five years, whereas disposed FBC (and other cementitious CCB) residues exposed to 

sufficient prolonged contact with moisture underwent by-product diagenesis after as little 

as two years.  The second general theme was the similarity of the occurrence of an 

ettringite structure mineral phase similar to thaumasite in three distinctly different disposed 

CCBs: LIMB, FBC, and spray dryer residues.  In addition to the observed by-product 

diagenesis associated with thaumasite formation, the unusual assemblage containing a 

zeolite and the crystalline calcium silicate hydrate tobermorite was observed in the absence 

of the mild hydrothermal conditions typically required for synthesis of these materials. 



 24 

The present study was undertaken with two objectives.  The first objective was 

development of advanced quantitative X-ray powder diffraction techniques needed to 

characterize the complex multi-phase systems encountered in CCBs and their hydration 

and diagenetic alteration products.  This first objective was accomplished through the body 

of work included in a separate dissertation (Winburn, 1999).  The second objective, to 

determine how generic is the phenomenon of by-product diagenesis through analysis of a 

larger and more diverse set of disposed by-products, is the focus of this thesis.  More 

specifically, we intended, if possible, to elucidate the chemical, geochemical and 

hydrological circumstances that promote diagenesis. 
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2.0 Materials and Methods 

2.1 Materials 

Four sites were sampled (Table 1.3), representing a variety of coal sources, 

combustion and emission control technologies, by-product types, and climatic regimes: 1) a 

nearly filled and dewatered disposal pond for ash, including Class F fly ash, produced at a 

coal-fired utility in Kentucky burning eastern bituminous in a conventional pulverized coal 

furnace; 2) codisposal landfills for Class C fly ash and (wet process) FGD waste produced 

at a mine mouth power plant burning North Dakota lignite in a conventional pulverized 

coal furnace;  3) landfill containing dry process (spray dryer) FGD scrubber ash at a coal-

fired utility in the Midwest burning Powder River Basin subbituminous in a conventional 

pulverized coal furnace;  4) road embankment in Indiana composed of mixed chain-grate 

(“stoker”) furnace fly and bottom ash and CFBC fly and bed ash. 

 
Table 2.1  Disposed and utilized CCB types studied. 
 

Code CCB Type Coal Type Landfill Site Climate Core Age 

KY F Class F fly ash, bottom ash, 
rejected coal fines 

KY Bituminous Kentucky Humid Up to 20 yrs 

ND C Class C fly ash and Flue Gas 
Desulfuization residue 

ND Lignite North Dakota Semi-arid Up to 17 yrs 

MW FGD Dry-Process Flue Gas 
Desulfurization residue 

Montana (MT) 
Subbituminous 

Midwest U.S. Humid Up to 5 yrs 

IN CFBC Circulating Fluidized Bed 
Combustion 

Indiana (IN) 
Bituminous 

Indiana Humid Up to 3 yrs 

 

2.2 Methods 

2.2.1 Sample Recovery, Handling, and Storage 

Study materials were collected by drilling, using split spoon samplers, or in one 

case, a diamond-tipped rotary coring drill.  The four sample sets collected from the field 
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were frozen to prevent alteration in the laboratory.  From each of these sets, subsamples 

were selected from 15 cm intervals and/or based on variations in observable physical 

characteristics.  Physical descriptions were recorded, and representative splits were ground 

or lightly crushed for analysis. 

2.2.2 Instrumental Analytical Techniques 

The primary tools used to investigate the retrieved borehole and core samples were 

X-Ray Powder Diffraction (XRD) and Scanning Electron Microscopy with Electron Probe 

Microanalysis (SEM/EPMA).  

2.2.2.1 Qualitative X-Ray Powder Diffraction 

Qualitative X-Ray Powder Diffraction (XRD) analyses were performed for 

identification of crystalline phases.  Ground specimens were prepared for qualitative XRD 

analyses, according to procedures developed in the late 1980s for use in the creation of the 

North American Fly Ash Database (McCarthy and Thedchanamoorthy, 1989).  Following 

selection of representative subsamples from the core or borehole samples, approximately 

25-30 g of bulk material was placed into 30 ml wide-mouth high-density polyethylene 

(HDPE) bottles for archiving.  From the 30 ml bottle subsample, a further subsample of 

approximately four grams was ground under 95% ethanol by hand with an agate mortar and 

pestle for 10 minutes.  Ethanol was chosen as a grinding medium to reduce heat of friction 

generated by grinding (in order to prevent dehydration of hydrated phases or crystalline 

deformation), to prevent dehydration of hydrated phases and hydration of anhydrous 

phases, and to improve workability of slurries for XRD specimen preparation. 
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2.2.2.2 Quantitative X-Ray Powder Diffraction 

Quantitative XRD (QXRD) analyses were performed according to the procedures 

developed in the accomplishment of the first goal of this project (Winburn, 1999) using the 

Rietveld QXRD Method as applied to multiphase systems (Rietveld, 1969; Hill, 1991; Bish 

and Post, 1993). The Rietveld QXRD method performs a least squares refinement that 

minimizes differences between observed X-ray powder patterns and patterns calculated 

from structural data (from the literature) for phases identified in the qualitative analyses.  In 

addition to phase abundance information, results of these refinements also yield 

crystallographic information about the crystalline phases analyzed, including the lengths of 

lattice parameters of the constituent phases.  This information is especially useful for 

studying phases with relatively rigid structure, but with variable composition (solid 

solutions). 

2.2.2.3 Scanning Electron Microscopy 

Elemental compositions of mineral phases of interest were determined more 

directly by SEM/EPMA analysis on dispersed individual grains (from the lightly crushed 

specimens).  Individual dispersed grains were studied in order to avoid spectral 

contamination from neighboring grains, since many of the grains analyzed were smaller 

than the electron probe used (approximately 1 µm).  Phases subject to solid solution 

(elemental substitutional) effects were specifically targeted for compositional 

determinations.  Granular carbon tape and cross-sectional epoxy mounts were also prepared 

from selected samples for qualitative analysis of mineral associations and for high quality 

imaging. 
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3.0 Results and Discussion 

 

3.1 Site I Disposed Class F Pulverized Fuel Ash 

 

3.1.1 Material: Type, Source, Amount, and Duration of Emplacement 

The first of four sites to be discussed is a by-product surface impoundment (ash 

settling pond) adjacent to a coal-fired electric utility in Kentucky.  All of the CCBs 

produced at the plant were sluiced to this pond for approximately 20 years, including fly 

ash and bottom ash.  As sedimentation progressed in the pond, large flexible hoses were 

stretched out across the developing delta.  At the time of sampling (October 1997), the ash 

pond was approximately 95% filled, with a small expanse of open water on the 

northeastern end of the site. 

Despite the pozzolanic potential in the aluminosilicate fly ash glass, the ponded ash 

from this site was predicted to have been effectively inert and unchanged throughout the 

duration of emplacement due to a lack of apparent activation sources.  While the majority 

of the recovered material was typical of freshly collected (dry) Class F fly ash, several 

samples also contained ettringite. 

3.1.2 Disposal Setting: Physiography, Hydrology and Retrieval 

The ash pond is situated approximately 1.5 km south of the power plant.  The pit was 

constructed ca. 1975, by placing an earthen barrier across the northeastern outlet of a 

valley. The bottom of the pit was roughly leveled by cut and fill, prior to filling that began 

on the western edge and progressed eastward.  Therefore, both the oldest and presumably 

the coarsest materials were present at lower and more westerly positions in the pit.  No clay 
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or fabric liner was constructed prior to filling of the pond and addition of CCBs.  

Surrounding land rises to the south.  Total depth of the deposited ash is approx. 13 m. 

The surface impoundment is located in a humid environment.  Precipitation fell 

directly into the open ash pond, and it is also probable that runoff and groundwater flowed 

into the pond from the higher ground to the south.   

Two boreholes were sampled, one from near the western (oldest) edge of the pit, and 

a second from as near the eastern (most recent) edge of the filled material as was allowed 

by the ability of the material to support a drill rig, which was equipped with a hollow stem 

auger and split spoon samplers.  Figure 3.1 shows the drilling operation at the western 

borehole.  Following borehole sample retrieval, standing water was encountered 3.15 m 

from the surface, corresponding to visual field observations of the approximate boundary 

between unsaturated and saturated recovered samples. 
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Figure 3.1.  Sampling of the Kentucky Class F fly ash site, western borehole.  The drill rig 
operated a hollow stem auger with split spoon samplers. 
 

3.1.3 Physical Properties 

Ash material retrieved from the boreholes consisted typically of heterogeneous, 

wet, friable, unconsolidated, fine sediment.  Textures ranged from silty clay to sandy loam.  

Large variations in color were observed in the as-collected split spoon samples.  Color 

ranged from light to medium gray, with iron species contributing tan to orange banding, 

depending on degree of saturation.  Figure 3.2 shows freshly split sampling spoons. 
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Figure 3.2.  Split spoon samples as recovered from western borehole of Kentucky Class F 
fly ash site. 
 

3.1.4 Mineralogy 

Ash recovered from the two boreholes at this site contained mineralogies generally 

consistent with fresh Class F fly ash.  As discussed in the literature review of Chapter 1, 

fresh Class F fly ash typically consists of minor amounts of quartz, mullite, ferrite spinel 

(magnetite) and hematite, in a matrix of amorphous glass (Table 1.1).  In the disposed 

materials recovered from both boreholes, quartz, mullite, and a dominant noncrystalline 

fraction occurred ubiquitously.  The crystalline iron oxides ferrite spinel and hematite were 

generally least abundant in the uppermost portions of the two boreholes.  Figure 3.3 shows 

a representative X-ray diffraction plot of the upper samples low in crystalline iron and 

calcium-bearing phases.  Small amounts of calcite were observed in many samples, as were 

minor quantities of a phase having the ettringite structure (Figs. 3.4 and 3.5). 
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Figure 3.3.  X-ray diffraction plot representative of upper samples at KY F ash pond site. 
 

The ettringite-like phase was discovered in both boreholes midway from upper to 

lower surfaces of the deposit.  Two samples in the 5-6 m depth range and six samples in the 

5-8 m depth range, in the western and eastern boreholes, respectively, contained the 

ettringite-like phase.  A representative X-ray diffraction plot is given in Figure 3.4, and a 

cascade plot showing plots from selected samples (eastern borehole) is given in Figure 3.5.   

The ettringite-like mineral appears in several samples of similar depth.  However, the 

borehole samples were often finely banded and extremely heterogeneously layered 

vertically.  Qualitative separations of small amounts of several of these interbedded layers 

showed a complete absence of ettringite in lamellae which were only a few mm thick, and 

which had layers above and below containing ettringite. 

QXRD results are presented in Tables 3.1 and 3.2 for selected samples from the two 

boreholes.  Refer to Tables 1.1 and 1.2 for mineral codes used in these and all later tables. 
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Figure 3.4.  X-ray diffraction plot representative of samples from borehole mid-depth. 
 

 
Figure 3.5.  Occurrence of ettringite-like phase at mid-depth in Kentucky Class F fly ash 
disposal pit (eastern borehole).  XRD plots shown represent materials increasing in depth 
from front to back of the plot.  Peaks near 9, 18 and 23 degrees 2θ are due to ettringite. 
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Table 3.1.  Quantitative mineralogy of disposed Class F fly ash from western borehole at 
Kentucky site.  Refer to Tables 1.1 and 1.2 for mineral codes. “Blank” values below 
quantification limit (typically 0.1-1.0 wt%) as determined during Rietveld refinement. 
 

Weight Percent, Phase
Sample Qz Mu Ma Hm Cc Et Amorph
98KY101 9.1 18.7 2.0 0.9 0.3 69.1
98KY103 8.5 18.2 1.0 0.9 71.4
98KY104 14.0 19.7 5.4 2.1 58.8
98KY105 8.5 21.0 1.3 1.0 68.2
98KY107 13.2 21.2 2.0 1.1 0.7 61.7
98KY108 10.5 21.5 1.7 0.9 65.4
98KY109 6.9 12.6 6.6 3.9 0.5 3.4 66.0
98KY110 15.5 20.0 2.3 1.4 0.4 60.0
98KY111 6.7 15.1 3.5 2.3 1.2 3.2 68.1
98KY112 8.7 23.2 1.6 1.6 3.9 61.0
98KY113 16.3 27.3 3.7 2.5 50.1
98KY114 10.8 23.9 1.7 1.3 0.4 61.8
98KY117 13.2 27.2 1.9 1.7 55.9
98KY118 8.4 24.1 2.6 1.6 63.3
98KY119 6.9 13.9 7.5 3.7 0.4 67.6
98KY120 7.6 27.7 2.4 0.3 62.1
98KY121 9.1 20.2 2.7 1.5 0.3 66.3

n 17 17 17 16 10 2 17
Mean 10.2 20.9 2.9 1.8 0.8 3.3 63.3

Std Dev 3.1 4.5 1.9 0.9 1.1 0.2 5.3
Median 9.1 21.0 2.3 1.5 0.4 3.3 63.3

Min 6.7 12.6 1.0 0.9 0.3 3.2 50.1
Max 16.3 27.7 7.5 3.9 3.9 3.4 71.4
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Table 3.2.  Quantitative mineralogy of disposed Class F fly ash from eastern borehole at 
Kentucky site. “Blank” values below quantification limit (typically 0.1-1.0 wt%) as 
determined during Rietveld refinement. 
 

 
 

3.1.5 Morphology and Microstructure 

SEM analysis of the disposed Class F ash samples highest in the column showed a 

material composed almost entirely of fly ash spheres having diameters from <1 µm to >25 

µm, with no apparent indication of dissolution or leaching.  Larger particles of char 

(incompletely combusted coal) were also present. 

 

Weight Percent, Phase
Sample Qz Mu Ma Hm Cc Et Amorph
98KY201 8.7 25.6 0.7 0.8 64.2
98KY202 14.2 23.3 2.3 1.9 58.3
98KY203 10.1 23.8 2.0 1.6 0.6 61.9
98KY206 11.6 23.4 1.5 1.1 62.3
98KY207 7.2 13.3 6.7 3.8 0.6 68.5
98KY208 8.3 11.6 5.3 3.1 0.9 2.7 68.1
98KY210 5.6 10.6 10.8 7.9 0.9 10.1 54.2
98KY211 3.5 7.5 18.5 12.3 1.6 8.5 48.2
98KY212 6.9 12.9 8.3 6.2 2.0 4.7 59.0
98KY213 10.5 23.8 4.3 2.5 0.5 2.6 55.8
98KY214 7.5 13.0 9.9 6.3 0.3 5.7 57.4
98KY215 8.2 31.1 1.3 1.8 1.6 56.0
98KY217 8.8 22.2 2.9 2.0 0.6 63.5
98KY218 9.1 24.2 4.5 2.5 0.9 59.8
98KY219 9.8 18.1 12.6 6.1 53.4
98KY220 8.1 17.5 5.7 3.2 1.3 64.3
98KY221 7.2 6.6 8.2 7.4 68.9
98KY222 8.2 25.5 0.5 0.9 64.8

n 18 18 18 18 12 6 18
Mean 8.5 18.6 5.9 4.0 1.0 5.7 60.5

Std Dev 2.3 7.2 4.8 3.1 0.5 3.0 5.7
Median 8.2 20.1 4.9 2.8 0.9 5.2 60.9

Min 3.5 6.6 0.5 0.8 0.3 2.6 48.2
Max 14.2 31.1 18.5 12.3 2.0 10.1 68.9
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SEM analysis showed the disposed Class F fly ash samples containing the 

ettringite-like phase to appear somewhat similar to hydrated Class C fly ash, with ettringite 

crystals growing from fly ash sphere surfaces.  EPMA analysis of selected ettringite-like 

grains from crushed and dispersed samples (Fig. 3.6) showed a dominance of aluminum 

over silicon (Table 3.3), typical of ettringite-like phases observed in hydration products of 

many high-calcium CCBs.  Appreciable iron contents (also shown in Table 3.3) were 

observed for the ettringite structure phases at this site.  Iron-bearing ettringites are not 

commonly reported in CCB materials, though not unprecedented (Hemmings, 2000, 

personal comm.). 

 

Figure 3.6.  SEM micrograph of individual ettringite structure phase from KY F site 
sample.  See Table 3.1 for point analyses.  Image was captured following point analysis 
number 31.  Damage to the crystal caused by analysis (due to rapid dehydration) is evident 
as a faint darker circle surrounding analysis point 31. 
 

Results from several point analyses are given in Table 3.3, normalized to full 

occupancy of the calcium sites (6.0 per formula unit).   The point analyses do not carry a 



 37 

high degree of accuracy for the technique used.  Tenths of percent are retained to avoid loss 

of too much information on “over-rounding.”  However, the results are only reliable within 

1-2% (absolute).  This means that a slight deficiency of sulfate ions may be indicated 

(potentially substituted by carbonate ions), though this deficiency is well within reasonable 

error.  However, the cations are consistently over-represented relative to calcium (average 

Al +Si+Fe = 3.3, rather than 2.0 as expected).  Coatings of very finely crystalline (<<1 µm 

diameter) or SEM-amorphous species containing silica may have been present in contact 

with or adjacent to the ettringite-like grain shown, and counted in the EPMA analysis.  The 

unit cells of the four ettringite-like phases present at greater than 3.5 wt% trend toward 

literature values for iron-ettringite, more commonly encountered in iron-rich concretes and 

mortars. 

 
Table 3.3.  Selected results from EPMA point analyses of ettringite structure phases in 
Kentucky Class F site materials. 
 
Analysis Al* Si S Ca Fe 
986.07.31 2.3 0.3 3.2 6.0 0.8 
986.07.32 2.5 1.1 2.8 6.0 0.8 
986.07.33 1.8 0.2 2.5 6.0 0.8 
986.07.34 2.1 0.3 3.0 6.0 0.8 
986.07.35 1.9 0.3 2.7 6.0 0.6 
Avg. 2.1 0.4 2.8 6.0 0.8 
Sulfate Et 2.0 0.0 3.0 6.0 0.0 
 

* Numbers given in element atom percent, normalized to 6.0 Ca atoms for comparison to 
sulfate ettringite.  Assumes full occupancy of calcium sites.  Analysis numbers correspond 
to point analyses in Figure 3.7.  Refer to Tables 1.1 and 1.2 for mineral codes. 
 
 
 

3.1.6 Discussion of Site I Long Term Behavior 

The majority of the material retrieved from the Kentucky site showed no evidence 

of significant long-term alteration behavior over the course of up to 20 years of 
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emplacement.  The ponded ash was not indurated.  Retrieved borehole samples were 

composed of a crystalline assemblage typical of fresh Class F fly and bottom ash, and 

showed no morphological indications of hydration or dissolution, despite two decades of 

percolating precipitation.  Generally, while the aluminosilicate glass contained in Class F 

fly ashes is pozzolanic, in the absence of an alkaline source such as calcium hydroxide to 

provide activation, amorphous glass phases remains inert, subject to solubility and leaching 

only over geologic timescales.  This was found to be the case at this site also. 

However, the central cross-sectional zone of buried ash contained minor amounts of 

an ettringite-like phase, indicating at least partial reaction of the pozzolanic fly and/or 

bottom ash glass with calcium and sulfate sources.  The occurrence of ettringite was 

unexpected, in that Class F fly ash typically lacks both the necessary soluble chemical 

components (calcium and sulfate in particular) and a source of the high alkalinity (11 < pH 

< 12.5) required for solubilizing aluminum from the glass phases and for subsequent 

ettringite formation. 

A few possibilities exist to explain the presence of layers of an ettringite-like phase 

buried midway down the deposits at this impoundment.  Depending on economic 

considerations, high sulfur bituminous coals were at times used to fire the power plant, 

which could provide some of the necessary sulfate source.  Rejected fine coal fractions 

were also sent to the ash pond, which would have contained minor amounts of pyrite, 

which on oxidation is another possible sulfate source.  However, the conversion from 

sulfide to soluble sulfate would act to increase acidity, rather than promote the alkalinity 

required for ettringite formation.  Class F fly ashes may contain minor amounts of 

anhydrite as surface salt, when produced from higher sulfur content coals.  Calcium and 
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sulfate in this anhydrite with small particle size and high surface area would be readily 

available. 

A conventional “wet” FGD system was installed on one of the units at the plant in 

1984, producing gypsum for use in wallboard production.  The gypsum by-product was 

emplaced in an adjacent disposal pit, which is elevationally lower than the ash pond, and 

which is lined with a clay and synthetic polymer liner.  Because this gypsum landfill is 

“downstream” and isolated by the liner from the fly ash impoundment hydrologically, this 

is an unlikely source of calcium and sulfate for ettringite formation.  It is possible that the 

ettringite formed in the ash pond is the result of alkaline wet FGD by-product wastewater 

introduced to the fly ash pond during startup of this adjacent operation.  This wastewater 

would have provided both the dissolved calcium and sulfur species and also the alkalinity 

to elevate the pH necessary for activation of the amorphous alumina and for generation of 

equilibrium conditions for ettringite formation.  However, the two by-product streams were 

reportedly kept strictly separate, as per local regulations. 

“Blowdown” (the effluent produced from periodic flushing of alkaline deposits in 

water lines and from cleaning ash buildup from various portions of the boiler) was also 

sluiced to the ash pond.  This may have provided some of the dissolved elemental 

components and alkalinity necessary for ettringite formation. 

Finally, the observed quantities of ettringite at this site were small, and ettringite 

crystals were observed growing from fly ash sphere surfaces by SEM.  Therefore, it is quite 

likely that small amounts of alkaline and alkaline earth salts from fly ash surfaces (minor 

but not uncommon even in Class F fly ash) contributed calcium, sulfate, and alkalinity to 

local pore solutions early in deposition. 
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In addition to ettringite, calcite and crystalline iron oxide (hematite and ferrite 

spinel) contents also varied with depth.  The variation in depth of iron oxides coincides 

roughly with calcite and ettringite content.  Two explanations are likely for the observed 

variation of iron and calcium phase abundances.  Variation in the coal source, either from 

inhomogeneity of the seams being mined, or from selection of coal grade based on 

economic considerations would lead to ashes with variable iron and calcium content 

(including condensed surface salts).  Alternatively, “coal washing” may have been 

performed to decrease the sulfur (pyrite) content prior to combustion. 

 

3.2 Site II   Co-Disposed Class C Fly Ash and “Wet Process” Flue Gas 

Desulfurization By-Product 

 

3.2.1 Material: Type, Source, Amount, and Duration of Emplacement 

Two landfills on-site at a mine-mouth electric power plant burning lignite in west-

central North Dakota were sampled August 1998.  Prior to sampling, the first disposal site 

had been closed by the addition of a soil cap.  This pit was in operation from 1978 until the 

soil cap was installed in 1995.  A second, active landfill in operation since 1989 was also 

sampled. 

Disposed materials consisted primarily of Class C (approximately 20% CaO) fly 

ash.  Considerable FGD by-product was intermixed in layers at the closed pit, due to 

periodic retrieval from FGD evaporation ponds.  Smaller amounts of bottom ash were also 

disposed in the landfills. 
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3.2.2 Disposal Setting: Physiography, Hydrology and Retrieval 

The two landfills sampled are situated approximately 3 km west of the power plant. 

A 2 m thick liner, composed of smectitic interburden clay borrowed from the mine, was 

constructed prior to filling, by haul truck dumping of fresh or “conditioned” ash.  

Conditioning (addition of water to the ash) was performed to improve transportability and 

reduce airborne dust generation.  Dumped materials were leveled periodically in lifts, and 

additional conditioning was provided as necessary during placement to prevent excessive 

wind-blown ash dust.  Both “landfills” lie higher than the surrounding landscape.  The 

power plant and landfills are in a subhumid climate. 

Two boreholes were sampled in the larger, closed landfill.  The first hole was 

drilled in the south central portion of the pile, the second in the northeastern corner.  The 

thickness of the soil cap was 3 m at the first borehole and 1.5 m at the second.  Figure 3.7 

shows drilling of the first borehole.  Final ash depths range from at least 28 m in the west 

central portion of the pit to 18 m in the southeast corner.  The total thickness of buried ash 

is not known however, due to difficulties encountered in drilling.  During drilling of the 

first borehole, a hardened layer was encountered at 16.35 m that was presumed to be a 

block of the local sandstone substratum.  Sampling was discontinued.  Upon retrieval of the 

auger, the hole collapsed to the 10 m depth.  While sampling the second borehole, wet ash 

slurry rushed upwards into the auger from below at the 25.5 m depth, again after 

encountering a highly indurated layer. 
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Figure 3.7.  Sampling of the co-disposed North Dakota Class C fly ash and wet process 
FGD scrubber by-product. 
 

Additional drilling was performed the following week to attempt complete recovery 

down to the level of the top of the clay liner.  While additional material was retrieved from 

below the depths of the original blowouts, these boreholes also had to be terminated 

prematurely due to a wet ash paste flowing up into the auger at depths of 18 m and 28 m, 

respectively for the first and second holes.  Before retrieving the auger, standing water was 

noted at 13.3 m in the first borehole, 18.2 m in the second borehole.  During drilling of the 

third borehole (into the active landfill), the soil liner was encountered at 28.2 m. 

Induration in the landfills varied.  Split spoon penetration required as little as 1-10 

blows per 15 cm in the majority of the closed landfill to as much as 100 blows per 30 cm at 
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the indurated layers at the bottom of the closed landfill and in some of the hardened layers 

in the active landfill.  Several sampling attempts were refused at the 100-blow limit in the 

active landfill, presumably due to cementation of the hydrated ash, with little or no ash 

recovery. 

3.2.3 Typical Physical Properties 

The disposed ash recovered from the three boreholes consisted typically of 

relatively homogeneous, tan to light gray, wet, friable, unconsolidated, fine sediment (Fig. 

3.8).  Texture of the material ranged from silty clay to sandy silt.  As mentioned above, 

several indurated layers were encountered, from which hardened chips of hydrated ash 

were recovered.  All of the samples recovered from the closed pit were wet; many of the 

samples from the active landfill were recovered as dry ash. 

 
 
Figure 3.8.  Split spoon samples from Borehole 1 at the North Dakota site with co-disposed 
Class C fly ash and wet FGD scrubber by-product. 
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3.2.4 Mineralogy 

Fresh ash from this plant, corresponding to the ash deposited in the landfills at this 

site, was studied periodically in this laboratory starting in 1981.  The fresh ash mineralogy 

was relatively consistent over the 19 years studied, and was also included in previous 

laboratory hydration studies (McCarthy and Solem-Tishmack, 1995).  The mineralogy of 

the retrieved ash in this study appears similar to the results from the earlier laboratory 

hydration studies.  Several low-reactivity crystalline phases remain in the ash, including 

quartz, periclase, merwinite, melilite, and ferrite spinel (magnetite).  Anhydrite, lime, and 

C3A, likely present in the original ash (by comparison to contemporary fresh ash specimens 

previously analyzed in our laboratory) had been completely consumed in hydration 

reactions in all samples studied, prior to retrieval.  Resulting crystalline hydration and 

carbonation phases observed in the recovered disposed material include gypsum, ettringite, 

calcite, and traces of strätlingite and monosulfoaluminate.  In the open cell, minor amounts 

of a phase resembling dicalcium silicate (Ca2SiO4, a component of Portland cement) by 

XRD were observed in many of the samples. 

Several zones in the closed landfill included the flue gas desulfurization phase 

calcium sulfite hemihydrate (mineral hannebachite), which had been periodically dredged 

from dewatering surface impoundments and placed in the landfill.  X-ray diffraction 

patterns of this phase in the materials containing FGD residue showed strong preferred 

orientation in the specimens mounted for qualitative analysis.  The preferred direction of 

orientation of the planes of atoms in the crystalline hannebachite structure was 

perpendicular to the <010> direction (the “b” axis).  This observation suggested a plate-like 

morphology of crystallites perpendicular to the b-axis.  This effect is similar to that seen in 
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“oriented” XRD specimen mounts of clay minerals which are prepared so as to maximize 

the preferential orientation of platey clay minerals relative to their (00l) orientation, rather 

than the random configuration of particle orientations desired in conventional qualitative 

specimen mounts. 

Additionally, as has been observed in earlier studies of hannebachite produced 

synthetically or in hydrated CCB materials, the (121) peak near 3.79Å (23.4 °2θ for Cu 

radiation) displayed anisotropic line broadening relative to the other reflections of 

hannebachite (Fig. 3.9).  This broadening was suggestive of stacking fault defects, which 

were modeled during Rietveld QXRD refinements, significantly improving the fit between 

calculated and observed profiles. 

 

Figure 3.9.  Preferred orientation and anisotropic line broadening in hannebachite. 
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Phases with ettringite structure occurring in the North Dakota Class C ash, with and 

without FGD scrubber residue materials, also produced interesting X-ray diffraction 

patterns.  In layers containing scrubber residue (identified by the marker phase 

hannebachite), the ettringite-like phase had XRD peak positions markedly shifted to higher 

angles, corresponding to smaller unit cell dimensions than those of synthetic sulfate 

ettringite.  Change in peak position and unit cell dimension are commonly due to site 

substitution of atoms or molecular units in a given structural location with atoms or 

molecular units having different elements and correspondingly different atomic or ionic 

size (changing the size of the atom or molecular unit changes the size of the structure).  In 

zones where FGD by-product hannebachite is absent, the ettringites formed have peak 

positions and lattice parameters more closely matching those of the sulfate end-member.  

Figure 3.11 shows the peak shifts of ettringite phases in association with FGD by-products 

relative to ettringite phases found in layers without the FGD residue.  The associated lattice 

dimensions, as determined during Rietveld QXRD refinements, also show differences 

between ettringite phases in the two groups of materials.  From these differences, it can be 

assumed that the compositions of the two groups of ettringites formed, those in the 

presence of scrubber residues and those present in ashes without scrubber residue, are 

different.  This phenomenon is further discussed in Section 3.6 (comparative mineralogy). 

Quantitative XRD results are given in Tables 3.4 through 3.10.  The results from 

boreholes one and two have been split according to the presence or absence of FGD 

scrubber by-product, as indicated by the phase hannebachite, in Tables 3.7 through 3.10.  It 

is interesting to note that the average ettringite contents of the materials with and without 

FGD scrubber residue were comparable, despite the differences of calcium and sulfur 
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species source phases for the production of ettringite.  Anhydrite, lime, and C3A were the 

probable sources for calcium and sulfate in the disposed Class C ash, whereas gypsum and 

hannebachite were also present and likely contributing to ettringite formation in the layers 

containing FGD scrubber residue. 

Table 3.4  Quantitative mineralogy of co-disposed Class C fly ash and wet process FGD 
scrubber by-product at North Dakota site.  Borehole 1, table listed by order of increasing 
depth.  Two episodes of deposition of dredged FGD scrubber by-product are represented.  
Refer to Tables 1.1 and 1.2 for mineral codes. “Blank” values below quantification limit 
(typically 0.1-1.0 wt%) as determined during Rietveld refinement. 
 

 
 
 
 

Weight Percent, Phase
Sample Qz Ma Pc Mw Cc Gp Et Hb Ml St Amorph
98ND047 3.7 1.9 1.6 3.5 9.4 32.3 47.6
98ND053 3.9 2.1 3.4 3.1 10.9 29.9 46.7
98ND062 3.5 1.3 2.1 5.1 9.9 38.5 39.7
98ND068 3.6 1.8 1.0 3.9 4.4 8.1 0.5 77.0
98ND069 3.2 1.6 1.2 2.4 2.3 8.3 81.0
98ND070 2.7 0.5 2.0 1.4 8.5 38.6 46.3
98ND071 3.6 1.3 1.9 6.3 4.2 46.7 36.0
98ND072 2.4 2.1 1.7 9.2 7.6 49.6 27.4
98ND073 3.4 1.7 1.7 5.1 5.2 39.6 43.2
98ND074 3.0 1.8 0.4 2.2 4.5 50.4 37.6
98ND075 4.9 2.0 1.8 6.0 10.0 26.4 49.0
98ND076 4.9 2.4 1.3 5.0 7.8 19.8 58.8
98ND077 6.5 3.7 3.4 10.0 9.8 9.7 57.0
98ND079 4.1 1.8 1.0 2.4 7.7 11.1 71.9
98ND080 3.6 1.8 1.3 2.5 4.6 8.7 77.6
98ND082 3.1 2.2 1.5 7.0 4.3 6.1 2.1 75.8
98ND083 3.9 2.0 1.8 3.9 2.6 8.6 1.0 77.2
98ND084 3.4 1.6 1.6 2.6 3.0 6.1 0.5 81.7
98ND085 3.3 1.6 1.9 2.8 4.2 9.7 76.5
98ND086 3.3 1.6 1.4 2.8 2.7 7.6 0.5 80.6

n 20 20 9 9 20 11 20 11 5 20
Mean 3.7 1.8 1.4 3.4 2.9 5.2 8.1 34.7 59.4

Std Dev 0.9 0.6 0.3 1.5 1.6 2.7 2.0 12.7 18.3
Median 3.6 1.8 1.4 2.8 2.5 5.1 8.4 38.5 57.9

Min 2.4 0.5 1.0 2.4 0.4 1.4 4.2 9.7 0.5 27.4
Max 6.5 3.7 1.9 7.0 7.7 10.0 11.1 50.4 2.1 81.7
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Table 3.5  Quantitative mineralogy of co-disposed Class C fly ash and wet process FGD 
scrubber by-product at North Dakota site.  Borehole 2, table listed by order of increasing 
depth.  Two episodes of deposition of dredged FGD scrubber by-product are apparently 
represented.  Refer to Tables 1.1 and 1.2 for mineral codes. “Blank” values below 
quantification limit (typically 0.1-1.0 wt%) as determined during Rietveld refinement. 
 

 

Weight Percent, Phase
Sample Qz Ma Pc Mw Cc Gp Et Hb Ml St Amorph
98ND116 4.3 4.1 15.4 21.8 54.3
98ND123 6.8 1.3 2.4 2.4 10.0 20.8 56.3
98ND126 2.1 0.7 2.3 1.8 9.5 52.2 31.4
98ND138 12.8 3.1 4.3 8.1 16.8 0.1 54.6
98ND143 8.6 2.2 3.4 4.8 4.6 20.6 55.7
98ND173 3.8 0.5 1.7 2.3 10.6 31.0 50.0
98ND178 3.1 2.2 1.2 3.1 5.9 23.0 61.6
98ND188 6.8 0.9 2.0 4.5 5.0 22.6 58.1
98ND214 1.8 0.8 1.0 2.7 12.1 29.2 52.3
98ND218 2.8 1.0 1.4 3.2 8.7 38.6 44.3
98ND224 3.3 1.2 1.5 8.1 6.7 32.8 46.4
98ND226 2.7 0.8 1.5 3.4 7.8 29.0 54.7
98ND228 7.8 2.1 3.0 4.6 12.6 23.1 46.9
98ND229 5.3 1.8 1.4 2.6 2.5 14.8 71.6
98ND230 6.8 2.0 1.2 2.1 3.5 7.8 76.6
98ND231 6.2 2.0 1.4 2.6 1.4 10.3 76.2
98ND232 6.3 1.9 1.4 2.5 1.0 8.0 78.9
98ND233 5.9 2.1 1.4 3.1 7.1 80.4
98ND234 5.9 1.9 1.5 2.2 8.6 79.9
98ND235 6.2 1.8 1.3 2.1 1.2 9.7 77.6
98ND239 2.6 0.7 2.8 12.8 4.3 31.6 45.2
98ND241 2.9 1.3 1.5 10.6 4.8 39.8 39.0
98ND242 8.0 1.9 3.2 7.7 4.6 28.6 46.1
98ND243 10.3 2.7 0.6 1.3 2.5 8.5 74.2
98ND245 7.0 1.9 1.4 2.0 6.0 6.1 75.6
98ND246 5.2 2.1 1.2 3.0 2.4 1.6 10.7 73.7
98ND247 6.1 2.5 0.8 1.5 5.5 6.1 77.5
98ND248 5.0 2.2 1.3 3.3 3.7 8.7 0.6 1.4 73.9
98ND249 5.3 2.2 1.1 2.5 5.0 8.5 1.1 74.4

n 29 28 13 13 27 17 27 16 3 1 29
Mean 5.6 1.7 1.2 2.4 2.7 5.7 8.2 28.8 61.6

Std Dev 2.5 0.7 0.2 0.6 1.4 4.1 2.7 9.0 14.6
Median 5.9 1.9 1.3 2.5 2.4 4.5 8.5 28.8 58.1

Min 1.8 0.5 0.6 1.3 1.0 1.6 4.3 16.8 0.1 31.4
Max 12.8 3.1 1.5 3.3 6.0 15.4 14.8 52.2 1.1 80.4
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Table 3.6  Quantitative mineralogy of co-disposed Class C fly ash and wet process FGD 
scrubber by-product at North Dakota site.  Borehole 3, table listed by order of increasing 
depth.  Refer to Tables 1.1 and 1.2 for mineral codes. “Blank” values below quantification 
limit (typically 0.1-1.0 wt%) as determined during Rietveld refinement. 
 

 
 
 
 
 
 
 
 
 

Weight Percent, Phase
Sample Qz Ma Pc Mw Cc Gp Et Hb Ml St Amorph
98ND250 5.0 2.2 1.0 4.1 2.1 1.8 5.5 1.4 77.0
98ND251 4.6 1.7 1.3 2.1 2.3 7.4 80.6
98ND256 3.2 2.5 1.6 5.6 1.4 6.9 78.8
98ND261 3.7 4.0 1.8 5.1 2.0 11.1 0.4 71.8
98ND262 4.1 2.6 2.0 5.1 2.0 10.5 0.5 73.2
98ND268 3.5 2.3 1.7 3.7 2.4 8.4 0.5 77.4
98ND272 6.1 1.7 1.1 4.7 1.0 6.1 0.9 78.3
98ND275 5.7 1.7 1.2 2.5 1.1 7.4 0.2 80.2
98ND280 6.3 2.1 1.0 3.4 1.1 5.4 1.1 79.5
98ND286 5.6 1.4 1.3 3.8 1.2 3.3 83.5
98ND290 5.2 1.3 1.5 4.3 1.4 4.0 0.9 81.3
98ND293 7.1 1.3 1.2 2.9 1.3 5.4 0.5 80.4
98ND296 6.0 1.7 1.4 4.0 1.4 5.7 0.6 79.1
98ND297 7.1 1.5 1.4 3.4 1.9 7.0 0.6 77.3
98ND302 7.6 1.6 1.8 3.3 1.6 4.2 0.8 79.0
98ND307 6.6 2.0 0.7 1.4 4.0 5.9 0.3 79.1
98ND309 5.8 1.4 1.2 3.2 1.4 5.7 0.8 67.9
98ND333 4.0 1.5 1.7 4.1 1.8 5.1 81.7
98ND335 4.3 1.7 1.6 3.6 1.4 4.3 0.1 82.9
98ND337 4.6 1.1 1.7 2.8 1.5 0.2 3.1 84.7
98ND339 4.1 1.2 1.4 1.7 2.1 0.2 7.9 81.5
98ND343 4.5 1.8 1.3 2.1 1.2 8.8 0.3 1.6 78.3
98ND344 4.4 1.5 1.5 2.5 2.2 7.7 0.1 1.3 78.8

n 23 23 23 23 23 3 23 1 16 2 23
Mean 5.2 1.8 1.4 3.5 1.7 0.8 6.4 0.6 78.8

Std Dev 1.2 0.6 0.3 1.1 0.6 0.9 2.1 0.3 3.8
Median 5.0 1.7 1.4 3.4 1.5 0.2 5.9 0.5 79.1

Min 3.2 1.1 0.7 1.4 1.0 0.2 3.1 0.1 1.3 67.9
Max 7.6 4.0 2.0 5.6 4.0 1.8 11.1 1.1 1.6 84.7
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Table 3.7.  Summarized quantitative mineralogy of Class C fly ash and wet process FGD 
co-disposed at North Dakota site.  Borehole 1, those samples without hannebachite.  Refer 
to Tables 1.1 and 1.2 for mineral codes. 
 

 
 
 
Table 3.8.  Summarized quantitative mineralogy of Class C fly ash and wet process FGD 
co-disposed at North Dakota site.  Borehole 1, those samples with hannebachite.  Refer to 
Tables 1.1 and 1.2 for mineral codes. 
 

 
 
 
Table 3.9.  Summarized quantitative mineralogy of Class C fly ash and wet process FGD 
co-disposed at North Dakota site.  Borehole 2, those samples without hannebachite.  Refer 
to Tables 1.1 and 1.2 for mineral codes. 
 

 
 
 

Weight Percent, Phase
Qz Ma Pc Mw Cc Gp Et Hb Ml St Amorph

n 11 11 0 0 11 11 11 11 0 0 11
Mean 3.9 1.9 1.9 5.2 8.0 34.7 44.5

Std Dev 1.2 0.8 0.9 2.7 2.4 12.7 9.1
Median 3.6 1.9 1.8 5.1 8.5 38.5 46.3

Min 2.4 0.5 0.4 1.4 4.2 9.7 27.4
Max 6.5 3.7 3.4 10.0 10.9 50.4 58.8

Weight Percent, Phase
Qz Ma Pc Mw Cc Gp Et Hb Ml St Amorph

n 13 13 13 13 11 1 13 0 2 1 13
Mean 6.3 2.1 1.2 2.4 3.1 8.8 76.2

Std Dev 1.3 0.3 0.2 0.6 1.7 2.3 2.6
Median 6.1 2.0 1.3 2.5 2.5 8.5 76.2

Min 5.0 1.8 0.6 1.3 1.0 1.6 6.1 0.6 1.4 71.6
Max 10.3 2.7 1.5 3.3 6.0 1.6 14.8 1.1 1.4 80.4

Weight Percent, Phase
Qz Ma Pc Mw Cc Gp Et Hb Ml St Amorph

n 9 9 9 9 9 0 9 0 5 0 9
Mean 3.5 1.8 1.4 3.4 4.0 8.3 0.9 77.7

Std Dev 0.3 0.2 0.3 1.5 1.6 1.6 0.7 3.1
Median 3.4 1.8 1.4 2.8 4.2 8.3 0.5 77.2

Min 3.1 1.6 1.0 2.4 2.3 6.1 0.5 71.9
Max 4.1 2.2 1.9 7.0 7.7 11.1 2.1 81.7
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Table 3.10.  Quantitative mineralogy of Class C fly ash and wet process FGD co-disposed 
at North Dakota site.  Borehole 2, those samples with hannebachite.  Refer to Tables 1.1 
and 1.2 for mineral codes. 
 

 
 
 

 
Figure 3.10.  XRD peak shift in ettringite phases found in ND C site materials a) (faint 
line) without scrubber by-product, and b) (solid line) with scrubber by-product.  Vertical 
lines represent standard positions for a sulfate end-member ettringite, similar to observed 
ettringite XRD data when no (sulfite) FGD scrubber residue present.  Peak shifts to higher 
angular values indicate a smaller crystallographic unit cell for the ettringite structure phases 
found in the presence of sulfite FGD scrubber residue. 
 
 

Periclase and merwinite were not quantified in the samples with significant FGD 

scrubber by-product, due to suppression below the lower quantification limit by the 

dilution effect.  Bulk XRF analysis confirmed the presence of magnesium in these samples. 

Weight Percent, Phase
Qz Ma Pc Mw Cc Gp Et Hb Ml St Amorph

n 16 15 0 0 16 16 14 16 1 0 16
Mean 5.0 1.4 2.3 6.0 7.7 28.8 49.8

Std Dev 3.1 0.7 1.0 4.1 2.9 9.0 7.8
Median 3.5 1.2 2.2 4.6 7.3 28.8 51.2

Min 1.8 0.5 1.0 1.8 4.3 16.8 0.1 31.4
Max 12.8 3.1 4.3 15.4 12.6 52.2 0.1 61.6
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3.2.5 Morphology and Microstructure 

Samples without and with FGD residue were examined by SEM/EPMA.   
 
Samples of recovered ash without codisposed scrubber residue contained abundant fly ash 

spheres ranging from <1 µm to approximately 50 µm in diameter (Fig. 3.12).  Acicular 

ettringite crystals were observed in contact with, radiating from, and binding fly ash grains 

together (independent of fly ash particle size). 

 

  
a) b) 

 
Figure 3.11.  SEM photomicrographs of disposed ND Class C fly ash, showing spherical 
fly ash particles with acicular ettringite crystals in association. a) Magnification x500. b) 
Magnification x2000.  The (atypical) bright grains in lower left of image in b) are 
composed predominantly of barium (decomposed barite). 
 
 

Reaction rims were observed on many of the larger fly ash spheres, with depleted 

calcium content relative to the interior.  This depletion was evident in back-scattering 

images (Fig. 3.13), which display brightness as a function of element weight (heavier 

elements such as calcium appear brighter than lighter elements such as aluminum and 

silicon). 
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Calcite was observed by SEM as a cementing agent in some regions, filling voids 

between fly ash grains.  The light and dark mottled region in Figure 3.13b shows one such 

occurrence, with calcite surrounding the lower portion of the outer circumference of a large 

(approximately 50 µm diameter) fly ash grain, with several smaller (<5 µm diameter) fly 

ash grains included. 

 
a) b) 

 
Figure 3.12.  Reacted fly ash rims.  X-sectional views under SEM in back-scattering mode.  
a) Etched fly ash grain with perimeter etched by dissolution.  b) Fly ash grain with outer 
surface preferentially depleted in calcium. 
 

For those samples from the closed landfill containing FGD residue, abundant flakes 

were observed with elemental signatures corresponding to a 1:1 calcium:sulfur phase (Fig. 

3.14).  The flakes were 1-10 µm in width and <1 µm in thickness.  The oxidation state of 

sulfur cannot be distinguished by the SEM/EPMA analysis, and quantitation of oxygen was 

not feasible for this type of analysis.  With the calcium and sulfur-containing phase 

assumed to be hannebachite, which is reasonable considering the abundance of 

hannebachite by XRD, abundance of plates by SEM, and 1:1 Ca:S ratio observed by 

EPMA, this observation corroborates the XRD interpretation of plate-like morphology 

based on preferred peak orientation.   
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Figure 3.13.  SEM micrograph of ND FGD residue.  Spheres are fly ash particles, thin 
plates are hannebachite. 
 

3.2.6 Discussion of Site II Long Term Behavior 

The mineralogy of disposed Class C fly ash at this site was typical of that seen in 

Class C hydration products.  Reactive calcium compounds such as lime and calcium 

aluminate, presumably present initially, were not observed due to consumption during 

hydration and carbonation reactions.  Many fly ash grains showed evidence of dissolution 

and etching, while others were coated or bound together by ettringite grains.  While most 

of the material remained loose and friable, some consolidation was observed, due to 

cementing agents including ettringite, calcite, and calcium aluminate silicate hydrate 

(strätlingite).  The presence of strätlingite may suggest that these CCB materials are limited 

to initial ettringite production, and later to thaumasite formation, by low levels of sulfate.  

Additionally, the static hydrologic conditions may not be conducive to thaumasite 

formation. 
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Samples retrieved from layers containing FGD residue had ettringite-structure 

phases with unit cell parameters shifted to lower values than those of sulfate end-member 

ettringite.  This may be due to substitution of Si for Al in the columns or to substitution of 

sulfite (or carbonate) for sulfate oxyanions in the channels of the structure. 

 

3.3 Site III   Disposed “Dry Process” Flue Gas Desulfurization Waste 

 

3.3.1 Material: Type, Source, Amount, and Duration of Emplacement 

Disposed lime scrubber (spray dryer) residue from a site in Midwest United States 

was recovered from a landfill adjacent to the power plant producing the residues.  The 

scrubber by-product from this plant has been previously studied in this laboratory.  The 

residue consists of Class C fly ash spheres produced during combustion of Powder River 

Basin subbituminous coal, coated with spent (hannebachite and anhydrite) and unspent 

(portlandite) sorbent.  The scrubber ash was collected from electrostatic precipitators, 

conditioned (moistened) lightly with water to prevent excessive dust emanation, and hauled 

by truck to the top of the disposal site.  As with the ND C ash, the dumped piles of ash 

were periodically leveled in lifts, and additional moisture was added as necessary to keep 

blowing dust to a minimum.  A synthetic liner and an extensive leachate drainage and 

retention system were emplaced prior to ash disposal, for continuous monitoring.  Ash 

disposal began in 1992.  Approximately 1/3 of the landfill was at final grade at the time of 

sampling, in May 1997, and was covered with a synthetic liner and approximately one 

meter of soil cap.  The remainder of the landfill was still being actively brought to grade by 

additional hauling during the time of sampling. 
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3.3.2 Disposal Setting: Physiography, Hydrology and Retrieval 

The extensive liner system around and underneath the landfill acted as an aquitard 

that isolated the landfill hydrologically from the surrounding landscape.  Only precipitation 

effects entered the landfill.  The sampling site is in a humid climate.  Upon hydration that 

results from conditioning or precipitation, the material set with high compressive strength 

and low permeability, preventing significant moisture infiltration from subsequent 

precipitation.  Due to the high degree of induration of the material in the landfill, Shelby 

tube and split spoon sampling was precluded.  A diamond-tipped rotary core drill was used, 

using compressed air rather than drilling fluid to recover the core.  Drilling fluid was 

avoided in order to prevent contamination of the core materials.  In the first attempt, a 

Rotasonic technique was used, wherein an eccentric weight rotated around the drilling rod 

at high speed to generate intense ultrasonic waves at the tip of the drill bit.  The energy 

applied with this technique was so great that the first three meters of ash (a full day’s worth 

of drilling effort) were recovered as crushed chips.  The remainder of the borehole was 

drilled without the ultrasound attachment, and was recovered as solid core.  Total depth of 

the disposed ash was 16 m at the position sampled. 

3.3.3 Typical Physical Properties 

With the exception of the broken material from the upper three meters of the 

landfill, the remainder of the disposed ash was retrieved as solid core material.  The 10 cm 

diameter cylindrical cores were fractured periodically along the core axis, resulting in 

sections typically 5 to 25 cm in length.  Subsampling for laboratory analyses required use 

of a hammer and chisel.  Faint variation in color was observed, with mottled regions 

ranging from light to medium gray. 
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3.3.4 Mineralogy 

The mineralogy observed by XRD appeared similar to earlier laboratory studies of 

hydration of ash produced from this furnace (McCarthy and Solem-Tishmack, 1995).  

Unreacted Class C fly ash phases (quartz, magnetite, hematite, merwinite, periclase, 

melilite and noncrystalline fly ash glass) were observed.  Significant amounts of spent 

sorbent (hannebachite) remained throughout the ash column.  The hydration products 

gypsum and ettringite and the carbonation product calcite were also found.  Figure 3.15 

shows a typical example of the dry process FGD scrubber residue after five years of burial. 

 

 
 
Figure 3.14.  Typical X-ray diffractogram of Midwest lime scrubber (spray dryer) residue. 
 

 

The hannebachite observed at this site did not exhibit the extreme preferred 

orientation along the (0k0) seen at the ND C+FGD site, suggesting a different crystal form.  

The (121) reflection near 23.4 °2θ was anisotropically broadened as with the ND C+FGD 

materials, again suggesting stacking fault defects. 
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Calcium aluminate monosulfite hydrate (Ca4Al2(SO4)(OH)12⋅xH2O, monosulfite) 

was also observed as a minor constituent of several samples, although not quantified.  The 

ettringite phases ranged from pure sulfate ettringite, to an ettringite with shifted XRD peak 

positions and reduced unit cell dimensions, as in the North Dakota site samples containing 

hannebachite.  Quantitative XRD values are given in Table 3.11. 

As with the North Dakota samples, periclase, melilite, and merwinite, components 

of Class C fly ash, are present in all samples at this site.  These minerals are present below 

the quantification limit for the samples with no QXRD value represented.  The presence of 

bassanite is related to sample handling (freeze drying of gypsum present in finely ground 

powders). 
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Table 3.11  Quantitative mineralogy of dry process FGD scrubber (spray dryer) by-product 
at Midwest site.  Table listed by order of increasing depth.  Refer to Tables 1.1 and 1.2 for 
mineral codes. “Blank” values below quantification limit (typically 0.1-1.0 wt%) as 
determined during Rietveld refinement. 
 

 

Weight Percent, Phase
Sample Qz Mu Ma Pc Mw Cc Gp Et Hb Ml Bs Amorph
97MW001 2.5 0.9 0.3 0.8 2.4 18.6 13.5 60.9
97MW002    2.4 3.7 3.6 2.1 17.2 11.7 1.8 57.4
97MW003 2.5 1.4 6.0 4.0 13.8 10.3 62.1
97MW004 2.5 9.2 7.3 11.1 8.6 61.2
97MW006 2.3 1.6 5.4 2.1 14.0 11.0 63.6
97MW016A 3.4 4.8 2.0 0.5 0.9 14.6 19.0 3.2 51.6
97MW016B 2.5 2.8 1.5 3.5 4.3 24.0 13.7 1.0 46.8
97MW017 3.2 1.7 0.4 0.3 3.3 27.7 7.3 14.5 41.5
97MW018 3.4 2.9 1.0 0.7 7.5 22.1 8.5 54.0
97MW019 3.1 4.7 1.4 6.3 8.8 13.3 62.3
97MW037 3.8 1.4 4.1 17.1 14.8 58.8
97MW038 3.5 1.4 3.2 15.7 15.8 60.3
97MW041 3.3 1.6 5.9 5.5 5.7 18.3 59.6
97MW046 3.1 1.3 6.7 5.6 9.2 17.4 56.6
97MW047 3.5 1.3 6.8 5.3 4.3 17.6 61.1
97MW049 2.5 1.0 8.6 3.3 10.8 10.3 63.5
97MW050 2.5 1.4 7.3 4.8 9.7 13.5 60.7
97MW051 2.5 1.3 4.7 2.4 16.4 13.4 59.3
97MW056 3.8 1.9 4.0 1.2 12.2 14.8 62.1
97MW057 3.3 2.0 2.6 14.1 14.6 0.7 62.7
97MW060 3.3 1.8 6.0 9.0 6.1 12.4 61.4
97MW062 3.7 1.0 4.3 2.4 26.3 22.8 39.5
97MW076 2.5 0.8 6.8 15.2 14.9 59.8
97MW078 2.2 0.9 2.7 29.0 14.8 50.5
97MW079 2.0 1.5 4.6 4.5 13.3 14.5 59.6
97MW080 1.8 1.7 1.3 5.8 2.4 16.0 15.1 55.9
97MW082 1.7 0.7 5.7 23.3 10.8 57.9
97MW083 2.0 1.1 3.5 27.1 13.8 52.5
97MW086 2.2 0.8 4.2 32.8 12.1 47.9
97MW089 3.1 1.0 2.3 26.7 10.6 56.2

n 30 4 29 2 6 30 16 30 29 1 4 30
Mean 2.8 1.4 4.9 5.0 16.8 13.6 56.9

Std Dev 0.6 0.6 2.0 3.4 7.5 3.4 6.3
Median 2.5 1.4 4.6 4.4 15.3 13.5 59.5

Min 1.7 1.7 0.7 0.3 0.3 0.9 1.2 4.3 7.3 1.8 0.7 39.5
Max 3.8 4.8 3.7 0.4 3.6 9.2 15.2 32.8 22.8 1.8 14.5 63.6
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3.3.5 Morphology and Microstructure 

The disposed ash contained fly ash spheres ranging from <1 µm to nearly 50µm, 

although spheres larger than 10 µm were uncommon.  The fly ash included solid spheres, 

thin and thick walled cenospheres (hollow spheres), and plerospheres (breached 

cenospheres with smaller particles within).  The spheres were embedded in a matrix of 

hannebachite and calcite, as seen in cross-sectional SEM images (Fig. 3.15).  

Hannebachite, inferred from EPMA results, was SEM amorphous, in contrast to the plate-

like hannebachite observed at the ND C+FGD site, confirming the predictions based on 

XRD.  Hannebachite at this site was formed very rapidly in the dry-process FGD system 

during dehydration of calcium hydroxide sorbent (injected into the flue gas) and 

subsequent reaction with gaseous sulfur oxide and water, leading to the observed 

morphology.   This mode of formation contrasts with that of the better-formed plate-like 

crystals of hannebachite observed at the North Dakota site, which crystallized from 

solution over longer time periods while flue gases were pushed through tanks of liquid in 

the wet-process FGD system. 

In SEM mounts of crushed materials, the hannebachite (and/or ettringite) may be 

seen as rough, nodular surface coatings on fly ash spheres, rather than well-formed crystals, 

with EPMA elemental compositions approximating hannebachite or ettringite. 

In contrast to this “SEM amorphous” ettringite form, many voids were filled with 

acicular, high c/a axis aspect ettringite crystals (Fig. 3.15 b), with aluminum signals 

dominant over silicon by electron probe analysis, suggesting an ettringite structure phase 

similar to sulfate ettringite. 
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a) b) 

Figure 3.15.  SEM micrograph of disposed dry process FGD scrubber by-product. a) 
magnification x500, b) magnification x1000. 
 
 
 

3.3.6 Discussion of Site III Long Term Behavior 

The disposed scrubber residue composite material (with encapsulated Class C fly 

ash) underwent hydration reactions previously observed in laboratory hydration studies 

(Solem, 1993).  Ettringite, gypsum, and calcite formed upon hydration and carbonation.  

Highly reactive crystalline calcium species were completely consumed in the hydration 

reactions, while much of the initial reacted sorbent (hannebachite) remained unaltered.  

Ettringite appears to have formed in two separate occurrences: as an overgrowth of 

hannebachite-coated fly ash particles leading to an SEM-amorphous form, and as a 

through-solution precipitate crystallizing in open pore spaces.  The former occurrence may 

be responsible for the small unit cell ettringite structure phases observed by XRD (due to 

sulfite and/or silicon substitution), while SEM-crystalline ettringite phases crystallized 

from pore solutions are likely responsible for the XRD phase nearer in appearance to 

sulfate end-member ettringite. 



 62 

In several occurrences, presumably where liquid to solid ratios were lower and the 

pore solutions undersaturated in oxyanionic sulfur species, small amounts of calcium 

monosulfite aluminate hydrates formed in addition to ettringite.  Due to extensive early 

hydration and pore infilling, subsequent moisture infiltration was prevented.  After up to 

five years of burial, the materials analyzed remained highly indurated, with no loss of 

physical integrity or diagenetic thaumasite formation. 

The ettringites precipitated in voids from pore solutions suggests that some degree 

of fluid and dissolved ion movement has taken place despite the high level of induration 

and low permeability of the material.  This movement could easily have taken place early 

during emplacement of the materials containing these occurrences. 

 

3.4 Site IV   Utilized Circulating Fluidized Bed Combustion and Chain-Grate 

Stoker Residues 

 

3.4.1 Material: Type, Source, Amount, and Duration of Emplacement 

The last site in this study was created from a mixture of coal combustion by-

products produced in three boilers at a university power plant, and an additional boiler at a 

nearby industry.  Chain-grate stoker ash (both fly and bottom) was used from two of the 

university boilers which burned Indiana bituminous coal with typically less than 1.5% 

sulfur.  Circulating fluidized bed combustion residues (bottom (bed), baghouse, fly, and 

economizer / heat recovery ashes) were used from the university boiler which burned 

Indiana coals with typically greater than 3% sulfur.  A small amount of Class F ash 

produced at a nearby industry was also used at this site (Tishmack, personal comm., 2000). 
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The various CCB materials were placed together heterogeneously as fill in an 

abandoned gravel pit, forming an embankment underlying a road near the university power 

plants that produced them.  Placement began in April 1994, using materials that had been 

piled and allowed to weather for more than one year.  Within six to nine months of 

placement, the weathered materials were consumed, and constituted approximately the first 

3.25 m of the 10 m fill / embankment.  The remainder of the embankment was filled with 

fresh ash.  The constructed embankment, when finished, consisted of approximately 

150,000 tons of ash.  Of this total, approximately 10,000 tons were Class F fly ash from the 

boiler of the neighboring industry.  The remainder consisted of approximately 60% FBC 

ashes and 40% chain-grate (Stoker) ashes (Deschamps, 1998).  Split spoon sampling was 

performed in 1998. 

3.4.2 Disposal Setting: Physiography, Hydrology and Retrieval 

This sampling site was also situated in a humid climate.  The embankment was not 

capped or paved prior to sampling, and was open to rainwater infiltration.  The ease of 

sampling varied throughout the embankment.  Many indurated layers were encountered, 

causing a large number of hammer blows to drive the samplers.  In a few cases, sampling 

was refused due to these hardened layers (Deschamps, 1998).   

3.4.3 Typical Physical Properties 

Split spoon samples retrieved from this site ranged in texture from loose soft 

powder to indurated flakes and fragments that had to be broken by hammer for 

subsampling and analysis.  The materials were predominantly medium to dark gray, with 

occasional reddish hues attributable to hematite.  The samples were damp as received. 
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3.4.4 Mineralogy 

Chain-grate ash and FBC ash were mixed, but not thoroughly blended, during the 

construction of the embankment, hydrated by conditioning, and subjected to subsequent 

precipitation and diagenesis.  Where the chain-grate ash predominated, an assemblage of 

unreacted phases (quartz, mullite, magnetite, hematite, and aluminosilicate glass) was 

observed.  In a few cases, this assemblage appeared independent of common FBC ash 

mineralogies and those of subsequent hydration and diagenetic products, although gypsum 

occurred ubiquitously.  Figure 3.16 shows an example of material from this site comprised 

predominantly of chain-grate stoker ash.  In most samples containing significant chain-

grate residual phases, hydrated FBC material was also seen.  In many samples, hydrated 

FBC material was dominant over chain-grate ash.  The FBC phases identified include 

gypsum, calcite, and in some cases unreacted portlandite.  Anhydrite, present in the 

original FBC ashes, was not present in any of the samples, apparently having hydrated to 

gypsum.  Ettringite occurred in most samples, and thaumasite was also observed in many 

of the samples.  Figure 3.17 shows a sample containing a diagenetic assemblage, with both 

ettringite and thaumasite. 

 Quantitative XRD results are summarized in Tables 3.12 – 3.14.  The materials rich 

in chain-grate stoker ash have been regrouped in Table 3.13, while those richer in FBC 

materials have been regrouped in Table 3.14. 
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Figure 3.16.  X-ray diffraction plot of disposed chain-grate stoker ash material from 
Indiana site.  Gypsum originated in codisposed FBC material. 
 
 
 
 

 

Figure 3.17.  X-ray diffraction plot of diagenetic assemblage from the Indiana CFBC site. 
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Table 3.12.  Quantitative mineralogy of chain-grate mixed and FBC by-products at Indiana 
site.  Five boreholes represented.  Refer to Tables 1.1 and 1.2 for mineral codes. “Blank” 
values below quantification limit (typically 0.1-1.0 wt%) as determined during Rietveld 
refinement. 
 

 
 
 
Table 3.13.  Quantitative XRD results for Indiana chain-grate and FBC materials used for 
road embankment.  Results for samples rich in chain-grate ash given here.  Refer to Tables 
1.1 and 1.2 for mineral codes. 
 

 

Weight Percent, Phase
Sample Qz Mu Ma Hm Cc Gp Et Tm Pl Amorph
P98-03B 5.3 16.6 4.8 2.8 0.9 6.0 63.5
P98-06B 2.4 9.2 1.2 4.9 2.7 14.5 27.6 37.4
P98-06T 3.2 10.1 1.2 3.9 6.5 18.9 17.1 39.1
P98-08B 1.9 0.2 6.1 2.8 28.3 35.4 11.2 14.0
P98-08T 1.5 5.6 2.2 25.4 33.7 15.6 16.0
P98-13B          4.1 16.0 5.5 2.8 1.5 64.2
P98-13T 1.8 5.3 1.3 3.1 4.8 22.7 26.7 18.6 15.6
P98-16T 1.5 5.1 27.2 34.5 13.6 1.2 16.8
P98-18B 4.3 0.6 2.6 8.1 27.9 27.6 1.5 27.4
P98-18T 4.4 4.0 5.5 21.1 31.4 6.5 27.1
P98-21B 4.4 7.4 1.2 4.2 4.2 21.2 28.3 5.3 23.8
P98-21T 4.2 4.6 8.0 29.9 33.8 11.4 8.0
P98-23B 5.8 12.4 1.6 2.5 2.1 13.7 12.3 6.7 43.0
P98-23T 5.3 16.1 3.0 1.7 10.0 18.9 45.0
P98-26B 3.8 11.1 1.4 2.1 2.4 25.1 13.7 40.5
P98-26T 5.3 12.6 1.2 3.3 1.7 10.5 17.4 48.1

n 16 10 11 16 14 16 14 8 2 16
Mean 3.7 11.7 1.8 3.8 3.8 19.0 25.6 11.1 33.1

Std Dev 1.5 3.8 1.7 1.2 2.4 8.7 8.1 4.7 17.3
Median 4.2 11.7 1.2 3.6 2.8 21.1 27.6 11.3 32.4

Min 1.5 5.3 0.2 2.1 0.9 1.5 12.3 5.3 1.2 8.0
Max 5.8 16.6 5.5 6.1 8.1 29.9 35.4 18.6 1.5 64.2

Weight Percent, Phase
Qz Mu Ma Hm Cc Gp Et Tm Pl Amorph

n 10 10 9 10 9 10 8 3 0 10
Mean 4.1 11.7 2.2 3.3 3.0 14.4 20.2 42.0

Std Dev 1.3 3.8 1.7 0.8 1.8 7.6 6.4 15.1
Median 4.2 11.7 1.3 3.1 2.4 14.1 18.1 41.7

Min 1.8 5.3 1.2 2.1 0.9 1.5 12.3 5.3 0.0 15.6
Max 5.8 16.6 5.5 4.9 6.5 25.1 28.3 18.6 0.0 64.2
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Table 3.14.  Quantitative XRD results for Indiana chain-grate and FBC materials used for 
road embankment.  Results for samples rich in FBC by-product given here.  Refer to 
Tables 1.1 and 1.2 for mineral codes. 
 

 
 

3.4.5 Morphology and Microstructure 

Under SEM, the utilized FBC and chain-grate materials appeared similar to FBC 

materials, hydrated or exposed to moisture for long durations, from previous investigations 

(McCarthy and Solem-Tishmack, 1995; Weinberg, et al., 1994, Weinberg, et al., 1997; 

Butler, et al., 1993).  Much of the altered ash was SEM amorphous, corresponding to 

dehydroxylated clay and minor crystalline components of the FBC, and the chain-grate fly 

and bottom ash.  Large nests of prismatic crystals with ettringite and thaumasite 

chemistries were also plainly visible.  An example of the morphologies observed at this site 

is shown in Figure 3.18. 

 

Weight Percent, Phase
Qz Mu Ma Hm Cc Gp Et Tm Pl Amorph

n 6 0 2 6 5 6 6 5 2 6
Mean 3.0 4.7 5.3 26.6 32.7 11.7 18.2

Std Dev 1.5 1.2 2.8 3.1 2.8 3.4 7.7
Median 3.0 4.9 5.5 27.6 33.8 11.4 16.4

Min 1.5 0.0 0.2 2.6 2.2 21.1 27.6 6.5 1.2 8.0
Max 4.4 0.0 0.6 6.1 8.1 29.9 35.4 15.6 1.5 27.4
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Figure 3.18.  SEM micrograph of diagenetic assemblage from utilized fluidized bed 
combustion residue mixed with chain-grate furnace ash.  Hexagonal prisms correspond to 
ettringite structure phase(s). 
 
 

3.4.6 Discussion of Site IV Long Term Behavior 

Long-term diagenetic alteration was observed in materials from this site after only 

five years of emplacement, typical of previous studies of disposed FBC ash.  The mineral 

thaumasite was present in many samples, as determined by X-ray diffraction and 

SEM/EPMA analyses, in addition to an ettringite structure phase similar by XRD to sulfate 

end-member ettringite.  Due to the abundance of freely available portlandite, calcite, 

gypsum, and soluble silica, FBC systems readily form thaumasite when exposed to wet, 

cool conditions. 

It should be noted that following burial during construction of the embankment, the 

majority of the fill, including those retrieved samples containing thaumasite, were isolated 

from the Indiana winter by burial at depth up to 10 m.  Thus, thaumasite likely formed at 

temperatures above the optimum formation conditions (0-5 °C). 
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Following construction of the road embankment, monitoring of the fill showed 

expansion, primarily as lateral (unconfined) movement.  Much greater expansion was noted 

for the upper materials that were placed as fresh ash relative to the lower material, which 

had weathered for more than one year.  Surface heaving also occurred, although the heaved 

material generally consisted of large hardened plates that were easily crushed and flattened 

by heavy truck traffic. 

In 1999, approximately 30 cm of aggregate road base was applied to the top of the 

embankment, and the road was paved with 5 cm of asphalt.  At the time of this writing 

(approximately 15 months after construction of the final road surface), no observable wheel 

rutting has occurred.  The embankment, despite hydration-related expansion and the 

occurrence of thaumasite, is apparently quite stable in its present utilization.  It should be 

cautioned for future applications, however, that the material was unconfined on two sides 

during hydration and expansion, that the “pre-weathered” material produced less expansion 

over the duration of the emplacement, that the embankment consisted of Class F fly ash 

and chain-grate Stoker ash mixed with the FBC ash, and that construction of the final road 

surface was not performed until after five years of hydration and weathering. 

3.5 Comparisons Between Quantitative X-Ray Diffraction and Fluorescence Data 

Based on the QXRD results, a set of 41 selected samples was chosen for bulk 

elemental analysis by X-Ray Fluorescence (XRF).  Samples were chosen to represent both 

typical and extreme samples from each borehole sample set.  Aliquots of samples 

previously examined by qualitative XRD were sent to Wyoming Analytical Laboratories 

for XRF analysis.  The XRF results were reported as analytical oxides of selected heavy 

elements, and are shown in Tables 3.15 – 3.19. 
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All of the samples submitted were hydrated CCBs, with significant water content 

contained in the crystalline fraction, with the exception of the unaltered Class F ashes.  

This crystalline water, together with species such as CO2 that calcined at 750 °C, was 

reported as lost on ignition (LOI).  Because of this excess mass, the reported weight 

percentages of heavy elements are not directly comparable to their counterparts in dry coal 

ashes.  However, the ratio of silica to alumina observed for each CCB corresponded to that 

found in dry coal ashes from similar fuel sources.  Samples containing by-products derived 

from Kentucky and Indiana bituminous, and Powder River Basin subbituminous coals had 

average Si:Al ratios near 2:1 (Kentucky: 2.1, Indiana: 1.9, Midwest FGD: 1.8).  CCBs 

derived from North Dakota lignites (with higher mineral content) had higher ratios of Si:Al 

(2.8 for the fraction containing FGD by-product, 2.9 for the ash deposits with no FGD by-

product). 
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Table 3.15.  Analytical oxides determined by XRF, wt%.  Kentucky samples.  H2O calculated from oven-dried moisture loss at 100 
°C.  LOI = loss on ignition to 750 °C.  Resid = (100% - Sum(analyzed oxides)), calculated for those samples with too little material 
submitted to determine LOI.  S/A = silica / alumina ratio. 

Sample SiO2 Al2O3 Fe2O3 S+A+F CaO MgO Na2O K2O SO3 LOI Resid H2O S/A

Kentucky Class F
98KY105 46.0 22.8 4.1 72.8 1.4 0.8 0.1 1.8 0.1 21.7 0.6 2.0
98KY107 46.2 20.4 8.8 75.4 3.8 1.0 1.9 1.6 0.9 13.5 2.3
98KY109 47.4 24.0 17.5 88.9 3.4 0.9 0.3 2.2 0.4 2.6 0.9 2.0
98KY202 52.7 24.6 5.5 82.8 2.0 0.9 0.4 2.1 0.1 10.1 0.4 2.1
98KY208 49.3 22.9 13.9 86.1 3.7 1.1 1.0 2.4 0.3 3.9 1.0 2.2
98KY210 39.6 20.3 23.6 83.5 6.7 1.1 0.3 1.8 1.2 4.1 2.3 1.9
98KY215 49.0 25.6 6.8 81.4 2.9 0.8 0.4 1.3 0.2 11.2 0.5 1.9
98KY220 44.9 21.5 21.4 87.7 1.9 0.8 0.2 1.4 0.2 6.6 0.4 2.1

Mean 46.9 22.8 12.7 82.3 3.2 0.9 0.6 1.8 0.4 8.6 0.9 2.1
StdDev 3.8 1.9 7.5 5.7 1.7 0.1 0.6 0.4 0.4 6.6 0.7 0.1
Median 46.8 22.8 11.3 83.2 3.1 0.9 0.3 1.8 0.3 6.6 0.6 2.1

Min 39.6 20.3 4.1 72.8 1.4 0.8 0.1 1.3 0.1 2.6 0.4 1.9
Max 52.7 25.6 23.6 88.9 6.7 1.1 1.9 2.4 1.2 21.7 2.3 2.3
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Table 3.16.  Analytical oxides determined by XRF, wt%.  Indiana samples.  H2O calculated from oven-dried moisture loss at 100 °C.  
LOI = loss on ignition to 750 °C.  Resid = (100% - Sum(analyzed oxides)), calculated for those samples with too little material 
submitted to determine LOI.  S/A = silica / alumina ratio. 

Sample SiO2 Al2O3 Fe2O3 S+A+F CaO MgO Na2O K2O SO3 LOI Resid H2O S/A
CFBC + Stoker
P98-03B 30.2 16.4 10.4 56.9 4.0 0.4 0.1 0.9 2.6 33.9 1.3 1.8
P98-06B 21.7 13.0 8.8 43.5 21.4 0.6 0.2 0.7 11.8 21.0 8.9 1.7
P98-06T 21.1 11.9 9.0 42.0 19.9 0.8 0.3 0.7 12.5 22.9 5.9 1.8
P98-08B 9.6 5.6 9.7 24.8 29.6 0.6 0.3 0.5 20.2 23.7 11.5 1.7
P98-11B 30.2 16.0 7.7 54.0 13.6 0.7 0.3 1.1 8.4 20.7 6.2 1.9
P98-13T 14.3 7.9 7.7 29.9 26.8 0.6 0.1 0.5 18.4 23.0 10.8 1.8
P98-16T 8.8 4.6 8.0 21.4 31.6 0.6 0.0 0.3 20.3 25.4 11.6 1.9
P98-18B 13.2 5.6 5.6 24.3 35.5 0.7 0.1 0.4 21.2 17.3 9.9 2.4
P98-18T 14.0 6.5 6.9 27.4 29.9 0.6 0.1 0.5 19.1 21.7 11.2 2.1
P98-21B 21.5 11.0 8.9 41.4 23.5 0.9 0.2 1.0 13.7 18.5 10.0 2.0
P98-21T 14.5 7.0 9.4 31.0 35.9 0.8 0.7 0.5 7.1 23.4 9.8 2.1
P98-26B 24.9 13.5 6.4 44.8 17.9 0.8 0.4 1.1 13.7 20.4 5.2 1.8

Mean 18.7 9.9 8.2 36.8 24.1 0.7 0.2 0.7 14.1 22.7 8.5 1.9
StdDev 7.4 4.2 1.4 11.9 9.4 0.1 0.2 0.3 6.0 4.2 3.2 0.2
Median 17.8 9.5 8.4 36.2 25.2 0.6 0.2 0.6 13.7 22.3 9.8 1.9

Min 8.8 4.6 5.6 21.4 4.0 0.4 0.0 0.3 2.6 17.3 1.3 1.7
Max 30.2 16.4 10.4 56.9 35.9 0.9 0.7 1.1 21.2 33.9 11.6 2.4
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Table 3.17.  Analytical oxides determined by XRF, wt%.  Midwest samples.  H2O calculated from oven-dried moisture loss at 100 °C.  
LOI = loss on ignition to 750 °C.  Resid = (100% - Sum(analyzed oxides)), calculated for those samples with too little material 
submitted to determine LOI.  S/A = silica / alumina ratio. 

Sample SiO2 Al2O3 Fe2O3 S+A+F CaO MgO Na2O K2O SO3 LOI Resid H2O S/A
Spray Dryer
97MW001 23.4 14.3 3.7 41.5 27.5 2.7 1.4 0.4 10.1 14.6 1.6
97MW003 24.6 15.1 3.1 42.7 26.8 2.9 1.6 0.4 13.4 10.4 5.7 1.6
97MW062 20.6 10.3 2.6 33.5 29.2 3.1 0.7 0.2 18.3 13.6 9.3 2.0
97MW076 26.7 14.2 3.0 43.9 24.2 3.3 0.9 0.7 13.0 12.5 6.0 1.9
97MW086 24.5 14.4 4.8 43.8 28.6 2.9 2.3 0.6 11.3 8.7 1.7

Mean 23.9 13.7 3.5 41.1 27.3 3.0 1.4 0.5 13.2 1.8
StdDev 2.2 1.9 0.9 4.4 1.9 0.3 0.6 0.2 3.1 0.2
Median 24.5 14.3 3.1 42.7 27.5 2.9 1.4 0.4 13.0 1.7

Min 20.6 10.3 2.6 33.5 24.2 2.7 0.7 0.2 10.1 1.6
Max 26.7 15.1 4.8 43.9 29.2 3.3 2.3 0.7 18.3 2.0
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Table 3.18.  Analytical oxides determined by XRF, wt%.  North Dakota samples without FGD by-product.  H2O calculated from 
oven-dried moisture loss at 100 °C.  LOI = loss on ignition to 750 °C.  Resid = (100% - Sum(analyzed oxides)), calculated for those 
samples with too little material submitted to determine LOI.  S/A = silica / alumina ratio. 

Sample SiO2 Al2O3 Fe2O3 S+A+F CaO MgO Na2O K2O SO3 LOI Resid H2O S/A
ND Class C
98ND082 38.1 14.2 6.5 58.9 19.6 5.2 1.2 1.4 2.1 10.1 3.0 2.7
98ND085 38.8 14.7 6.5 60.0 19.0 5.1 1.4 1.5 1.7 9.8 4.8 2.6
98ND086 39.0 14.7 6.8 60.5 18.9 5.2 1.7 1.5 1.7 9.0 7.9 2.7
98ND180 38.0 12.3 5.4 55.7 18.5 4.3 1.1 1.6 9.8 7.6 4.9 3.1
98ND229 41.0 14.0 6.9 61.9 18.9 5.2 1.0 1.4 3.3 6.9 6.2 2.9
98ND235 44.4 14.8 6.3 65.4 16.6 5.1 1.0 1.6 1.3 7.6 2.5 3.0
98ND249 42.7 14.9 7.3 64.9 18.7 5.2 0.8 1.5 1.5 6.0 2.8 2.9
98ND268 40.5 14.4 9.0 63.9 18.8 5.7 1.5 1.8 1.8 4.9 2.8 2.8
98ND286 44.8 15.6 7.3 67.7 17.9 5.0 0.6 1.9 1.2 3.9 1.7 2.9
98ND343 40.5 13.8 7.6 61.8 19.4 5.4 0.8 1.5 1.5 7.9 3.6 2.9
98ND344 41.2 13.8 7.1 62.1 19.0 5.3 1.0 1.5 1.3 8.0 2.8 3.0

Mean 40.8 14.3 7.0 62.1 18.6 5.2 1.1 1.6 2.5 7.4 3.9 2.9
StdDev 2.3 0.8 0.9 3.3 0.8 0.3 0.3 0.2 2.5 1.9 1.9 0.2
Median 40.5 14.4 6.9 61.9 18.9 5.2 1.0 1.5 1.7 7.6 3.0 2.9

Min 38.0 12.3 5.4 55.7 16.6 4.3 0.6 1.4 1.2 3.9 1.7 2.6
Max 44.8 15.6 9.0 67.7 19.6 5.7 1.7 1.9 9.8 10.1 7.9 3.1
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Table 3.19.  Analytical oxides determined by XRF, wt%.  North Dakota samples with FGD by-product.  H2O calculated from oven-
dried moisture loss at 100 °C.  LOI = loss on ignition to 750 °C.  Resid = (100% - Sum(analyzed oxides)), calculated for those 
samples with too little material submitted to determine LOI.  S/A = silica / alumina ratio.

Sample SiO2 Al2O3 Fe2O3 S+A+F CaO MgO Na2O K2O SO3 LOI Resid H2O S/A
ND Class C + FGD Ash
98ND062 21.8 7.9 6.0 35.7 28.7 2.9 0.6 0.8 17.4 12.6 2.8
98ND072 19.3 7.4 4.6 31.4 31.6 2.8 1.5 1.0 21.5 9.2 2.6
98ND074 22.7 7.7 4.1 34.6 28.2 2.9 0.7 0.8 24.9 6.9 2.4 2.9
98ND126 18.7 6.3 3.1 28.1 31.7 2.9 0.6 0.7 27.4 7.6 5.0 3.0
98ND224 24.4 8.4 3.8 36.6 25.0 3.1 0.9 1.0 15.0 17.0 2.9

Mean 21.4 7.5 4.3 33.3 29.0 2.9 0.9 0.8 21.2 2.8
StdDev 2.4 0.8 1.1 3.5 2.8 0.1 0.4 0.1 5.1 0.2
Median 21.8 7.7 4.1 34.6 28.7 2.9 0.7 0.8 21.5 2.9

Min 18.7 6.3 3.1 28.1 25.0 2.8 0.6 0.7 15.0 2.6
Max 24.4 8.4 6.0 36.6 31.7 3.1 1.5 1.0 27.4 3.0
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Elemental (oxide) contributions from the crystalline portions of each sample were 

calculated based on the QXRD data.  The QXRD data contained no information about the 

chemistry of the noncrystalline portions of each sample.  These noncrystalline portions 

presumably included unreacted fly ash glass or dehydroxylated clay matter, amorphous 

calcium aluminosilicate hydrates, and amorphous carbon from rejected or incompletely 

combusted coal.  Despite this largely unknown component, comparisons between the 

quantitative XRD and XRF data showed several useful trends. 

Crystalline contributions to bulk iron oxide, as calculated by QXRD data, account 

for nearly two-thirds of the analytical iron oxide determined by XRF.  Figure 3.19 shows 

this relationship.  Results from both the Kentucky (Class F ash) and Indiana (stoker plus 

FBC ash) sites show a fair correlation (R2 = 75-80%), averaging approximately 60 wt% of 

the total bulk iron oxide present in crystalline forms.  This implies that the remaining iron 

is present in noncrystalline phases, which is consistent with previous reports comparing dry 

coal ash XRF and XRD data.  While the results from the North Dakota (Class C ash with or 

without FGD by-product) and Midwest (spray dryer by-product) samples do not 

individually support this trend, the entire dataset has a correlation of R2 = 75%.  (It should 

also be noted that the QXRD values shown for the North Dakota and Midwest samples are 

near the detection limit.)  In addition to the presence of iron in noncrystalline phases 

(undetectable as such to XRD), and the relatively small amounts of iron substituting for 

aluminum in ettringite in the Kentucky samples, X-ray microabsorption effects may also 

generate discrepancies between the quantitative XRF and XRD data. 
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Figure 3.19.  Comparison of iron oxide as determined by XRF and XRD techniques. 

 Analytical calcium and sulfur oxides were both more abundant in the bulk XRF 

analyses than predicted by contributions from crystalline portions.  Calcium may be present 

in unreacted noncrystalline ash components, or in hydrated amorphous calcium 

aluminosilicate hydrates.  Sulfate is also known to reside in hydrated amorphous calcium 

aluminosilicate hydrates.  However, the amount of sulfate unaccounted by the crystalline 

portion of the sample was very large for samples containing hannebachite.  Figure 3.20 

shows the correlation between unaccounted bulk analytical SO3 and crystalline 

hannebachite, as determined by QXRD. 

For those samples containing hannebachite, an average of approximately 40 percent 

of unaccounted analytical SO3 exists for each percent of hannebachite determined by 

QXRD.  This additional SO3 may be present in amorphous phases associated with 

hannebachite, or may represent error in quantification of hannebachite by the Rietveld 

QXRD method.  Sulfur is partially oxidized in hannebachite (as CaO⋅SIVO2⋅1/2 H2O) rather 
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than fully oxidized as SVIO3.  As such, the XRF results, which are originally determined 

from an emission of atomic sulfur, normalized on an oxide basis, and then made up to 100 

wt% relative to LOI, slightly overestimate the “SO3” present.  For a sample of pure 

hannebachite, this overestimation would be 12 wt%, so this factor is also insufficient to 

produce such a large discrepancy in the quantitative XRF and XRD data. 

As was illustrated in Sections 3.2 and 3.3, hannebachite suffers from several factors 

that contribute to anisotropic peak broadening.  Clearly, more work is warranted with this 

unusual phase. 
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Figure 3.20.  Graph of unaccounted bulk SO3 determined by subtracting crystalline phase 
contributions from the bulk XRF data, relative to hannebachite wt% determined by QXRD. 
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3.6 Comparisons Among Observed Ettringite Structure Phases 

X-ray diffraction peak positions and associated structural unit cell values for the 

ettringite-like phases identified in the disposed and utilized materials suggest considerable 

variation in chemical composition within the accommodating ettringite structure. 

Plotting the crystallographic axes of the various ettringite structure phases found in 

this study, with the long “c” axis vs. the short “a” axis, generates useful clustering.  Figure 

3.21 shows this behavior, with lattice dimensions plotted for the various disposed CCB 

types and for literature values of the related minerals.  The c-axis of thaumasite has been 

doubled for comparison to ettringite.   
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Figure 3.21.  Lattice parameters of ettringite phases in various residues studied. 
 

Ettringites formed in the ND Class C fly and bottom ash disposal landfill cluster 

near the literature values for sulfate end-member ettringite, as do those of the ettringites 

from the IN CFBC five-year samplings, which produce XRD patterns with low 2-theta 
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(high d-spacing = larger unit cell) peak positions.  These phases also correspond to high 

aluminum, low silicon crystals observed under SEM. 

Intermediate values were observed for Class C fly ash materials disposed with (or 

encapsulated by) sulfite lime scrubber residues, formed under both dry and wet process flue 

gas desulfurization conditions.  Unfortunately, the ettringites formed in these systems did 

not occur as prismatic morphologies, as in the phases nearer the end-member unit cell 

sizes, so elemental compositions for these minerals could not be determined directly by 

SEM / EPMA.  These ettringites may be sulfite substituted, due to the association with 

hannebachite, or they may be silicon- and carbonate-substituted, forming a solid solution 

with thaumasite.  Lattice dimensions are given for the North Dakota samples in Figure 

3.22, and for the Midwest FGD samples in Figure 3.23. 

20.6

20.7

20.8

20.9

21.0

21.1

21.2

21.3

21.4

21.5

21.6

11.00 11.05 11.10 11.15 11.20 11.25

a axis length, Angstroms

c 
ax

is
 le

ng
th

, A
ng

st
ro

m
s

ND Class C, no FGD
ND Class C, w/ Hb

 

Figure 3.22.  Unit cell dimensions for ettringites found in North Dakota samples. 
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Since scrubber ash contains a large amount of calcium sulfite hemihydrate 

(hannebachite), it is worth considering sulfite substitution for sulfate.  Substitution of 

sulfite for sulfate oxyanions in the channels of the ettringite structure has been reported 

from laboratory preparations (McCarthy, et al., 1992; Motzel and Poellmann, 1999).  

Motzet and Poellmann claim that laboratory prepared sulfite ettringite is prepared only with 

difficulty and is unstable once formed.  However, McCarthy, et al. (1992) prepared sulfite 

ettringite without difficulty.  Ongoing work in this laboratory by undergraduate researchers 

has repeated this synthesis, creating a material that is stable in air if not in solution, 

although the exacting methods used by Motzet and Poellmann were not employed, and the 

possibility of carbonate inclusion cannot be ruled out.  Motzet and Poellmann also state 

that “… the silicate phase is slightly accelerated by sulfite ions,” which would seem to 

imply formation of thaumasite in the presence of hannebachite.  Knudsen (1991) reported 

ettringite structure phases produced by mixing sulfite scrubber residue with Class F fly ash 

that have resultant XRD peak positions shifted toward thaumasite values. 

Whether the smaller unit cell ettringites contain sulfite ions incorporated from the 

hannebachite, or whether hannebachite plays a role in creating solution conditions 

amenable to silicious and / or carbonated ettringite (“thaumasitic ettringite”) was 

unfortunately beyond the scope of this present study.  While Barnett, et al. (1999, 2000) 

have reported some promising early results of ettringite – thaumasite solid solutions, the 

optimum pH (and eH?) conditions for formation of solid solutions of ettringite and 

thaumasite, as well as thorough definitions of their stability regions, are not known. 

The spray dryer (dry process FGD) materials at the Midwest site contained 

ettringites with a continuous range of unit cell values from those of pure sulfate ettringite to 
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heavily substituted ettringites.  The larger unit cell sulfate ettringites may have been 

primarily those observed as recrystallized in pore solutions, while the SEM amorphous 

ettringites correspond to the smaller unit cell dimensions. 
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Figure 3.23.  Unit cell dimensions for ettringites found in Midwest FGD samples. 

Ettringite-structure phases identified in the five year sampling from the IN CFBC 

materials which produce XRD patterns with higher 2θ values cluster near thaumasite 

literature values (Figure 3.24), corresponding to high-silicon, low-aluminum crystals seen 

under SEM. 

Finally, a small number of iron-bearing ettringites were observed in the Class F fly 

ash surface impoundment.  This type of ettringite did not cluster along the roughly 

continuous line formed by the other ettringites in the study, but rather formed a somewhat 

distinct grouping (Figure 3.25), with a lengthened c-axis trending toward that of pure iron 

ettringite.  
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Figure 3.24.  Unit cell dimensions for ettringites and thaumasites found in FBC-containing 
samples. 
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3.7 Discussion on Activities of Emplaced CCBs and Thaumasite Formation 

This study supports prior studies of fluidized bed combustion by-products in that 

thaumasite, a mineral typically associated with deleterious alteration of concretes, readily 

forms in FBC ashes.  However, the FBC site studied was an example of a successful 

utilization of FBC by-products, and is to date a stable embankment supporting a paved road 

with heavy truck traffic. 

This study also confirms that low calcium (Class F) fly and related ashes, as 

predicted, are dominantly inert after a period of decades (two, in this case) of uninhibited 

exposure to precipitation. 

However, two sites containing high calcium, cementitious CCBs did not undergo 

ash diagenesis after periods from five to 17 years.  The first of these sites was an ash 

disposal site containing hydrated mildly cementitious lignite ash from a conventional boiler 

co-disposed in layers with dredged wet flue gas desulfurization (FGD) by-products.  

Neither the layers containing pure hydrated ash nor the layers with wet FGD by-products 

produced thaumasite, despite up to 17 years of exposure to saturated conditions in many 

portions of the landfill.  The second site was an ash disposal site containing cementitious 

dry-process FGD by-products, which consisted of subbituminous high calcium fly ash 

coated with scrubber residue. 

The lack of alteration observed in the low calcium (Class F) fly ash impoundment 

was not surprising, considering insufficient activation sources for dissolution of the 

pozzolanic fly ash glass.  In addition to lack of high pH and alkaline or alkaline earth 

elements to activate the glass, the element of time was also apparently an insufficient 

activation source, at least at 20 years of aging.  The site containing hydrated FBC ashes 
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mixed with chain-grate stoker ashes produced the diagenetic mineral thaumasite before up 

to five years of exposure to infiltrating precipitation.  This result was also expected, 

confirming previous field studies of exposed hydrated FBC ashes.  Thaumasite production 

in FBC ashes is presumed to be facilitated by the presence of dehydroxylated clays, which 

have silicon more readily available (soluble) than do fly ash glasses.  In addition, calcium 

sulfate and calcium carbonate sources are present at high levels in FBC ashes.  Finely 

divided calcium carbonate has been implicated in studies of thaumasite formation during 

sulfate attack and degradation of concrete structures. 

The two sites that did not undergo diagenesis after up to five to 17 years of burial 

require further explanation.  The presence of fly ash as a potential silicon source does not 

necessarily preclude these materials from thaumasite formation.  Thaumasite was 

previously observed in two materials containing fly ash.  The first was a clean coal 

technology by-product (from a limestone multi-stage burner (LIMB) by-product), which 

initially contained a low calcium fly ash with large amounts of anhydrite and lime.  This 

material, when hydrated and landfilled for only two years, produced significant amounts of 

thaumasite.  The second, a hydrated and landfilled high-sodium cementitious lignite ash 

coated with dry-process FGD residue, produced thaumasite prior to retrieval following up 

to 13 years of disposal. 

In each of these two cases, the silicon source must have been derived from fly ash 

glasses fused at high temperatures, and not the more highly soluble, higher surface area 

dehydroxylated clay residue found in FBC ashes.  During the initial hydration of these 

materials, lime (LIMB) or portlandite (FGD) generated high pH (12.5 at equilibrium) pore 

solutions, allowing for dissolution of aluminum from the glass.  Aluminum becomes 
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exponentially soluble above pH values near 12-12.5.  Silicon, however, becomes 

increasingly soluble above much lower pH values near 9-9.5, so during initial hydration 

and formation of ettringite (following Al dissolution), silicon must be present in relatively 

high concentrations in solution.  This will be the case for all cementitious CCBs 

(containing fly ash, FGD, or FBC by-products) during initial hydration and formation of 

ettringite. 

Silicon dissolved during hydration of cementitious CCBs must remain in solution 

until pore solutions become concentrated through dehydration (e.g., evaporation or 

continued ettringite or gypsum formation removing water from solution), or until the pore 

solutions become more basic, at which points the silicon will precipitate.  In most cases, the 

precipitate containing formerly dissolved silicon is noncrystalline (likely similar to the 

calcium silicate hydrate gel binder of Portland cement concretes) and finely dispersed, and 

cannot be detected readily by X-ray or microscopic (optical or electron) methods.  One 

notable exception to this is the crystalline phase strätlingite, found in several samples from 

the North Dakota site with high calcium (Class C) fly ash deposits.  Regeneration of pore 

solutions from future infiltrating water will remobilize the silicon. 

3.8 Thaumasite Formation in Cementitious CCBs as Internal Sulfate Attack 

Thaumasite formation in CCBs is highly analogous to the thaumasite form of 

sulfate attack observed in cases where sulfate groundwater contacts concrete structures, 

with two exceptions: 1) in the case of CCB deposits, the sulfate source is internal, and 2) 

the silica source in concrete thaumasites is clearly amorphous calcium silicate hydrate gel 

formed from hydration of calcium silicate phases in the cement, while in CCBs it is 
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undefined.  It may well be amorphous calcium aluminosilicate hydrate gels formed from 

hydration of fly ash glass. 

With these two exceptions, CCB thaumasite formation appears to have the same 

requirements as cement thaumasite formation: sufficient finely divided calcite for a 

carbonate source, a sulfate source (typically gypsum in both cases), relatively high pH 

conditions (not well defined), and sufficient mobile moisture to distribute the requisite ions.  

In addition, cold (near freezing) temperatures, freeze/thaw cycling, and the pre-existence of 

ettringite appear to significantly promote the formation of thaumasite. 

The question remains: why then, was thaumasite not observed in two of the 

cementitious CCB disposal sites in this study?  Clearly, each of the elements described 

above as optimum for thaumasite formation were present: silicon must have been leached 

from the fly ash glass prior to or during activation of aluminum for ettringite formation; 

gypsum and calcite were present in both materials; freeze/thaw conditions were 

experienced regularly at both sites. 

However, a few subtle factors common to thaumasite formation were missing in 

each of the two sites that failed to produce thaumasite. The landfilled mixed Class C fly ash 

and conventional (wet process) FGD by-product, as well as the dry-process FGD by-

product had low levels (<5 wt% each typically) of calcite and gypsum present.  Initial 

ettringite production was likely limited by both sulfate availability (despite the abundant 

sulfite (hannebachite) present in the FGD by-products) and the capacity of the material to 

maintain high pH.  Based on the conclusions of Barnett, et al., (2000) the unit cell values 

observed may indicate that the ettringites formed in ash mixed with FGD by-product 

contain silicon and carbonate.  (Sulfite substitution may also or alternatively be occurring.  



 88 

Not enough information was available with the analytical methods used in this study to 

differentiate between these two (not necessarily exclusive) possibilities).  However, if these 

ettringite-like phases are “thaumasitic” (with silicon substitution), they may be stable at 

lower pH values, and subsequently more resistant to decomposition than sulfate ettringite.  

Until these ettringites decompose, significant thaumasite formation is precluded simply due 

to the availability of necessary chemical constituents. 

In addition, while the lower portions of the North Dakota landfills were thoroughly 

saturated, this water was not highly mobile, and as such, did not generate sufficient levels 

of transport and diffusion of necessary species.  The dry materials recovered from the 

Midwest dry-process FGD site were clearly moisture-limited. 

The possibility remains of future thaumasite formation in these two materials that 

have until now resisted diagenesis.  The specific circumstances required to produce 

thaumasite in these two materials, if possible, are not known.  Additional inputs of the 

classically understood factors, including freely available carbonate and sulfate sources 

would likely be required.  The pH and eH conditions necessary to promote thaumasite 

formation, if possible, in these materials are unknown. 
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4.0 Conclusions, Recommendations, and Further Work 

4.1 General Comments 

Results of this study, combined with those of previous long-term field studies of 

hydrated cementitious coal combustion by-products (CCBs) exposed to the natural 

environment, are important for industrial and regulatory decision-makers, who must decide 

which applications and conditions are appropriate for utilization of cementitious CCBs.  

Due to increasing pressures to utilize rather than dispose of cementitious CCBs, and due to 

the potential for these materials in high strength-forming engineering applications, 

understanding of the long-term effects of environmental exposure are necessary.  Many 

cases of lost strength and increased porosity have been documented in previous studies for 

initially high strength-bearing CCBs.  In each case, the diagenetic mineral thaumasite was 

associated with the physical degradation.  Avoidance of thaumasite (and/or the conditions 

that produce this phase) is necessary for applications requiring long-term strength retention 

of cementitious CCB-containing materials.  Additionally, understanding the long-term fate 

of environmentally exposed cementitious CCBs is useful for responsible environmental 

stewardship in landfill scenarios, and particularly in applications, which utilize these 

materials for solidification and stabilization of hazardous wastes. 

4.2 Recommendations for Utilization of Cementitious CCBs 

The observed by-product diagenesis in the FBC materials reinforces the need to 

avoid using these cementitious by-products in structural applications that may experience 

contact with natural environments. 

Utilization of (relatively inert) Class F fly ashes is supported by the results of this 

study. 
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The high calcium fly ashes and FGD by-products in this study appeared to be 

relatively resistant to by-product diagenesis, for reasons proposed in the preceding chapter, 

and may be appropriate in specific circumstances.  It should be noted, however, that if 

similar materials contain significant amounts of calcite, potential exists for sulfate attack 

from external sulfate (groundwater) sources, ash diagenesis, and formation of thaumasite in 

these systems, depending on pH conditions.  Use of these types of materials would not be 

indicated in applications where sulfate-resistant concretes are specified.  Additionally, the 

sulfite present in spray dryer by-products may oxidize to sulfate upon exposure to the 

atmosphere (and oxidizing microbes), providing an internal source of sulfate.  It is also 

cautioned that the disposed high calcium lignite ash studied was marginally Class C, and 

highly consistent.  Many Class C fly ashes are much more variable and more highly 

reactive, and may have greatly increased potential for ash diagenesis and thaumasite 

formation. 

4.3 Recommendations for Further Work 

Since thaumasite is being increasingly identified in association with (or as the cause 

of) concrete and mortar degradation, further investigations of the ettringite structure phases 

would seem to be warranted.  Particularly, the intermediate crystallographic dimension 

ettringites are of interest.  If these are truly “thaumasitic” (silicious) ettringites, rather than 

sulfite (predominantly aluminum) ettringites, then this study presents further support for a 

nearly continuous miscibility between sulfate ettringite and thaumasite.  More importantly, 

since thaumasite appears to be stable at lower alkalinities than sulfate ettringite, these 

intermediates (if indeed they are such) may be more resistant to deleterious by-product 

diagenesis. 
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Differentiating sulfite (and/or carbonate) ettringite from silicon-substituted 

(“thaumasitic”) sulfate ettringite in these systems could be accomplished with density 

fractionation (by suspension in heavy liquid media or through centrifugation), and/or 

selective leaching, followed by examination with Fourier Transform Infrared Spectroscopy 

(FTIR) and 29Si Magic Angle Spinning Nuclear Resonance Spectroscopy (MAS-NMR).  

Work is currently underway at Minot State University (North Dakota) and at the University 

of Aberdeen (Scotland) to apply Rietveld X-ray diffraction structure refinement techniques 

to determining ettringite-thaumasite solid solutions of varying compositions. 

Since the Rietveld QXRD technique produces information about background 

scattering in XRD experiments (decoupled from the crystalline contributions), analysis of 

this scattering (as modeled) may contribute to a greater understanding of, or in the least, to 

identification of the host of noncrystalline structural arrangements in CCBs.  This 

component, being the dominant fraction of many CCBs, has great bearing on the reactivity 

of CCBs.  Bulk oxides analysis by X-Ray Fluorescence (XRF), in conjunction with the 

RQXRD results can be used to “back-calculate” the bulk elemental composition of the 

noncrystalline component.  Heating studies producing devitrification of glassy CCB 

components also gives better indication of compositional and structural makeup of this 

important component.  Information about amorphous hydrated phases would be of 

particular importance to understanding mass flows relating to ash diagenesis. 

Flow-through mild column leaching experiments with pore solution extraction may 

help understand the apparent relationship between primary ettringite and subsequent 

secondary thaumasite formation following after.  At least small amounts of aluminum have 

been recognized as a prerequisite to thaumasite formation, perhaps necessary for generating 
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ettringite nucleation centers for thaumasite (Knudsen, 1991).  Of particular interest would 

be molecular and ionic complexes formed at the high pH and ionic concentration levels 

typically present in pore solutions.  That is, which complex species are actually present and 

participating directly during thaumasite crystal growth?  In particular, does Si assume a 

temporary, unstable intermediate 6-coordination in the high-pH, low temperature 

conditions in which it forms, as has been suggested? 

Finally, studies involving sulfate solutions in contact with hydrated CCBs with a 

range of levels of calcium carbonate and sulfate (in accelerated laboratory experiments or 

case studies from environmentally exposed materials) may provide a more detailed 

description of the acceptable threshold levels of these components in CCBs targeted for 

utilization in high strength materials in environmental exposure. 

As demand for reuse of coal combustion by-products increases, due to 

environmental and real estate pressures, a complete understanding of the solid solutions 

between ettringite and thaumasite, as well as the dominant spray dryer phase hannebachite, 

and their interactions and behavior in various natural settings will become more critical. 
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