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ABSTRACT  
 
Electric utilities are searching for innovative technologies to achieve compliance with 
both the ELG and CCR regulations. One approach receiving much attention is the use 
of volume reduction technologies, coupled with brine encapsulation, for FGD 
wastewater treatment. While many have suggested that brine can be combined with fly 
ash for landfill disposal, others have recommended that such an approach would only 
be environmentally acceptable if the brine were encapsulated in the ash using binders 
such as lime or cement. However, little work has been presented to establish the core 
geochemical reactions and resulting mineralogy’s that are a result from a brine 
encapsulation process. This paper will present results of recent evaluations of 
encapsulation testing being performed by the power industry including advanced solids 
phase analyses and numerical modeling to aid the interpretation thereof. 
 
Introduction 
 
A fundamental understanding of fly ash mineralogy is imperative if one wants to 
understand brine/waste water encapsulation. Over the years there has been many 
studies that have investigated the co-disposal of fly ash with brines and the subsequent 
changes that occur with the reacted fly ash.1,2,3 These changes are either physical or 
chemical in nature or in most instances a combination of these changes. When fly ash 
and brines are combined changes such as increased strength development, change in 
porosity, and the formation of secondary mineral phases are just some of changes that 
have been observed.4,5,6 In trying to understand the mechanism responsible for these 
changes it seems only logical that a fundamental understanding of fly ash mineralogy 
and geochemistry should be known as well as how the constituents of a brine react with 
the fly ash in an encapsulation reaction. 
 
The aim of this paper is to address some of the questions mentioned above, by 
presenting an approach that investigates the encapsulation of a brine with fly ash and 
additives. The approach adopted includes laboratory scale experimental work together 
with detailed mineralogical analyses, which includes XRF, XRD and QEMSCAN. 
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Together with this detailed mineralogical investigation, the PhreeqC geochemical 
modelling code will be used, with the purpose of developing a mineralogical ash “recipe” 
specific to each fly ash under investigation, both pre and post brine contact. This 
approach has value in that over time the development of a numerical geochemical 
model can be developed and used as a predictive tool.7 
 
Fly Ash Mineralogy 
 
A number studies have been done in order to characterize the crystalline solid phases 
present in unreacted fly ash. Due to the amorphous nature of fly ash the majority of the 
ash (50-60%) remains uncharacterised. The three minerals most frequently reported to 
be present in fly ash are quartz, glass and mullite (Al6Si2O13) which constitute the 
principal matrix of the majority of fly ashes reported. The principal iron, calcium and 
magnesium-bearing compounds reported to be present in fly ashes are shown below, 
with a minor fraction of these elements also present in the glassy phase8. The following 
list is a generalised summary of the major minerals reported most frequently to be 
present in fly ashes: 
 

• Quartz (SiO2), glass and mullite (Al6Si2O13) constitute the principal matrix of the 
majority of fly ashes. 

• The principal Fe-bearing compounds are hematite (Fe2O3) and magnetite 
(Fe3O4). 

• The principal Ca-bearing compounds are anhydrite (CaSO4) and lime (CaO). 
• The principal Mg-bearing compound is periclase (MgO). 
• A small fraction of Fe, Ca and Mg may also be present in the glassy phase. 

 
Other constituents of fly ash apart from the aluminosilicate phases and the known 
phases of mullite, quartz and hematite include ‘carbon’ due to the incomplete oxidation 
of coal, tricalcium aluminate (Ca3Al2O6), merwinite (Ca3Mg(SiO4)2) and melilite (a 
complex of Ca, Al, Mg silicate).8 
 
Alternative analytical methods for the determination of fly ash minerals rely on the 
thermal transformations of minerals present in source coals. The thermal 
transformations that these minerals undergo and the resultant minerals formed in fly ash 
as a consequence has been investigated.8 It should be noted that the above mentioned 
description of the fly ash mineralogy only focusses on the crystalline mineral phases 
present in the ash.  
 
Fly ash geochemistry 
 
Fly ash is predominantly composed of materials formed at high temperatures which are 
metastable and reactive, and which will transform to a more thermodynamically stable 
assemblage of minerals. It has been proposed that coal fly-ash weathering is analogous 
to that of volcanic ash. Both types of ash contain abundant aluminosilicate glass which 
is predisposed to form clay minerals during weathering.9The study reveals that although 
the reactivity of coal fly ash is similar to that of volcanic ash, the kinetics of coal fly ash 
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reactivity is considerably more rapid because the higher pH of fresh ash promotes the 
rapid dissolution of glass.9  
 
In another approach, thermochemical data and principles have been applied to predict 
the upper limits of elemental concentration in pore water and leachates.8 In this 
approach the chemical behaviour of a given element is determined based on 
information on the total concentration of the element, its accessibility to solution, the 
different type of solid phases and their solubility, the kinetics of precipitation/dissolution 
reactions, chemical parameters such as pH and Eh, and the ionic strengths and 
concentrations of other elements. Using this approach the aqueous concentration of an 
element may be predicted from precipitation/dissolution reactions if the solubility-
controlling phase has rapid dissolution/precipitation kinetics and if the secondary phase 
that forms dissolves and precipitates quite rapidly. In this case the solid phase will be in 
equilibrium and adsorption need not be considered in predicting solution 
concentrations.8 
 
Predictions regarding the possibility of secondary solid phase formation during the 
reactivity of ash wastes have been investigated.8,9,10,11,12 Many of these predictions 
were based on comparisons between the extract and /or leachate chemistry and the 
known equilibrium solubility of various potential secondary solids. Secondary mineral 
phases that have been identified include ettringite [Ca6Al2 (SO4)3(OH)2·26H2O], Ca-
aluminate, Ca-silicate, Calcite [CaCO3], Portlandite [Ca(OH)2], Gypsum [CaSO4.2H2O], 
and Amorphous iron oxyhydroxide [FeOOH].8 
 
Available laboratory and field data indicate that aqueous concentrations of Al, Ca, Fe, S 
and Si may be explained by solubility equilibria, whereas the concentrations of alkali 
cations (Na and K) appear to be due to kinetically controlled dissolution phenomena. 
Concerning the minor elements, their low concentrations in ash as well as the possibility 
of solid-solution formation involving the pairing of minor and major constituents makes 
the detection of secondary phases containing them difficult. A number of secondary 
phases containing the minor elements have been predicted to form but none have been 
clearly identified by physical characterisation methods. It was hypothesized that the 
solubility of at least some species in fly ash leachate were controlled by solid 
phases.10Pore volumes and leachates were obtained from a large fly ash field lysimeter 
and the samples were analysed for major and trace inorganic anions and cations. 
Aqueous concentrations for the elements (Al, Ba, Ca, Cr, Cu, Fe, S, Si, and Sr) have 
been related to specific solubility-controlling solids. However no such relationship for the 
elements (As, B, Cd, Mo and Se) could be identified10. 
 
Geochemical Modelling 
 
Modelling Code 
 
The geochemical modelling code chosen for the present study was PHREEQC (v 3.0, 
developed by the United States Geological Survey). PHREEQC is capable of 
undertaking speciation, batch-reaction, one-dimensional transport and inverse 
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geochemical calculations, both in natural and polluted water. It is based on equilibrium 
chemistry of aqueous solutions interacting with minerals, gases, solid solutions, 
exchange phases and sorption surfaces in which minerals and soluble species are 
equilibrated simultaneously.13 
 
Thermodynamic database 
 
The PHREEQC geochemical modelling code includes a number of databases (Amm, 
frezchem, iso, LLNL, minteq, minteq.v4, phreeqc, pitzer, sit and wateq4f) that can be 
interchanged depending on the type of simulations one intends simulating.13 There are 
limitations with each of the databases in terms of species, and mineral phases etc., 
which can limit the user with respect to the simulations that can be undertaken. 
However PHREEQC does allow the user to build onto the current database by defining 
a name, chemical reaction, equilibrium constant and temperature dependence of the 
equilibrium constant for each mineral which can then be used for speciation, batch-
reaction, transport, or inverse-modelling calculations.13 
 
In addition to the PHREEQC databases discussed above it was determined through a 
literature review that a database specific to the hydrates commonly encountered in 
Portland cement systems was available. This database known as CEMDATA07 was 
developed at the Swiss Federal Laboratories for Materials Science and Technology 
(Empa) together with the auxiliary information from the Nagra/PSI-Thermodynamic Data 
Base which was converted to PHREEQC-format for temperatures 0-50 
ºC.14,15,16,17,18,19,20,21,22 
 
The cement hydrates available in this database were of particular interest due to the 
fact that most of the mineral phases/cement hydrates are not available in the standard 
PHREEQC databases. In addition, given that coal ash reactions are pozzolanic in 
nature the likelihood of some of these mineral phases forming in brine and fly ash 
reactions is very high. A drawback of relying solely on the CEMDATA07 database for 
the present study is that it is specific to cement hydrate minerals which implies the 
database is limited. For example if one intends simulations with brines/waste waters the 
CEMDATA07 database will not be able to include all of the toxic metals, their aqueous 
species and minerals which is a major limitation especially when there is environmental 
interest in these pollutants. 
 
In order to overcome the limitations resulting from using the individual databases the 
present study aimed to investigate a combination of databases. It was decided that the 
standard Lawrence Livermore National Laboratory (LLNL) thermodynamic database, 
with the original equilibrium constant values be used as the standard database when 
undertaking PHREEQC simulations. This database is the largest of all of the standard 
PHREEQC databases and hence includes most of the species, elements and over 1100 
potential mineral phases, including most of the toxic metals. However in order to still 
incorporate potential cement hydrate reactions during simulations, the thermodynamic 
data for all of the cement hydrates from the CEMDATA07 database was programmed 
into the LLNL database and therefore used in conjunction with the LLNL database. A list 
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of the cement hydrate phases that were included into the LLNL database is shown in 
Table 1. 
 
Table 1: CEMDATA07 database for cement hydrate phases. 
 
Mineral Chemical Formula 
ettringite Ca6Al2(SO4)3(OH)12·26H2O 
tricarboaluminate Ca6Al2(CO3)3(OH)12·26H2O 
Fe-ettringite Ca6Fe2(SO4)3(OH)12·26H2O 
thaumasite Ca6(SiO3)2(SO4)2(CO3)2·30H2O 
C3AH6 Ca3Al2(OH)12 
Siliceous hydrogarnet Ca3Al2(SiO4)0.8(OH)8.8 
C3FH6 Ca3Fe2(OH)12 
C4AH13 Ca4Al2(OH)14·6H2O 
C2AH8 Ca2Al2(OH)10·3H2O 
monosulfoaluminate Ca4Al2(SO4)(OH)12·6H2O 
monocarboaluminate Ca4Al2(CO3)(OH)12·5H2O 
hemicarboaluminate Ca4Al2(CO3)0.5(OH)13·5.5H2O 
straetlingite Ca2Al2SiO2(OH)10·3H2O 
C4FH13 Ca4Fe2(OH)14·6H20 
C2FH8 Ca2Fe2(OH)10·3H2O 
Fe-monosulfate Ca4Fe2(SO4)(OH)12·6H2O 
Fe-monocarbonate Ca4Fe2(CO3)(OH)12·5H2O 
Fe-hemicarbonate Ca4Fe2(CO3)0.5(OH)13·5.5H2O 
Fe-straetlingite Ca2Fe2SiO2(OH)10·3H2O 
CAH10 CaAl2(OH)8.6H2O 
M4AH10 Mg4Al2(OH)14·3H2O 
M4AĊH9 Mg4Al2(OH)12CO3·3H2O 
M4FH10 Mg4Fe2(OH)14·3H2O 
Jennite-type C-S-H (CaO)1.66(SiO2)(H2O)2.1 
Tobermorite-type C-S-H (CaO)0.83(SiO2)(H2O)1.3 
SiO2(am) SiO2(am) 
syngenite K2Ca(SO4)2.H2O 
Al(OH)3(am) Al(OH)3(am) 
Fe(OH)3(am) Fe(OH)3(am) 
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Experimental 
 
Materials 
 
In order to undertake the experimental work four different materials were used. The first 
of the materials was fly ash (ASTM class F) which was obtained from the combustion of 
pulverized eastern bituminous coal and sourced from a coal fired generating unit in the 
south eastern USA. The other two components which consisted of a concentrated brine 
(i.e. by-product from pilot testing of evaporative technology) and sulfite cake were direct 
by-products from the Flue Gas Desulphurization (FGD) process at the same facility. The 
chemical composition of the concentrated brine is shown in Table 2. The last additive 
used in the experimental work was quick lime. 
 
Preparation of samples 
 
For the preparation of the S/S solids four of the above mentioned materials were 
combined in various ratios. Altogether 5 samples were obtained, which consisted of a 
sample 1 (baseline), sample 3 (dry, medium cake), sample 5 (dry, no cake), sample 7 
(flowable, medium cake) and sample 9 (flowable, no cake). Sample 1 (baseline) had no 
brine added, while samples 5 and 9 had no sulfite cake addition. All samples had quick 
lime addition which increased from sample 1 up to sample 9. The ratios of the materials 
added were chosen so as to achieve a specific slump target value. A comprehensive 
description of the materials and their added ratios used in the preparation of the 
samples can be seen in Table 3.  
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Table 2: Concentrated brine composition from piloting testing of an evaporative technology used in experimental mixes. 
 
Analyte Result MDL Unit 
Aluminium 2300 34 µg/L 
Boron 260 1.9 mg/L 
Calcium 33000 1.4 mg/L 
Iron 25000 140 µg/L 
Magnesium 2600 0.44 mg/L 
Potassium 52000 170 mg/L 
Silicon 100 0.58 mg/L 
Sodium 47000 0.92 mg/L 
Arsenic 2 0.034 mg/L 
Barium 5.8 0.49 mg/L 
Chromium 0.39 0.11 mg/L 
Selenium 0.29 0.014 mg/L 
Mercury 0.46 0.14 µg/L 
Bromide 1900 110 mg/L 
Chloride 180000 250 mg/L 
Sulphate 1300 23 mg/L 
*MDL-Minimum Detection Limit 
Table 3: Detailed description of materials and quantities used in making mix samples. 

  Concentrated Brine % Sulfite Cake % % % % % % 
Sample Description Brine 

mass  
Brine 
Solid 
Fraction 

Brine 
Liquid 
Fraction 

Cake 
mass  

Cake 
Solids 
Fraction 

Cake 
Liquid 
Fraction 

Ash 
mass  

Quick 
Lime 
mass  

Mass 
solids  

Mass 
liquids  

Total 
mass  

1 Baseline 0.0 0.0 0.0 71.0 39.0 31.9 27.5 1.6 68.06 31.94 100.00 
3 Dry, medium cake 16.9 5.1 11.8 23.9 13.1 10.8 54.9 4.3 77.43 22.57 100.00 
5 Dry, no cake 29.3 8.8 20.5 0.0 0.0 0.0 66.5 4.3 79.53 20.48 100.00 
7 flowable, medium 

cake 
27.9 8.4 19.5 24.0 13.2 10.8 43.8 4.3 69.67 30.33 100.00 

9 flowable, no cake 37.4 11.2 26.2 0.0 0.0 0.0 58.1 4.5 73.81 26.19 100.00 
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Mineralogical Analysis 
 
Sample Preparation 
 
The five fly ash samples were submitted in the form of cylindrical solid samples as 
shown in Figure 1. A vertical cross section was cut through each of the samples. One 
half of the sample material was pulverized and submitted for X-ray diffraction (XRD) and 
X-ray Fluorescence (XRF). The other half of the sample material was used to prepare 
thin sections for QEMSCAN analysis (Quantitative Evaluation of Minerals by Scanning 
Electron Microscopy). 
 

 
 
Figure 1: Fly Ash and brine cylinder samples with additives. 
 
Chemical Analyses 
 
Chemical analyses were performed on pulverized aliquots of each of the five samples. 
The samples were analyzed for major elements by borate fusion XRF (XRF 79V) in 
order to determine the major chemical constituents within the samples. 
 
X-ray Diffraction 
 
A second aliquot (~30g) of the sample was pulverized. The resultant powder was 
analyzed by XRD utilizing a Panalytical X’pert Pro Diffractometer employing Co-Kα 
radiation. Data interpretation was performed by means of Panalytical highscore plus 
analytical software, and the PanICSD database. An internal standard consisting of 10% 
fluorite was added to the sample and then the entire sample was micronized. A Rietveld 
Refinement was used to determine the quantitative mineral abundances as well as the 
approximate percentage of amorphous material within the sample. It must be noted that 
this method mathematically determines the approximate concentration of amorphous 
material but does not provide any information regarding the composition of amorphous 
material. 
 
QEMSCAN Analysis 
 
QEMSCAN technology is an automated electron beam technique, based on Scanning 
Electron Microscopy (SEM), with four light-element Energy Dispersive X-ray 
Spectrometers (EDS). This technique is used in combination with XRD and 
geochemical analyses to identify and quantify mineralogical characteristics of geological 
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material. Selected sections of the sample cores were used to produce polished sections 
for QEMSCAN analysis which are shown in Figure 2. The polished thin sections were 
carbon coated and placed into the QEMSCAN for field map analysis 
 

 
 

 
Figure 2: Polished thin sections of reacted fly ash samples used for QEMSCAN 
analysis. 
 
Results and Discussion 
 
X-ray Fluorescence 
 
The XRF results are shown in Table 4 and Figure 3 below. The results clearly show that 
the samples are Al2O3, SiO2 and Fe2O3 dominated with significant amounts of CaO also 
present. There are other elements also present but in significantly smaller quantities. 
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Table 4: X-ray fluorescence results for fly ash and brine mixes. 
 

Elements Al2O3 SiO2 CaO Fe2O3 MgO MnO K2O Na2O TiO2 P2O5 V2O5 Cr2O3 LOI 
Method XRF79V XRF79V XRF79V XRF79V XRF79V XRF79V XRF79V XRF79V XRF79V XRF79V XRF79V XRF79V XRF79V 

Lower Detection Limit 0.05 0.05 0.01 0.01 0.05 0.01 0.01 0.05 0.01 0.01 0.01 0.01 -50 
Upper Detection Limit 100 100 100 100 100 100 100 100 100 100 100 100 100 

UNITS % % % % % % % % % % % % % 
MIX 1A-23 8.08 18.4 25.3 8.75 1.34 0.02 0.9 0.43 0.38 0.22 0.02 <0.01 6.83 
MIX 3A-23 12.5 28.0 14.5 14.2 1.11 0.04 2.04 1.39 0.61 0.33 0.02 0.02 16.13 
MIX 5A-23 13.7 30.7 10.6 15.4 0.99 0.04 2.52 1.79 0.66 0.37 0.03 0.03 16.29 
MIX 7A-23 10.3 23.6 16.2 11.2 1.06 0.05 2.21 1.74 0.52 0.29 0.02 0.02 19.25 
MIX 9A-23 12.5 28.3 11.9 14.5 0.95 0.04 2.77 2.1 0.62 0.34 0.02 0.03 18.28 

*REP-MIX 1A-23 8.14 18.4 25.5 8.78 1.33 0.02 0.9 0.42 0.41 0.22 0.01 <0.01 6.82 
*STD-SARM 5 4.14 50.6 2.63 12.7 25 0.22 0.11 0.37 0.2 0.02 0.05 3.5 -0.06 
*BLK-BLANK <0.05 <0.05 <0.01 <0.01 <0.05 <0.01 <0.01 <0.05 <0.01 <0.01 <0.01 <0.01 100 

*STD-BCS 393 0.12 0.68 55.6 0.04 0.18 <0.01 0.02 <0.05 0.01 0.01 <0.01 <0.01 43.5 
 

 
Figure 3: X-ray fluorescence results for fly ash and brine mixes 
 
 
 
Figure 3: XRF results showing the composition of the ash and brine samples. 
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X-ray diffraction 
 
This technique is semi-quantitative (i.e. values are given in ranges) and only identifies 
crystalline minerals with concentrations >3 mass% in the sample. In addition, some 
minerals diffract X-rays better than others or show preferred orientation which results in 
inflated mass abundances. Peak overlaps may also hamper the identification of certain 
phases. The results in Table 5 below show the mineral phases together with the 
abundances for each of the 5 samples analyzed. In terms of interpretation 0-3% implies 
trace mineral, 3-10% implies minor mineral , 10-20% moderate mineral, 20-50% 
abundant mineral and >50% is a predominant mineral phase. 
 
Based on Table 5 it is clear that the majority of the mineral phases fall into the trace and 
minor mineral categories, with the exception of hannebachite for mix 3A and mix 1A. 
However it is interesting to note that all of the samples have a 50-60% amorphous 
phase which is predominate. Based on this results it is clear that the XRD technique is 
limited in its ability to characterize the bulk of the mineralogy of samples that are 
primarily made up of amorphous material. 
 
Table 5: XRD semi-quantitative mineral abundances present in samples. 
 

Mineral Approximate 
Chemical Formula 

Cluster 1 Cluster 2 Cluster 3 
Mix 3A Mix 7A Mix 5A Mix 9A Mix 1A 

Hannebachite Ca2(SO3)2•(H2O) 10-20% 3-10% - - 20-50% 
Magnesioferrite MgFe3+2O4 - - 3-10% 3-10% 0-3% 

Sillimanite (Al2O3)(SiO2) - - - - 3-10% 
Brucite Mg(OH)2 - - - - 0-3% 
Calcite CaCO3 - - - - 0-3% 

Periclase MgO - - - - 0-3% 
Anhydrite Ca(SO4) - - 3-10% 3-10% 0-3% 

Halite NaCl - - 0-3% 0-3% 0-3% 
Quartz SiO2 3-10% 3-10% 3-10% 0-3% 0-3% 

Chromite Fe2+Cr2O4 3-10% 3-10% - - - 
Sylvite KCL 0-3% 0-3% 0-3% 3-10% - 

Hematite Fe3+2O3 3-10% 0-3% 0-3% 0-3% - 
Ettringite Ca6Al2(SO4)3(OH)12•26(H2O) 0-3% 0-3% - - - 
Gypsum Ca(SO4)•2(H2O) 3-10% 3-10% 3-10% 3-10% - 
Mullite Al4.5Si1.5O9.75 3-10% 3-10% 3-10% 3-10% - 

Maghemite Fe3+2O3 - - 3-10% 0-3% - 
Hydrocalumite Ca2Al(OH)6.5Cl0.5•3(H2O) - - 0-3% 0-3% - 

Kyanite Al2SiO5 - 0-3% - 3-10% - 
Amorphous - 50-60% 50-60% 50-60% 50-60% 50-60% 

 
QEMSCAN 
 
A field map analysis was performed on each polished thin section sample. Each 
polished thin section was broken up into 9 fields each with a high resolution pixel 
spacing of 1µm being analyzed across the entire 9 fields. Extensive manual SEM work 
was then conducted in order to determine the composition of the different mineral 
phases present. The QEMSCAN field map analysis was aimed at determining the 
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modal distributions of major mineral phases as well as with providing field map imagery. 
The mineral phases identified together with their abundances are shown in table 6 and 
figure 4. 
 
Table 6: QEMSCAN Mineral and Amorphous Phase Abundances (mass %) 
 

Cluster 3
Mix 3A Mix 7A Mix 5A Mix 9A Mix 1A

Amorphous Phase 1- Fe-Si-Al Fe2+
3Al2(SiO4)3 13,21 11,88 14,89 12,36 9,5

Amorphous Phase 2 - K, (Na,Ca) silicate phase KAlSi3O8-(Ca,Na)AlSi3O8 42,52 35,95 42,11 47,83 12,3
55,73 47,83 57 60,19 21,8

Apatite Ca5(PO4)3F 0,03 0,04 0,04 0,07 0,02
Calcite CaCO3 0,46 1,63 1,06 0,9 0,21

Dolomite Ca Mg(CO3)2 0,06 0,31 0,05 0,09 0,01
Other Sulphates Ba(SO4) 0 0 0 0 0

0,55 1,98 1,15 1,06 0,24

Hannebachite; Anhydrite; Ettringite; Gypsum
Ca2(SO3)2•(H2O); 

Ca(SO4);Ca6Al2(SO4)3(OH)12•26(H2O); 
Ca(SO4)•2(H2O)

31,67 39,75 25,57 23,14 71,48

31,67 39,75 25,57 23,14 71,48
Fe-Oxides (Maghemite; Magnetite; Hematite; 

Magnesioferrite)
Fe3+

2O3-Fe3O4; Fe2O3; MgFe2O4 7,73 6,49 10,58 9,85 1,65

Oxides Fe2+TiO3 - TiO2 0,03 0,03 0,06 0,08 0,01
7,76 6,52 10,64 9,93 1,66

Mullite Al4.5Si1.5O9.75 0 0,01 0,01 0 0
Quartz SiO2 3,84 3,4 4,77 4,87 4,63

Silicates ZrSiO4; Mg3Al2(SiO4)3 0,02 0,05 0,03 0,03 0,01
Akermanite (S) Ca2Mg(Si2O7) 0,1 0,09 -  - 0,02

3,96 3,55 4,81 4,9 4,66
Sulphides Fe2+S2 0,02 0,01 0,03 0,03 0,02

Natives and Trace Minerals - 0 0 0 0 0
0,02 0,01 0,03 0,03 0,02
0,33 0,37 0,81 0,72 0,11
100 100 100 100 100Total

Mineral Name Approximate Chemical Formula
Cluster 1 Cluster 2

Total Amorphous Material 

Total Carb/Phos/ Other Sulphates

Total Ca-Sulphates

Total Oxides

Total Silicates

Total Sulphides& Native Metals
Other

 
 
The QEMSCAN Field map data was validated against the XRF assays in order to 
determine the quantitative mineral abundances of major mineral phases within each of 
the 5 samples. The QEMSCAN data were grouped as per the XRD cluster analysis, 
with the results showing good agreement with the XRF and XRD results. The 
QEMSCAN Field maps together with the extensive manual SEM work confirmed the 
presence of two major non-crystalline mineral phases within each of the samples. The 
phases are as follows: 
 

• Amorphous Phase 1: Fe-Al-Si phase [Fe3Al2(SiO4)3] 
• Amorphous phase 2: Ca-Na-K silicate phase [KAlSi3O8-(Ca,Na)AlSi3O8] 

 
It should be noted that the QEMSCAN cannot distinguish the different Ca-sulphates as 
the Ca-sulphates within the samples all contained similar mineralogy and differed only 
in terms of their water molecules. Furthermore these phases are not believed to be 
exclusive in the sense that it excludes the possibility of other atoms being associated 
with additional phases. An example of specific interest is the absence of chlorine in the 
results reported in Table 6. It is expected that further detailed analysis of the source files 
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obtained from the QEMSCAN work will reveal additional phases that contain chlorine 
and the other halides. This is a focus area currently being pursued.   BSE (Back 
Scattered Electron) differences were also similar and could not be used to differentiate 
between the different Ca-sulphates. Therefore, all the major Ca-sulphates, namely 
gypsum, hannebachite, ettringite and anhydrite were collectively grouped together. A 
similar approach was used for Fe-Oxides (magnetite, hematite and maghemite) where 
these minerals were collectively grouped together during data processing. 
 

 
Figure 4: Mineral abundances as determined by QEMSCAN. 
 
A QEMSCAN Field map image and the corresponding back scattered image of mix 1A 
is shown in figure 5. The images in figure 5 show how the various colors in the field map 
imagery represent a particular mineral. The identification of these mineral phases are 
confirmed by the mineral name key which is also shown in figure 5. It is important to 
note that the majority of these mineral phases were not detected by XRD due to their 
amorphous nature and due to their low quantities (i.e. <3%). Herein lies a key 
advantage of this approach in that a better understanding can be developed with 
regards to the fate of solutes originally present in the brine and there incorporation into 
the solidified matrix. An added advantage of the QEMSCAN technique which is also 
shown in figure 5 is that the mineral associations and distribution within the samples can 
be seen, in addition to their quantities as shown in table 6. The results shown in figure 5 
clearly show that sample mix 1A has hannebachite as the major phase with small 
quantities of magnesioferrite and a Fe-Al-Si amorphous phase also present. The 
quantities of these mineral phases together with the other minor minerals can be seen 
in table 6. 
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Figure 5: QEMSCAN field map of Mix 1A together with the corresponding SEM back scattered image. 
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Conclusion 
 
A fundamental understanding of the physical and chemical processes responsible for 
brine encapsulation is at the core of solidification and stabilization technologies. In this 
paper the mineralogical and geochemical aspects of encapsulation were focused on. 
Advanced mineralogical analyses on samples were done so that both the crystalline 
and amorphous (non-crystalline) phases could be characterized. These advanced 
analyses were made possible by use of spectroscopic techniques such as XRF, XRD 
and QEMSCAN. The challenge of developing effective interpretation of the results 
obtained from QEMSCAN in particular is an ongoing one and a key focus area for the 
immediate future. The goal is to eventually be able to track the fate of brine solutes from 
solution and into the solidified matrix of the encapsulated material.  The information 
obtained from mineralogical analyses are important, not only from a materials 
characterization perspective but also from geochemical perspective in that it 
strengthens the numerical modelling approach reported here.  
 
The paper also introduced the incorporation of cement hydrate phases into an existing 
PHREEQC database (LLNL), which expands the modelling capabilities when 
undertaking simulations that may have cement and pozzolanic reactions. From a 
geochemical perspective the development of a mineralogical “recipe” which is specific 
to the materials used in encapsulation (i.e. pre and post encapsulation) is the first step 
in the development of a solid phase model. Once developed the use of such models are 
limitless in terms of the geochemical processes and fundamental understanding that 
can be obtained.  
 
The work as presented by this paper is ongoing and will be used to explore a wide 
range of brine and ash samples from the US power industry so as to validate the test 
methods adopted and presented in this paper. 
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