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Chapter 1. Introduction 

 

 

1.1.  The pyrite problem in Ireland: 

 

1.1.1.  Legal battles 

 

In 2010 there was a High Court trial, James Elliot Construction v. Irish Asphalt, lasting forty- 

six days and presided over by Justice Charleton.  It addressed damage to the Ballymun Youth 

Centre arising from the use of dark, fine grained, argillaceous and slightly metamorphosed 

aggregate, from an interbedded limestone and shale succession.  The aggregate had been in 

place for only five years before damage in the overlying structure was observed.  The legal 

argument centred over whether gypsum had grown passively in pre-existing cracks, or 

forcefully, causing heave in the aggregate, as there was negligible gypsum in quarry host 

rock. On the 25th May 2011, Justice Charleton delivered the verdict that floor heave was 

indeed caused by pyrite induced swelling (James Elliott Construction Ltd -v- Irish Asphalt Ltd, 

(May 2011) 2008 No. 4767P). 

 

 

1.1.2. Problematic aggregate 

 

Between 1993 and 2007 there was a three-fold increase in quarried stone products in 

Ireland and in this time some ‘non-premium’ aggregates were supplied.  Specifications that 

existed at the time of the supply e.g. National Roads Authority (2000) (Clause 804, NRA 

Series 800) specified a liquid limit, coarse aggregate water absorption, a magnesium 

sulphate soundness value and placed a limit of 10 % on fines, but made no reference to 

sulphur.  Some of the easily retrieved bedrock sources close to the areas of boom, such as 

north county Dublin development, were sulphur bearing calcareous mudstones and shales 

(Maher and Grey, 2014). 
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Many of these aggregates came from the Tober Colleen, the Loughshinny and the Lucan 

Formations.  The Tober Colleen Formation comprises “dark grey, calcareous, commonly 

bioturbated mudstones and subordinate thin micritic limestones,” (Geological Survey of 

Ireland (GSI), 2001).  The Loughshinny Formation comprises “argillaceous, pyritic, locally 

cherty micrites and graded carbonates, interbedded with a dark grey to black shale” 

(Geological Survey of Ireland (GSI), 2001).  The Lucan Formation comprises “dark grey, well 

bedded, cherty, graded limestones and calcareous shales,” (Geological Survey of Ireland 

(GSI), 2001).  The mainly calcareous mudstones, siltstones and shales formed in a marine 

environment that was at least episodically anoxic, promoting the formation of pyrite. 

 

 

1.2 The Pyrite Panel 

 

The Pyrite Panel was set up by Minister Phil Hogan in September 2011.  This independent 

expert panel aimed at discovering the extent of the problem; explore options for 

remediation; and providing recommendations for preventing future problems.  It consisted 

of John O’Conner (Chair), Sean Balfe, Matt Gallagher and Caroline Gill.  The general manager 

of the panel was Noel Carroll. 

 

The ’Pyrite Panel’ report found there to be 74 housing estates containing 12,250 potentially 

affected houses, which were built between 2002 and 2006.  The average repair cost per 

house was estimated at €45,000 (Maher and Grey, 2014).  These estimates yielded an 

estimated total cost remediation of €551 million. 

 

To combat future risk, the ‘Pyrite Panel’ recommended a standardized testing protocol for 

aggregate and a paper trail, including: 

 

1. More rigorous testing and certification of hardcore products, including factory  

production control; 

2. Suppliers should be able to provide proof of compliance with quality standards; 

3. Materials must be traceable to the source quarry; 

4. Quarries should carry adequate insurance for the scale and type of material they    
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are supplying. 

5. Data related to the products to be available on request. 

 

1.3. Irish Standards 

 

In order to address the existing pyrite problem a new Irish standard (National Standards 

Authority of Ireland (NSAI), 2013 (I.S. E.N. 398-1:2013)) was developed.  It outlined the 

protocol for assessing aggregates in structures that contain potentially reactive aggregate.  

It covers building condition assessment, how to sample aggregate from beneath floor slabs 

and outlines testing protocols.  The tests for total sulphur (% TS) need to meet the UK 

standard TRL 477, detailed by Reid et al. (2005), which requires either high temperature 

combustion methods or ICP-OES analysis following microwave digestion. 

 

A second new standard S.R. 21:2013 provided guidance on the use of I.S. EN 

13242:2002+A1: 2007, Aggregates for unbound and hydraulically bound materials for use in 

civil engineering work and road construction, NSAI, (2013).  It covers geometrical 

requirements, physical, chemical and durability testing, factory protocols and provides a 

guide to the designation and description of aggregate.  I.S. 13242:2002+A1: 2007 indicated 

that standard I.S. E.N. 1744-1: 2009, Tests for chemical properties of aggregates, should be 

used for sulphur test methods, which involves a precipitation method using barium chloride 

for the determination of total sulfide and a high temperature ignition method for % TS 

analysis, NSAI, (2009).  Total sulphur analysis measures the elemental sulphur in both the 

sulphide and sulphate minerals, total sulphide more directly determines iron  

sulphide content. 

 

 

1.4.    The pyrite problem in Canada 

 

The pyrite problem in Canada was first reported in the 1960’s in the Rideau Health and 

Occupation Centre that was constructed on shallow shale bedrock (Quigley and Vogan, 

1969).  In the 1980’s and 1990’s, 20,000 houses in the Quebec area began to develop floor 

slab damage due to pyritic heave (Berube et al., 1986).  The problem peaked in the mid 



 4 

1980’s.  Heave occurred due to construction on shallow shale bedrock as well as due to 

oxidization of inappropriate aggregate fill (Maher and Grey, 2014).  Bedrock heave in 

Ottawa was associated with the Billings Formation, which is characterized by “dark grey, 

black-brown shales interbedded with calcareous siltstone and silty limestone” (HVPM, 

1996).  Much of the problematic aggregate came from the Utica shales and Nicolet and 

Pontgrave Formations.  These aggregates are characterized by “siliclastic and carbonate 

mudstones with moderate to high calcite contents” and could also be described as silty 

limestones (Maher and Grey, 2014). 

 

The Canadian pyrite problem was resolved by the Comité Technique Québécois D’étude des 

Problèmes de Gonflement Associés à La Pyrite, set up in 1997, Des, C.T.Q.D.É., (2001).  They 

developed a standard procedure called ‘Procedure CTQ-M200’ (Des, C.T.Q.D.É, 2001) in a 

document entitled “Appraisal procedure for existing residential buildings”.  This is otherwise 

referred to as ‘CTQ-M100/2000’ which was set as the Quebec Standard and also known as 

BNQ 2560-500. BNQ 2560-500 is a stockpile certification method and has been adopted 

since 2000.  Tests must be carried out by quarries for every 10,000 tons of product and 

assigned a certification number that can be traced (Maher and Grey, 2014.) 

 

 

1.5. Sulphur bearing minerals 

 

There are a number of commonly occurring sulphur bearing minerals.  These include pyrite 

(FeS2), marcasite (FeS2), pyrrhotite ((Fe,Ni,Co)1-xS), gypsum (CaSO4. 2H2O), barite (BaSO4), 

and celestite (SrSO4) and organic sulphur.  Some of these minerals are relatively unreactive 

(Czereko et al., 2003). 
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Figure 1.1: Scanning electron microscope (SEM) image of framboidal pyrite in aggregate. 

(Credit Taghd Dornan) 

 

Pyrite, or iron sulphide (FeS2), occurs in two forms; a euhedral cubic form and framboidal 

form, the latter is generally thought to be more reactivate as it has a higher surface area to 

volume ratio than euhedral pyrite, potentially promoting an increased oxidation rate in 

framboids (Sutton et al., 2013). 

 

Aggregates that tend to be susceptible to pyrite oxidation also tend to have a high clay 

content, high water absorption, are highly anisotropic and contain fine grained pyrite; they 

are typically calcareous mudstones, siltstones, shales and muddy limestones (Maher and 

Grey, 2014).  Pyrite’s reaction rate is only surpassed by pyrrhotite (Cripps et al., 1993), 

which occurs predominantly in magmatic sulphide deposits and is not relevant to Irish 

aggregates. 
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1.6. The pyrite to gypsum reaction 

 

Pyrite undergoes sulphide oxidation in the following reaction:  

2FeS2 + 2H2O + 7O2 → 2FeSO4 + 2H2SO4 

This reaction produces sulphuric acid. Bacteria such as Thiobacillus ferrooxidans are capable 

of converting Fe2 to Fe3 in an acidic environment (Hawkins and Pinches, 1997).  This 

produces ferric iron oxide as well as sulphuric acid: 

2FeSO4 + 3H2O + 0.5O2 →Bacteria→ Fe2O3 + 2H2SO4 + H2O 

Finally if calcium carbonate is present it reacts with sulphuric acid forming calcium sulphate 

or gypsum: 

CaCO3 + H2SO4 + HO2 → CaSO4•2H2O + CO2 

 

 

1.6.1. Sulphate crystallization 

 

Sulphuric acid reacts with calcium, sodium or magnesium in rock to produce calcium 

sulphate, sodium sulphate and magnesium sulphate, in order of increasing solubility.  This is 

because sulphates reduce in solubility as they move down the elemental group II.  This is 

due to hydration enthalpy, as group II of the periodic table is moved down the size of the 

element cations and anions increases.  The hydration enthalpy decreases with the 

increasing size, resulting in decreasing solubility. 

 

Importantly, from the pyritic heave perspective, sulphate tends to forcefully grow in 

laminations within the rock, resulting in delamination and expansion of the aggregate.  

Gypsum forms needle like crystals that incompletely fill cracks, as opposed to tabular forms 

that fill cracks more completely (Sutton et al. 2013).  Gypsum (136.1406 g/mol) is half the 

molar mass of pyrite (119.98 g/mol) and being less dense it therefore takes up more space 

(Sutton et al. 2013). 

 

Gypsum formation can occur in rocks that contain as little as 1-5% original calcite, however, 

most of the aggregates from affected Irish structures have much higher calcite 

concentrations of up to 15-30% (Maher and Grey, 2014). 
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1.6.2. The influence of temperature on bacteria 

 

Acidophilic chemo-autotrophic iron-oxidizing bacteria, (including Thiobacillus ferrooxidans, 

Thiobacillus thiooxidans and Leptospirillum ferrooxidans) are thought to play an important 

role in gypsum formation, because they oxidize Fe2+ to Fe3+ thereby creating more Fe2+ and 

further acidifying the environment in an exothermic reaction (Czereko et al., 2003). 

Oxidation rates and bacterial productivity are temperature dependent (Elberling et al., 

2000).  Microbial action is absent below 3 °C (Ahonen and Touvien, 1992) and pyrite 

oxidation ceases below -10 °C (Meldrum et al., 2001).  Temperature can speed up or slow 

the reaction by affecting both the chemical and bacterial processes.  However, there is no 

clear consensus on the optimum temperature for Theobacillus ferrooxidans growth and 

development: 36 °C (Shafikh and Ade, 2010); 40 °C (Hawkins and Pitches, 1987); 30-35 °C 

(Nixon 1978); and 15-20 °C (Vishniac, 1974). 

 

 

1.6.3.  Site-controlled factors that influence expansion 

 

It is not possible to predict the amount of swelling (or volume increase) simply based on the 

aggregate pyrite content (Sutton et al., 2013).  Additional factors such as aggregate grading, 

depth of fill, packing and density of fill, position of the water table, pH of water and 

temperature all influence the degree and rate of swelling (Song and Zhang, 2009). 

Lamination in the aggregate is also a contributing factor (Evangelou and Zhang, 1995), as 

delamination during oxidation exposes further pyrite causing further cracking.  It is believed 

that the oxidation process can continue for 40 years (Evangelou and Zhang, 1995), but no 

long-term data exist yet for the Irish context 

 

 

1.7. Limits on total sulphur in aggregate 

 

In a study on the stability of pyritic limestone aggregate in concrete, Le Roux et al., (2000) 

determined experimentally that 180 wetting and drying cycles in twelve months caused 

expansion and shrinkage creating micro-cracking.  However, they found no significant 
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damage in samples with less than 1% TS.  But it is not possible to establish a single threshold 

concentration for sulphur that will lead to floor heave, because variable physical and 

chemical characteristics of aggregate as well environmental factors are at play.  Pyritic 

heave has been reported in aggregate with as low as 0.1% TS (Sutton et al., 2013).  It is of 

note that S.R. 21:2014+A1:2016 (NSAI, 2014) requires further evaluation of aggregates with 

TS of between 0.1% and 1.0% by a professional geologist.  Such aggregates can only be 

certified as fit-for- use, if they meet the criteria of the standard. 

 

Of key importance in determining if an aggregate passes or fails S.R. 21:2014+A1:2016 is 

that an accurate determination of % TS is made and the main focus of this thesis is on this 

issue. 
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Chapter 2.  Materials and methods 

 

 

2.0. Introduction 

 

Through the course of this research a total of 226 samples were processed and analysed. 

Ninety-nine samples were analysed using ICP-OES.  Two hundred and five in total were 

analysed using XRF.  Two hundred and twenty six samples were analysed using XRD.  The 

‘bulk’ XRD, XRF and ICP-OES samples were analysed as particle size reductions of 25 kg bulk 

samples without washing or sieving.  The samples were provided as dry powders by an 

industrial partner, along with % TS data for each sample from a UK accredited laboratory. 

 

Further detailed analyses of 6 samples were performed.  A 2 kg subsample of these was 

subdivided by hand based on lithology and each was analysed separately by XRD.  Another 

2kg subsample of each sample (of the same 6 bulk samples) were wet sieved and the size 

fractions analysed by XRD.  The 6 samples were chosen on the basis of being a 

representative selection of aggregates in current use.  The sample processing pathways are 

outlined in Figure 2. 
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Figure 2.1: Flow diagram of sample preparation. 
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2.1. Preparation 1: ICP-OES Analysis 

 

A simplified preparation method for % TS analysis by ICP-OES was developed.  The data 

from the accredited laboratory were obtainable with a confidential in-house method based 

on TRL 447 sulphate speciation for structural back fills (Reid et al. 2001).  TRL 477 that gave 

very little specific guidance on the methodology, only stating “Microwave digestion of the 

sample using aqua regia, with determination of the liberated sulphur in solution using ICP-

AES.” 

 

The scant level of detail was problematic as there was no guidance on the mass of material 

digested, the concentration of aqua regia, the temperature of reaction, the duration of 

reaction, the dilution, the standardisation of ICP-OES, the instrumental operating 

conditions, the selection of line wavelengths or in fact any instrumental parameters.   

Table 2.1 provides a review of detailed published methods. 

 

Table 2.1: A summary of sample digestion methods for analysis by ICP 

Publication Method Sample 

mass 

Reagent Time Recovery 

rate 

Alam et al. 2012 Hot plate 100 mg Aqua regia  40 min 97% 

Adnan Hossain Khan 

(2012) 

Ultrasound water 

bath 

100 mg Aqua regia 20 min 100% 

Nomvano Mketo et al. 

(2014) 

Microwave and 

high pressure 

bomb 

50 mg HNO3-H2O2 20 min 83-102% 

Shan Xiao-quan et al. 

(1992) 

Oven and high 

pressure bomb 

50 mg HNO3-HClO4 6 h. 

30 min 

Not 

specified 

Shan Xiao-quan et al. 

(1992) 

Oven and high 

pressure bomb 

50 mg HNO3-HF-HClO4 6 h. 

30 min 

Not 

specified 

Handbuch der 

Bodenuntersuchungen 

(2000) 

Hot plate and 

high temperature 

bomb 

200 mg HNO3-HF 10 h Not 

specified 
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The basic method chosen for this study was that of Alam et al. (2012) using hotplate 

digestion with aqua regia, due to the relative ease of use, ability to process multiple samples 

at once and its short duration.  The method is also less hazardous or costly than methods 

using hydrofluoric acid, which is unnecessary for total sulphur analysis, as silicates do not 

need to be dissolved. 

 

 

2.1.1. Digestion Method 

 

The materials and apparatus for TS extraction from aggregate powder are listed in table 2.2. 

 

Materials and apparatus 

Heating block 

Round bottomed 13 mm 

diameter borosilicate reaction 

tubes 

Polypropylene 50 ml centrifuge 

tubes 

50 ml volumetric flask 

1 ml pipette tips 

5% v/v HNO3 

70% v/v HNO3 

37% v/v HCl 

Ultrasonic water bath 

Milli-Q deionised water 

 

Table 2.2: Materials and apparatus for acid digestion of powder samples. 

 

The digestion procedure was as follows: 

1. The borosilicate reaction tubes were cleaned by filling them with water inverting them 

into a beaker leaving as little air as possible.  The beaker was placed in an ultrasonic 
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bath and run for five minutes after which the reaction tubes were rinsed and shaken 

twice with Milli-Q to remove residual water. 

2. The reaction tubes were dried overnight at 90 °C in an oven and transferred to storage. 

3. A sample of 200 mg ±1 mg of sample was weighed onto clean weighing paper using a 6-

digit microbalance (Sartorius MC-5).  This was then transferred into the reaction tube.  

4. Using a calibrated micropipette, 2 ml of aqua regia (1 ml of HNO3 and 1 ml HCl) was 

added to the sample in the reaction tube and the initial reaction was allowed to settle. 

5. The reaction tube was heated for 40 minutes in a heating block at 90 °C with the cap 

very lightly attached. 

6. The reacted sample was allowed to cool for 20 minutes. 

7. The sample was centrifuged in the reaction tubes at 2,000-3,000 RPM for 10 minutes. 

8. The bottom of a 50 ml volumetric flask was pre-filled with Milli-Q. 

9. Using a fresh pipette tip, 1 ml of supernatant was transferred from the centrifuged 

sample tube to the volumetric flask and the solution made up to 50 ml using Milli-Q. 

10. The contents of the volumetric flask, representing a 50:1 dilution of the digest, were 

mixed using an inversion motion and then allowed stand for 15 minutes. 

11. A 20 ml of solution was transferred to a sterile 50 ml storage tube and refrigerated until 

analysis. 

12. A blank was made with each run of samples using the same method, but without 

sample. 

 

 

2.1.2. Method to test for volatile loss of sulphur 

 

Due to low sulphur concentrations returned for the first digested samples, the method was 

examined for potential losses, and an experiment was run to establish if sulphur was being 

lost as volatile hydrogen sulphide H2S. 

 

1. The gas produced during sample digestion was channeled from the headspace in the 

borosilicate reaction tube, with aid of a 2 mm O.D. stainless steel tube, and bubbled into 

a lead nitrate solution in a second borosilicate reaction tube. 
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2. The lead nitrate solution served to capture the H2S, resulting in a dark precipitate of PbS 

if hydrogen sulphide was detected.  If no black precipitate formed it indicated that the 

loss of sulphur in the liberated gas was not significant. 

2.1.3. Preparation method of sulphur calibration standards 

 

The materials and apparatus for the standard calibration are listed in table 2.3. 

 

 

Materials and apparatus 

5% HNO3 carrier acid 

Lu standard 

Sulphur standard 

(Reagecon, product 

number AAS_H) 

Explorer EX124 balance 

100 ml flask 

 

Table 2.3: Materials and apparatus for preparation of standards for ICP-OES calibration. 

 

The preparation of standards was as follows: 

1. Standard samples were made in the same way as unknowns, only that samples were 

made up to 1 L in sterile bottles as opposed to tubes. 

2. Eight calibration standards were made at the following concentrations: 1000 ppm, 750 

ppm, 500 ppm, 250 ppm, 100 ppm, 75 ppm, 50ppm and 25 ppm. 

3. A 1 L sample bottle was labeled. 

4. Empty bottles were weighed using a laboratory balance to 3 decimal places. 

5. The balance was tared after weighing the bottle. 

6. Taking all precautions not to contaminate the Lu standard, 0.05 g was added to the 

analysis tube using a micropipette. Lu standard was added for each sample before any 

sample could be handled and contaminate the standard. 

7. The balance was tared after weighing the Lu standard  1000 ppm sulphur stock solution 

was added, making sure not to contaminate it. 
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8. The balance was tared after weighing the sulphur stock solution. 

9.  The dilution was made up using a 5 % HNO3 carrier acid. 

10.  Samples were stored in a cool dark place. 

2.1.4. Sample preparation for ICP-OES 

 

The materials and apparatus for the ICP-OES analysis are listed in table 2.4. 

 

Materials and Apparatus 

Supernatant from digested sample 

Round bottom borosilicate reaction tube 

Lu spike, in house standard 

Explorer EX 124 Balance 

 

Table 2.4: Materials and apparatus for preparation of samples for ICP-OES analysis.  

 

To prepare the samples for ICP_OES analysis the procedure was as follows: 

 

1. Using the 4-digit microbalance (Explorer EX124) the analysis tube was weighed, the 

weight was recorded and the scales tared. 

2. Taking all precautions not to contaminate the Lu internal standard, 0.05 g was added to 

the analysis tube using a micropipette.  Lu standard was added for each sample before 

any sample could be handled as this could contaminate the standard. 

3. The balance was tared after weighing the Lu standard. 

4. Using a 10 ml pipette 9.95 g of sample was transferred to the tube, a fresh tip was used 

for each sample. 

5. The balance was tared after weighing the sample. 

6. The full sample was weighed after preparation was complete. 

7. The analysis tubes were transferred to the rack for the autosampler and analysed using 

the ICP-OES. 
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2.1.5. ICP-OES Operating conditions 

 

The analytical details of the ICP-OES and its operating conditions are listed in table 2.5. 

 

 

Table 2.5: Make, model and operating conditions of the ICP-OES. 

 

 

2.2.  Preparation 2:  Analysis by XRF 

 

1. Samples were weighed to two decimal places (g) using an Explorer Pro balance; 

2. Pressed pellets were made by loading 6.0 g of powder (Section 2.1 Preparation 2) into a 

thin walled 28 mm aluminium backing cup in a plug and die, which was compressed for 

2 minutes at 14 tons using a Specac hydraulic press (Figure 2.4); 

3. The resulting pellet was 3 mm thick. The backing cup and sample bag were labeled. 
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Figure 2.2: Hydraulic press and plug and die (left). Aluminium backing cup (right). 

 

For the project, two different Rigaku energy dispersive XRF’s were on loan to TCD 

Geochemistry, a NEX CG and a NEX QC+.  Their specifications are explained in the 

following section. 

 

 

2.2.1. Rigku NEX CG ED-XRF 

 

The NEX CG uses Cartesian geometry with secondary target excitation to give higher 

sensitivity than conventional direct-excitation ED-XRF.  The instrument used had 4 

secondary targets and a 50 W Pd-anode X-ray tube.  Samples were run as pressed 

pellets with a 32 mm aperture in a helium atmosphere using sample spin.  Sample spin 

was used to provide a more representative sample for analysis; helium provided a 

stable atmosphere and reduced interferences for analysis.  Each sample was run for 2 

minutes. 
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       2.2.2. Rigaku NEX QC+ ED-XRF 

 

The NEX QC+ is a conventional, direct excitation ED-XRF, which lacks the 

monochromatic secondary target (of the NEX CG), but has a high-performance 

semiconductor detector, and so is still capable of high-resolution results.  It has 

detection from Na to U but lower sensitivity than the NEX CG. Samples were run as 

pressed pellets with a 32 mm aperture in helium atmosphere without sample spin 

whilst the sample was analyzed. 

 

 

2.2.3. Calibration of XRF spectrometers 

 

Due to the lack of suitable certified reference materials for total sulphur in appropriate 

matrices (calcareous mudstone), calibration of the NEX CG was calibrated using in-

house standards, prepared via a dilution series of sample PB015 (with a reported total 

sulphur concentration of 4.1% from the accredited laboratory) by pure calcium 

carbonate (AnalaR, Calcium Carbonate (99.5%), Product no. 10068) (Table 2.6).  The 

homogenised dilutions were formed into pressed pellets using the method described in 

section 2.2. 

PB015 

(g) 
Total (g) CaCO3 

% 

PB015 

% 

Sulphur 

4.10 6.00 0.00 100.00 4.10 

3.00 6.02 3.01 49.94 2.05 

1.50 6.01 4.51 25.00 1.03 

0.76 6.01 5.25 12.62 0.52 

0.35 6.01 5.66 5.74 0.24 

0.16 6 .00 5.84 2.73 0.11 

0.75 6.01 5.25 12.55 0.51 

0.09 6.00 5.91 1.45 0.06 

0.07 6.02 5.95 1.13 0.05 

 

Table 2.6: Dilutions of PB015 using CaCO3 for total sulphur NEX CG calibration 
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The calibration plot for the NEX CG can be seen in Figure 2.3. It shows a near perfect      

agreement to the regression with an r2 of 9.998.  One outlier was excluded from the   

calibration, this was due to improper preparation of the sample in question. 

 

 
Figure 2.3: Screen shot of calibration curve obtained for dilution series on the NEX CG 

 

The NEX QC+ did not have a matching element/mineral library.  Due to this deficiency 

the calibration method used for the NEX QC+ was subject to matrix effects.  To solve 

this problem, 12 samples with accredited laboratory data for % TS and % CaCO3 were 

employed as standards.  The samples were picked to represent the full range of % TS 

and CaCO3 values.  This allowed calibration of a range of compositions and matrixes. Of 

the 12 samples, 6 were above 50 % CaCO3 (i.e. limestone), while 6 were below 50 % 

CaCO3, indicating other lithologies.  This allowed the NEX QC+ to be calibrated for % TS 

while exposing it to a wide range of compositions and matrices (Table 2.7). It became 

apparent later in the analyses that the accredited laboratory had rounded % TS values 

above 1 % TS to one decimal space and this potentially compromised the accuracy of 

the NEX QC+ results somewhat. 
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Carbonate 
Samples 

CaCO3 

% 
S          
% 

 

Non-
Carbonate 
Samples 

CaCO3 

% 
S          
% 

PB010 52 0.77  PB016 2 4 

PB019 84 0.08  PB013 12 2.4 

PB029 64 0.55  PB020 22 1.3 

PB033 90 0.01  PB023 31 1.2 

PB085 75 0.34  PB026 46 1.2 

PB042 59 0.55  PB030 38 1.1 

 

Table 2.7: The selection of samples used for NEX QC+ calibration. 

 

 

2.3.  Preparation 3:  Bulk XRD Analysis 

 

1. A representative subsample weighing c. 0.6 g was placed in a bulk mount with a 28 

mm diameter cavity (Figure 2.4).  The powder sample was loaded so that the plastic rim 

of the mount was not obscured. 

2. The sample surface was smoothed using a glass slide to ensure it was level and flush 

with the rim of the mount, as overfilling of sample causes XRD peak displacement to the 

right while under-filling causes displacement to the left, which complicates 

interpretation.  The XRD Diffrac. Eva software allows displacement correction, but 

careful sample preparation minimises the need.  The peak as 26.66 °2θ for quartz is 

typically used as a datum for displacement correction as quartz is abundant, typically 

crystalline and it tends not to have elemental substitution into its lattice. 

 

 
 

Figure 2.4 Empty bulk cavity mount and filled bulk cavity mount 
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2.3.1.  XRD Operation 

 

All required radiation training was completed ahead of using the XRD.  A radiation tag 

was worn at chest height during sample analysis.  The chiller for the XRD was switched 

on and the X-ray generator was switched on physically and then through the Bruker 

Commander software.  Samples were loaded into a 40-position auto-sample changer 

with the notch in the bulk cavity mount facing inwards.  The relevant sample positions 

were entered into the software along with sample ID's.  Each sample file was given a 

unique analysis code (TDyear_sequential number) e.g. TD16_0123.  A parameter file 

with the operating conditions for the XRD was selected.  The same parameter for all 

samples was used (IS398-5-70 2 SEC SCAN.DFL).  The filters, listed in Table 2.8. were 

used to specify the types of materials being analysed for in the software from the 

extensive library of potential materials. 

 

QUALITY MARKS: 

Indexed 

Star 

Calculated 

Rietveld 

STATUS: 

Primary 

SUBFILES: 

Mineral 

 

Table 2.8:  Database filters used in Diffract Eva software. 

 

 

2.3.2.  Interpretation of XRD data using Diffrac Eva software 

 

Interpretation of a ‘raw’ XRD trace was completed using Diffrac.  Eva (4.0) software and 

the ICDD Database, ‘PDF-4+2015’.  The ‘raw’ trace was imported into the software and 
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the ICDD database was filtered to include details set out in Table 2.8.  This process 

excluded database records, which are not relevant to the sample in question (e.g. 

organic compounds). 

 

The interpretation process used the ‘Search/match scan’ function of the software to 

provide possible peak matches to lines in the ICDD database.  If quartz was present in 

the sample, it was selected first in order to correct for displacement (due to possible 

under filling / overfilling the bulk cavity mount).  Diffraction peaks were matched in turn 

to patterns in the ICDD database on the basis of peak position, peak intensity and 

probability that the mineral occurred in the sample.  The process was continued until all 

peaks were matched.  The database lines for each mineral had a specific colour assigned 

to that consistently throughout the project. Once the interpretation was complete a 

graphic output was saved. 

 

 

       2.4.  Semi-quantitative Rietveld analysis of XRD using Siroquant software 

 

Reitveld analysis is a mathematical approach of finding a modal XRD trace (generated 

from a library of minerals) that provides the closest possible match with the observed 

trace.  From the model mineralogy, it is possible to extract a normative mineralogy of 

the sample.  Sophisticated software, in this case Siroquant allows adjustment of aspects 

of the diffractogram by varying the fundamental parameters that affect the peak 

intensities, shape and positions. 

 

The information required for Rietveld analysis is the RAW XRD trace and the 

interpretation of minerals present.  Step one of this process was selecting the minerals 

interpreted from the XRD trace from the Siroquant database (which has full 

crystallographic information on c. 4000 mineral phases).  Step two was to import the 

RAW XRD trace.  The third step was background removal, which compensated for non-

diffracting amorphous components in the sample (e.g. organic carbon) and instrumental 

noise.  There is significant user-interaction in the background subtraction since the 

Siroquant software provides an automatic suggested background, but this tends to 
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remove some low intensity peaks and cut the sides off others.  Human intervention is 

needed to avoid these issues but this introduces a degree of subjectivity. 

 

Rietveld refinement parameters 

Parameter Function 

Scale Scales peak height of auto generated trace 

U Rietveld peak variability (crystallinity/ particle size effect 

correction) 

V Rietveld peak variability (crystallinity/ particle size effect 

correction) 

W Rietveld peak variability (crystallinity/ particle size effect 

correction) 

U2 Rietveld peak variability (crystallinity/ particle size effect 

correction) 

V2 Rietveld peak variability (crystallinity/ particle size effect 

correction) 

W2 Rietveld peak variability (crystallinity/ particle size effect 

correction) 

Orientation Corrects for mineral orientation 

A A axis unit cell correction 

B B axis unit cell correction 

C C axis unit cell correction 

Α Alpha correction 

Β Beta correction 

Γ Gamma correction 

Shape Correction for peak shape in auto generated trace 

Extinction Correction for extinction angle of minerals 

Temperature Correction for machine temperature effects 

 

Table 2.9: Rietveld refinement parameters 
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Once the background was removed, the operator selects the refinement parameters (Table 

2.9) and their order of application.  The steps taken for each sample were kept as consistent 

as possible to avoid the introduction of subjective errors.  ‘Auto pre-scale’ was used first to 

generate the basic overlay, which was then modified for each mineral using the parameters 

listed in Table 2.9. 

 

The software produces a graphic output of the XRD raw trace, the Rietveld trace and the 

difference between the original and the model.  For most phases the best results were 

found by first refining U, V and W, then ‘orient’ and finally a, b and c.  In addition to the 

important visual fit of the traces, two numerical measures of the goodness-of-fit are 

provided by the software: ‘Chi- Squared’ and ‘R-Factor’. ‘Chi-Squared’ is a measure the fit of 

the generated modal trace to the raw trace, and the ideal result is ‘1.0’ but a result of close 

to ‘2.0’ is acceptable for complex mixtures of natural materials.  ‘R-Factor’ is a measure of 

the difference between the generated trace to the raw trace, the lower this value the 

smaller the difference.  Both these factors indicated closeness of fit.  The impact of each of 

the parameters on a particular phase depends on the crystallography of the mineral. Clays, 

for example show significant improvements in fit when a, b and c are optimized, but quartz 

does not as it’s crystallography is quite uniform due to the very limited substitution of 

cations into SiO2.  There is little to be gained from over refining a trace, once the ‘Chi-

Squared’ and ‘R-Factor’ are no longer significantly improved by the refinement the process 

should be ceased. 
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Figure 2.5: Example of XRD ‘raw’ trace with background-subtracted (black) overlaid by      

refined mathematically generated Rietveld trace (red) and difference between traces (blue 

 

 

2.5. Preparation 4: Variation in composition related to lithology 

 

This preparation investigated to what degree key minerals (e.g. pyrite, clays) are more 

concentrated in particular components of mixed-lithology samples. 

 

1. The 2 kg of washed sample was collected and after sieving each size fraction was 

collected and dried.  Once clean, each component was sorted by lithology. 
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2.  Picking and dividing of samples was done based on grain size, surface characteristics, 

fragment shape, grain type/colour and surface texture.  Using these criteria, samples 

could be picked with accuracy and names assigned to these lithologies based on their 

characteristics.  Picking was conducted to the point where aggregate became too small 

to accurately identify.  The unpicked/residual fraction of the sample was also collected. 

3. Each picked fraction and the unpicked/residual fraction were individually weighed. 

4. Each subdivided lithology was jaw crushed to 2 mm chips, powdered and run on XRD. 

An ‘all-in’ bulk subsample was also run. 

 
 
2.6. Preparation 5: Variation in composition related to particle size 
 

The variation in composition between different particle sizes within a sample was 

investigated in preparation 5. Eden (2014) stated that aggregate should be crushed to 4 

mm, removing the <250 µm fines and testing them separately to the (>4 mm) coarse 

aggregate as the fissile mudrock component gets concentrated into the finer fractions. 

Matheson and Quigley (2015) also suggested testing the <425 µm fraction separately.  This 

preparation investigated the concentration of phases in 4 different particle sizes.  The basic 

method parameters are listed in table 2.11. 

 

                        Materials and apparatus 

  Test sieves (1 mm, 500 μm, 250 μm, and base) 

                      Clock glass for drying sample 

                                   Oven 40 °C 

Agate ball mill 

 

Table 2.11:  Materials and apparatus for fraction size analysis 

 

The procedure for fraction analysis was as follows: 

 

1. The process of wet-sieving was conducted on a 2 kg sample 

using the standard 1mm, 500 µm and 250 µm and a base to 

collect the (<250 µm) finest material. 
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2. Samples were than left to dry overnight at 40 °C in an oven.  

These samples were ground using an agate ball mill and any final 

grit was removed using a pestle and mortar. 

3. A powdered sample of 0.6 g was mounted in an XRD bulk cavity 

mount, replicates were made for each sample.  These were run as 

outlined in Section 3.4.3.  Semi quantitative analyses were done 

using Diffrac. Eva and Siroquant. 

 

 

2.7. Statistical analysis 

 

Statistical analysis in method and instrument validation has improved in the last few 

decades and is an important tool in standardization and the development of industry best 

practice. 

 

2.7.1. Descriptive statistics 

 

To obtain an initial overview of the data means and standard deviations were calculated for 

all the data. Paired t-tests were also undertaken on each comparison. 

 

2.7.2. Passing – Bablok (PB) analysis 

 

Regression analysis has been traditionally used in method comparison but there are often 

problems that violate the assumptions of the linear regression method.  Passing and Bablok 

(1983) observed the following set of problems in comparative studies: 

 

1. Neither variable is free of random error; 

2. The distribution of measurement errors is not normal; 

3. The expected values of the variables are not a random sample due to comparing 

methods covering a wide concentration range; 

4. Extreme outliers often are not gross measurement errors; 
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5. The variance of measurement errors is not constant and may increase the magnitude of 

the measurements. 

 

To overcome these difficulties Passing and Bablok (1983) designed a distribution free (non- 

parametric) regression analysis.  A Passing - Bablok regression analysis comprises a number 

of steps in determining whether methods are comparable, (Bilić-Zulle, 2011) 

 

1. Plotting of a scatter plot with a regression line and an identity line (zero difference). This 

allows visual examination of the data for systematic errors. 

2. Calculation of the intercept and 95% confidence limits (CL). The intercept of a 

comparison should include 0 within the bounds of the CL to conclude that there is no 

systematic offset between the methods. 

3. Calculation of the slope of the regression line and the CL. The slope of the regression 

line of a comparison should include 1 and lie between the bounds of the CL to establish 

that there is no proportional error present. 

4. The relationship of the variables must be linear (linearity test). 

 

 

2.7.3. Bland - Altman analysis 

 

Correlation has often been wrongly used in method comparison studies, (Bland and Altman, 

1987).  It is a measure of association not agreement.  As an example relevant to this study, if 

in measurements of % TS samples by two methods, there can be good correlation even if 

technique 1 averages a reading of 0.5% TS and technique 2 averages 1.0% TS, this implies an 

association but not agreement.  The Bland - Altman (BA) analysis quantifies the agreement 

between two variables by examining the mean difference and constructing limits of 

agreement, which are the 95% CL of the differences.  The BA plot is a simple method to 

assess the bias (mean difference) between two methods and calculate an agreement 

interval within which 95% of the differences between the two methods fall, (Giavarina, 

2015).  The plot allows visualisation of the variability of the differences and enables the 

identification of proportional errors.  The differences should have a reasonably normal 

distribution for the analysis to be valid, (Bunce, 2009).  The differences are usually plotted 
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against the average of the two variables but if a gold standard is available this can be used 

as the X-axis.  In this study, because of the unknown accuracy of the accredited laboratory 

results, the standard averaging method was used. 

 

The essential components of the Bland – Altman analysis are as follows: 

 

1. A plot of the differences (method 2 – method 1) against the average ((method 1 + 

method 2)/2); 

2. The limits of agreement (95% CL (differences)) are plotted; 

3. The bias (mean difference) with 95% CL (bias) are plotted; 

4. The correlation coefficient for the differences by the average is calculated; 

5. The normality of the differences is assessed.  The Kolmogorov-Smirnov test was used to 

assess the data as this is more objective and statistically demanding (Giavarina, 2015) 

than the subjective visual interpretation of normality by a frequency histogram of the 

differences, as suggested by Bland and Altman (1987); 

6. A priori Limits of Agreement are set. 

 

 

Once the Bland - Altman analysis is completed, the following checks are made: 

 

1. Examination of the distribution of the difference values on the plot.  Patterns to look for 

are: 

• A consistent horizontal relationship of the difference values with the average indicating 

a consistent relationship between the two methods; 

• The correlation coefficient for the differences by the average must not be significantly 

different from zero.  While a proportional error may be detected visually as a non-

horizontal trend, it is confirmed by a significant correlation coefficient; 

• An increase in the range of the differences with increasing average values (i.e. 

heteroscedasticity), indicates a reduction in precision with rising average values. 

2. Testing if the Limits of Agreement are within the bounds set by the a priori limits. A 

priori Limits of Agreement for the Bland-Altman were set at ±0.5% TS 
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3. Examination of the bias and checking if zero is included in the range of the 95% Cl (bias). 

If zero is within the 95% CL range then the methods are comparable. 

4. The Pearson correlation coefficient (r) and significance for the differences by the 

average is calculated;  

5. Checking the correlation coefficient (r) is not significantly different from 0 between the 

parameters being tested. (zero should lie within the bounds of the 95% CL.); 

6. Check the normality of the distribution of the differences.  Normality tests are more 

objective and statistically demanding than the subjective visual interpretation of 

normality by a frequency histogram of the differences as suggested by Bland and 

Altman (1987). In this study the Kolmogorov-Smirnov test was used. 

 

All statistical analyses were done using XLSTAT Premium (vers. 19.01) Addinsoft 1995-2017. 
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Chapter 3. Comparison of ICP-OES with the accredited laboratory. 

 

 

3.1.      Introduction 

 

The accredited laboratory data were compared with the in-house ICP-OES which would be a 

check on the accredited laboratory results and also provide a further data set for 

comparison with the results from the XRF instruments. 

 

3.2.       Results 

 

The analyses for ICP-OES and the accredited laboratory were undertaken on the total data 

set (N = 79) and a subset (n = 36) comprising samples <1.0% TS as measured by the 

accredited laboratory. 

 

Variable Samples Mean % TS Std. deviation % TS 

Acc. Lab. Total data 79 1.253 0.988 

ICP-OES Total data 79 1.325 1.099 

Acc. Lab. <1.0% TS 36 0.429 0.313 

ICP-OES <1.0% TS 36 0.539 0.428 

 

Table 3.1. The numbers of samples, means and standard deviations for the total data set 

and the data subset <1.0 % TS for the accredited laboratory and ICP-OES 

 

Paired t-tests revealed that the ICP-OES values for the total data were not significantly 

different from the accredited laboratory values and were significantly different for the 

<1.0% TS subset.  The mean difference for the total data was 0.073% TS (t = 1.043, d.f. 78, p 

= 0.300) and for the <1.0% TS subset it was 0.110% TS (t = 2.640, d.f. 35, p = 0.012). 
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3.2.1.  Passing – Bablok regression 

 

The correlation coefficients (CC) for Kendall tau correlation analyses were for the total data 

CC = 0.722 and for the <1.0% TS subset data CC = 0.763.  These Kendall tau correlation 

coefficients for all data sets were very significantly correlated p<0.0001 and were suitable 

for analysis by PB regression analysis. 

 

 

Total data  Value Lower bound 95%  

(Mean) 

Upper bound 95% 

(Mean) 

Intercept 0.040 -0.026 0.085 

Slope coefficient 0.929 0.843 1.035 

 

<1.0% TS subset Value Lower bound 95% 

(Mean) 

Upper bound 95% 

(Mean) 

Intercept 0.031 -0.039 0.064 

Slope coefficient 1.142 0.924 1.422 

 

Table 3.2. Accredited laboratory by ICP OES, PB regression statistics for both data sets. 

 

The PB analyses revealed that for both the total data (N = 79) and the <1.0% TS subset (n = 

36) that ICP-OES was comparable with the accredited laboratory, because in both data sets 

0 was within the intercept 95% upper and lower bounds and 1 was within the 95% upper 

and lower bounds for the slope coefficient, Table 3.2.  As the lower slope CL was not greater 

than the limits it indicated that in both the total data and <1.0% TS subset there was not a 

proportional bias. 

 

With the total data and the <1.0% TS subset the Casum linearity tests for the accredited 

laboratory and ICP-OES the computed p-values (Total data p = 0.197 and <1.0% TS subset p 

= 0.660) were greater than the significance level alpha = 0.05 and thus one could not reject 
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the null hypothesis H0 that for these two data sets the relationship between the two 

variables was linear. 

 

 

Figure 3.1. PB regression plot of total data % TS (N = 79) for ICP-OES % TS by the accredited 

laboratory.     

(regression line = red and zero difference = black dash) 

 

The PB regression plot (Figure 3.1) of total data for the accredited laboratory by ICP-OES % 

TS shows less heteroscedasticity than observed with equivalent plots of NEX QC+ (Figure 

4.1) and NEX CG (Figure 4.7) by the accredited laboratory, if the three ICP-OES >4.0% TS 

outliers are not considered.  The scatter of data points spreads out slightly above 0.5% TS 

becoming wider up to 2.5% TS if the outliers are included.  The PB plot demonstrates that 

the ICP-OES values are mostly higher lying above the regression line between 0% TS – 1.0% 

TS and between 1.0% TS – 2.5% TS lower ICP-OES values mainly lie below the regression 

line.  This is similar to the patterns observed with NEX QC+ (Figure 4.1) and NEX CG (Figure 

4.7) when plotted against the accredited laboratory.   
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The regression line plots slightly below the no difference line and supports the statistics that 

show that the methods are comparable.  It is interesting to note that the mean for the ICP-

OES while not different from the accredited laboratory (paired t test) was 0.763% TS higher 

than the accredited laboratory and thus it would be expected that the regression line would 

have had a slope above 1.0 rather than 0.929.  This observation can be explained by the 

non-parametric nature of the Passing-Bablok regression which is less affected by outliers. 

 

 

 

Figure 3.2. PB regression plot of <1.0% TS data subset (n = 36) for ICP-OES by the accredited 

laboratory. 

(regression line = red and zero difference = black dash) 

 

In the <1.0 % TS PB regression plot (Figure 3.2) the number of data points is less than half (n 

= 36) those in the equivalent plot (Figure 4.2) of NEX QC+ and the accredited laboratory (n 

=76).  Even with less data the pattern seen in the NEX QC+ comparison is somewhat evident.  

In the ICP-OES by the accredited laboratory comparison the ICP-OES values are generally 

higher relative to the regression line and dominate numerically up to the accredited 

laboratory 0.55% TS from where lower ICP-OES values then dominate up to accredited 
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laboratory 0.80% TS and then a couple of high NEX QC+ values return rising as accredited 

laboratory 1.0% TS is approached.  The cluster of lower ICP-OES values below the regression 

line in the region of accredited laboratory values of 0.7 – 0.8% TS, while not identical, are 

similar to those found in the plots of NEX QC+% TS (Figure 4.2) and NEX CG% TS (Figure 4.8) 

by accredited laboratory. 

 

3.2.2.  Bland – Altman Analysis 

  

To assess for normality the Kolmogorov – Smirnov normality test assessed the differences 

data (ICP-OES – accredited laboratory) in the two data sets. 

 

Test Values Total data %TS <1.0 %TS subset 

D 0.189 0.244 

p value 0.006 0.023 

alpha 0.05 0.05 

 

Table 3.2. Kolmogorov – Smirnov normality test results for differences (ICP-OES – accredited 

laboratory) in the two data sets, total data and the <1.0% TS subset. 

 

The Kolmogorov – Smirnov normality test on the differences (ICP OES - accredited 

laboratory) for the BA analyses revealed that the total data and the <1.0% TS subset 

difference data were not normally distributed, which results in the BA test not being valid. 

This is possibly due to outliers that are quite extreme.  As the accuracy of the accredited 

laboratory data was unknown in this study outliers are included in all analyses.  
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Average % TS 

X 

Difference % TS 

Number of 

Samples 
Bias %TS 

95% CLs % TS 

(Bias) 

95% CLs % TS 

(Differences) 

Total Data % TS 79 0.073 -0.066, 0.211* -1.139, 1.284 

<1.0 %TS data 36 0.11 0.025, 0.194 -0.379, 0.598 § 

 

Table 3.3. Bland – Altman statistics of the average ((accredited laboratory + ICP-OES)/2) by 

the difference (ICP-OES - accredited laboratory) for total data and subset <1.0% TS.  

Comparison of biases (means) % TS and the 95% CLs % TS for the biases and differences.  

(* bias within 95% CLs which include 0)  (§ within a priori limit of ±0.5 % TS) 

 

The mean biases (ICP-OES - accredited laboratory) are low 0.073% TS for the total data and 

0.11% TS for <0.10% TS subset.  The 95% CL (bias) of the total data did include zero in the 

range indicating that the two methods are comparable if the differences were normal, but 

this was not the case.  The <1.0% TS subset did not include zero in the bias 95% CL range.  

The 95% CLs of the differences for the total data (-0.066, 0.211% TS) lay well outside the a 

priori limits and 95% CLs of the biases the for <0.10% TS subset (0.025, 0.194% TS) were 

within a priori limits, but are not valid because the differences data were not normally 

distributed.  The lack of normality in the data was probably be due to the presence of 

significant outliers. 

 

The Pearson correlation coefficients for the average % TS by the difference % TS indicated 

significant positive correlations for the total data ( r = 0.189, t = 1.689, d.f. =77, p = 0.048) 

and the <1.0% TS subset (r = 0.482, t = 3.208, d.f. =34, p<0.002). These positive correlations 

reveal that the differences were not randomly distributed and thus indicated proportional 

error, that was probably due to the outliers. 
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Figure 3.3. Bland – Altman plot of total data (n=79) for the Difference % TS (ICP-OES - 

accredited laboratory) by the Average ((accredited laboratory + ICP-OES)/2) 

 

The BA plot (Figure 3.3) of total data (n=79) of Differences % TS (ICP-OES - accredited 

laboratory) by the average % TS ((ICP-OES + accredited laboratory)/2) reflects the 

heteroscedasticity already observed in the Passing – Bablok plot (Figure 4.1) of ICP-OES and 

the accredited laboratory data.  Also, in both BA plots of NEX QC+ (Figure 4.4) and NEX CG 

(Figure 4.9) with the accredited laboratory the heteroscedasticity with a growing range of 

differences increases above 0.8% TS.  The common factor in relation to the 

heteroscedasticity is the accredited laboratory and this suggests that there is increased 

variability in the accredited laboratory data above 0.8% TS.  There are three high outliers 

that probably influenced the BA statistics.  The significant positive Pearson correlation 

coefficient (r = 0.189, t = 1.689, d.f. =77, p = 0.048) indicates a positive proportional error.  

This proportional error was not confirmed by the non-parametric PB statistic which is more 

robust to outliers. 
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Figure 3.4. Bland – Altman plot of the <1.0% TS subset (n=36) for the Difference % TS (ICP-

OES - accredited laboratory) by the Average % TS ((accredited laboratory + ICP-OES)/2) 

 

The BA plot Figure 3.4 of the <1.0 %TS subset (n=36) for the Differences % TS (ICP-OES - 

accredited laboratory) by the Average ((accredited laboratory + ICP-OES)/2) shows a 

distribution of the data points that would have relatively low heteroscedasticity if the 

outliers were excluded. The definite upward trend of the data confirms the proportional 

bias confirmed by the significant Pearson correlation coefficient (r = 0.482, t = 3.208, d.f. 

=34, p<0.002).  In the more robust PB analysis proportional bias was not observed which 

suggests that the outliers are the factor causing the significant correlations in the BA 

analysis. 

 

3.3.      Discussion of Results 

 

The PB regression analysis which is more robust and not so affected by outliers found no 

significant difference between ICP-OES and the accredited laboratory for the total data and 

the <1.0 % TS subgroup.  The PB analyses found no proportional error for the comparisons 
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of both ICP OES data sets with the accredited laboratory.  The BA analyses were not valid 

because the difference data were not normally distributed for both data sets, probably due 

to the outliers.  The BA analyses found significant proportional error for the comparisons of 

both ICP OES data sets with the accredited laboratory  However, it is worth noting in the BA 

analysis that the <1.0 % TS subgroup comparison of ICP OES with the accredited laboratory 

was within the a priori limit of ±0.5 % TS for the 95% CLs of the differences. 

 

Both data sets displayed heteroscedasticity, especially above 0.8 % TS, in the PB and BA 

plots.  The distribution of data points followed a similar pattern to that which will be seen in 

the plots of NEX QC+ and NEX CG with the accredited laboratory in Chapter 4. 
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Chapter 4. Comparison of XRF instruments (NEX QC+ and NEX QC) with the 

accredited laboratory 

 

 

4.1.      Introduction 

 

Data from two XRF instruments were compared with the accredited laboratory data.  The 

XRF represents a quick and simple method of % TS analysis.  If proven to provide accurate 

results, XRF would represent a rapid and cost-effective method that has the further benefit 

of not requiring digestion. 

 

 

4.2. Results from NEX QC+ with the accredited laboratory 

 

The initial analyses were undertaken on the total data set (N = 177) and a subset (n = 76) 

comprising samples <1.0% TS as measured by the accredited laboratory. As will be seen 

later in the graphical plots of data there was significant heteroscedasticity beginning at 

around 0.8 %TS, so additional analyses were done for the data <0.8% TS forming a second 

subset (n = 57). 

 

Variable Samples 

N 

Mean % TS Std. deviation % TS 

Acc. Lab. Total data 177 1.197 0.824 

NEX QC+ Total data 177 1.329 0.883 

Acc. Lab. <1.0% TS 76 0.513 0.331 

NEX QC+ <1.0% TS 76 0.593 0.421 

Acc. Lab. <0.8% TS 57 0.386 0.282 

NEX QC+ <0.8% TS 57 0.421 0.303 

 

Table 4.1. The numbers of samples, means and standard deviations for the total data set, 

data subset <1.0% TS and data subset <0.8% TS for the accredited laboratory and NEX QC+. 
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Paired t-tests revealed that the NEX QC+ values were significantly higher than the 

accredited laboratory values for both the total data and the <1.0% TS subset.  However, in 

the <0.8% TS subset there was no significant difference between the two methods.  The 

mean difference for the total data was 0.133% TS (t = 4.335, d.f. 176, p<0.0001), for the 

<1.0% TS subset it was 0.08% TS (t = 3.735, d.f. 75, p<0.000) and for the <0.8% TS subset it 

was 0.035% TS (t = 1.973, d.f. 56, p<0.053) 

 

4.2.1.   Passing – Bablok regression 

 

The correlation coefficients (CC) for Kendall tau correlation analyses were for the total data 

(CC= 0.775), for <1.0% TS subset data (CC = 0.810) and for the <0.8% TS subset data (CC = 

0.779).  The Kendall tau correlation coefficients for all data sets were very significantly 

correlated p<0.000 – p<0.0001 and thus all data were suitable for analysis by PB regression 

analysis. 

 

Total data  Value 

% TS 

95% Lower bound  

(Mean) % TS 

95% Upper bound  

(Mean) % TS 

Intercept 0.010 -0.039 0.052 

Slope coefficient 1.105 1.032 1.179 

 

<1.0% TS Subset Value 

% TS 

95% Lower bound  

 (Mean) % TS 

95% Upper bound  

 (Mean) % TS 

Intercept -0.007 -0.057 0.019 

Slope coefficient 1.204 1.112 1.325 

 

<0.8% TS Subset Value 

% TS 

95% Lower bound  

 (Mean) % TS 

95% Upper bound  

 (Mean) % TS 

Intercept 0.013 -0.002 0.042 

Slope coefficient 1.070 0.950 1.183 

 

Table 4.2. Accredited laboratory by NEX QC+ PB regression statistics for all data sets. 
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The PB analyses for both the total data (N = 177) and the <1.0 TS% subset (n = 76) revealed 

that NEX QC+ was not comparable with the accredited laboratory, because in both data sets 

while 0 was within the intercept 95% upper and lower bounds and 1 was not within the 95% 

upper and lower bounds for the slope coefficient.  As the 95% lower bounds of the slopes 

were greater than the limits it indicates that in both the total data and <1.0% TS there was a 

positive proportional error.  Results for <0.8 % TS subset (n = 57) demonstrated no 

significant difference between the accredited laboratory and NEX QC+ as the intercept 

including 0 and slope coefficient including 1 were within the respective 95% upper and 

lower bounds. 

 

With the total data and the <0.8% TS subset the Casum linearity tests for the accredited 

laboratory and NEX QC+ the computed p-values  (total data p = 0.747 and <0.8% TS subset p 

= 0.111 ) were greater than the significance level alpha = 0.05 and thus one could not reject 

the null hypothesis H0 that for these two data sets the relationship between the two 

variables was linear.  For the <1.0% TS subset the p-value  (p = 0.012) was lower than the 

significance level alpha = 0.05 and thus one must reject the null hypothesis H0 that the 

relationship between the two variables was linear, and accept the alternative hypothesis 

Ha. 
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Figure 4.1. PB data % TS and regression plot of total data (N = 177) for NEX QC+ by the 

accredited laboratory. (regression line = red and zero difference = black dash) 

 

The PB regression plot (Figure 4.1) of total data for NEX QC+ by accredited laboratory 

showed heteroscedasticity with the scatter of data points spreading out above 0.8% TS 

becoming wider up to 2.0% TS, above which the widened range of differences stabilised.  In 

the plot (Figure 4.1 ) higher NEX QC+ relative to the zero difference line values dominate 

resulting in a regression line with a positive slope (1.12% TS) and with a 95% CL lower bound 

above 1.0% TS indicating a positive proportional error.  The intercept (0.01% TS) is close to 

zero. 

 

On close examination of the distribution of the data points (Figure 4.1), the effect of 

rounding to one decimal point by the accredited laboratory of data >1.0% TS is clear in the 

vertical columnar distribution of data points, especially between 1.0% TS and 1.7% TS. This 

rounding will have reduced the precision of the accredited laboratory data compared to the 

NEX QC+ data that were calculated to three decimal points. 
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An undulating pattern can be seen in the vertical distribution of the NEX QC+ data relative 

to the zero difference line as the accredited laboratory values increase. The  PB plot (Figure 

3.1)  demonstrates:  

1. Accredited laboratory 0-0.5 % TS range NEX  QC+ values are higher; 

2.  Accredited laboratory 0.5-0.8 % TS range NEX  QC+ values are lower; 

3. Accredited laboratory 0.8-1.5 % TS range NEX  QC+ values are higher; 

4.  Accredited laboratory 1.5-3.5 % TS range NEX  QC+ values are lower.  

This pattern will be seen in the plots between both NEX CG and ICP-OES  and the accredited 

laboratory. 

 

 

 

 

 

Figure 4.2. PB data and regression plot of  <1.0 %TS data subset (n = 76) for NEX QC+ by the 

accredited laboratory. (regression line = red and zero difference = black dash) 

 

The positive slope of the regression line for NEX QC+ by the accredited laboratory for the 

<1.0% TS subset is due to the high NEX QC+ values above accredited laboratory 0.8% TS.  
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The PB analysis found that the 95% lower bound (1.112% TS) was above 1.0% TS indicating a 

positive proportional error. 

 

The distribution of the data in the scatterplot for NEX QC+ by the accredited laboratory 

(Figure 4.2) reflects the pattern of high and low NEX QC+ values in relation to the zero 

difference line within the accredited laboratory 0-1.0% TS range, discussed in relation to the 

total data plot (Figure 4.1). The NEX QC+ values are higher relative to the zero difference 

line and dominate numerically up to the accredited laboratory 0.5% TS from where lower 

NEX QC+ values then dominate to accredited laboratory 0.8% TS and then high  NEX QC+ 

values return rising as the accredited laboratory 1.0 % TS is approached. The higher values 

above accredited laboratory 0.8% TS contribute to the upward rotation of the regression 

line.  

 

The PB regression plot (Figure 4.2) has four data points above 0.75% TS that appear to be 

outliers with higher NEX QC+ values than the accredited laboratory. These data points 

above NEX QC+ 1.1 %TS would appear to be related to the start of the heteroscedasticity 

which is very clear in the plot of total data (Figure 4.1).  Examination of the mineralogy of 

these data points with regards to gypsum content did not reveal anything of note. Removal 

of these high outliers in from <1.0 % TS would undoubtedly reduce the slope of the 

regression line making the two methods more comparable. There are fifteen values that are 

<1.0 %TS as determined by the accredited laboratory but are >1.0 % TS when analysed by 

NEX QC+ (Figure 4.2). 
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Figure 4.3. PB regression plot of <0.8 % TS data subset (n = 57) for NEX QC+ by the 

accredited laboratory. (regression line = red and zero difference = black dash) 

 

Analyses of the a second subset <0.8 % TS for the accredited laboratory was undertaken 

because there appeared to be less heteroscedasticity below this level.  There is some 

increasing spread above 0.5 % TS but the regression analysis demonstrated that the 

accredited laboratory and NEX QC+ are comparable in the range 0-0.8 % TS.  NEX QC+ values 

were generally higher below accredited laboratory 0.5% TS and lower above this level.  Of 

the 25 samples <0.3 % TS as measured by the accredited laboratory 3 samples had >0.3% TS 

levels measured by NEX QC+.  

 

4.2.2.   Bland Altman Analysis 

 

A requirement of the Bland - Altman analysis is that the distribution of the differences (NEX 

QC+ - accredited laboratory) calculated for data points is tested for normality.  
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Test Values Total data %TS  <1.0 %TS subset <0.8 %TS subset 

D 0.119 0.145 0.137 

p value 0.012 0.075 * 0.214 * 

alpha 0.05 0.05 0.05 

 

Table 4.3. Kolmogorov – Smirnov normality test results for the three data sets, total data % 

TS,  <1.0 %TS subset and the <0.8 % TS subset. (* = normal distribution). 

 

The Kolmogorov – Smirnov normality test on the differences ((NEX QC+ - accredited 

laboratory) revealed that the total data BA difference data was not normally distributed and  

both subsets <1.0 % TS and <0.8 % TS were normally distributed. 

 

Average % TS  
X  

Difference % TS 

Number of 
Samples 

Bias % 
95%CLs (Bias) 

% TS 

95% CLs 
(Differences) 

% TS 

Total Data % TS 177 0.133 0.072, 0.193 -0.665, 0.930 

<1.0% TS Data 76 0.08 0.037, 0.123 
-0.286, 0.446 

§ 

<0.8% TS Data 57 0.035 -0.001, 0.07* 
-0.226, 0.295 

§ 

 

Table 4.4. Bland – Altman statistics of the average %TS ((accredited laboratory + NEX 

QC+)/2) by the difference % TS (NEX QC+ - accredited laboratory) for total data %TS , subset 

<1.0 %TS and subset <0.8 %TS.  Comparison of biases (means) %TS  and the 95% CLs %TS for 

the biases and differences. (* bias within 95% CLs which include 0) (§ within a priori limits of  

±0.5 %TS)  

 

The BA analysis of the comparison  accredited laboratory and NEX QC+ for 0.8% TS subset 

complied with the requirements of the BA analysis with the bias (0.035 %TS) with CLs (-

0.001, 0.070% TS) including zero.  The accredited laboratory and NEX QC+ <0.8% TS subset 

CLs (differences) (-0.226, 0.295% TS) were within the within a priori limits of  ±0.5% TS.  The 

<1.0 %TS subset bias (0.08% TS) had CLs(bias) (0.037% TS, 0.123% TS) which did not include 

zero and the CLs (differences)  (- 0.286% TS, 0.446% TS) were within a priori limits of  ±0.5% 
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TS.  The total data bias (0.133 % TS) had CLs (0.072% TS, 0.193 % TS) that did not include 

zero and the CLs (differences) (-0.665, 0.930 % TS) were not within the a priori limits of 

±0.5% TS. 

 

The Pearson correlation coefficients for the average % TS by the difference % TS indicated 

significant positive correlations for the total data ( r = 0.148, t = 1.98, d.f. = 175, p = 0.05) 

and the <1.0 % TS subset (( r = 0.498, t = 4.901, d.f. =74, p <0.0001).  These positive 

correlations indicate proportional error.  As there was no significant correlation for the <0.8 

% TS subset ( r = 0.168, t = 1.264, d.f. = 55, p = 0.212) this complied with Bland-Altman 

requirement regarding correlation, indicating no proportional error. 

 

 

 

Figure 4.4. Bland – Altman plot of total data (N = 177) for the difference (NEX QC+ - 

accredited laboratory) by the average ((accredited laboratory + NEX QC+)/2) 

 

The total data BA plot (Figure 4.4) of differences (NEX QC+ - accredited laboratory) by the 

average % TS ((NEX QC+ + accredited laboratory)/2) reflects more clearly the 

heteroscedasticity already observed in the Passing-Bablok plot (Figure 4.1.) where the range 
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of differences increased above the average 0.8 % TS.  This heteroscedasticity indicates 

increased variability in the data above average 0.8 % TS and as will be seen the plots of ICP- 

OES and NEX CG with the accredited laboratory follow a very similar pattern.  The significant 

positive correlation coefficient (p= 0.05) ) indicates a non-random distribution of difference 

values with increasing average values, due to a positive proportional error obvious in the 

plot (Figure 4.4) with a greater number of rising difference % TS data points with increasing 

average % TS.  This proportional error was  confirmed with the PB statistics (Table 4.2).  Loge 

transformation of the total data did not improve the results from the statistical analyses. 

 

 

 

Figure 4.5. Bland – Altman plot of <1.0 % TS subset (n = 76) for the difference % TS (NEX 

QC+ - accredited laboratory) by the average ((accredited laboratory + NEX QC+)/2) 

 

The BA plot of <1.0 % TS (Figure 4.5) shows that the differences below average <0.3 % TS are 

fairly tight in a range of about 0.02 % TS, then the scatter range increases with a noticeable 

clump of negative difference values due to lower accredited laboratory values in the 

average 0.4 % TS – 0.7 % TS range.  Above 0.75 % TS the difference data points rise steeply 

due to the relatively higher NEX QC+ values and this is the start of the heteroscedasticity 
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that dominates the plot >1.0 % TS (Figure 4.5.).  The rise (Figure 4.5.) from the negative 

difference % TS values to positive difference % TS values shows the proportional error 

already confirmed by the PB regression slope (Table 4.2) and the highly significant 

correlation coefficient (p < 0.0001) indicating a non-random distribution of difference values 

with increasing average values.  However, there are four outliers above the upper 95%  CLs 

for differences that were probably significant in causing the proportional error and raising 

the lower bias 95 % CL just above zero, Fig. 4.5. 

 

 

 

Figure 4.6. Bland-Altman plot of <0.8 % TS subset (n = 57) for the difference % TS (NEX QC+ - 

accredited laboratory) by the average ((accredited laboratory + NEX QC+)/2) 

 

Due to the heteroscedasticity that was apparent above average 0.8 % TS in the BA plots 

(Figures 4.3 and 4.4) analyses of the data <0.8 % TS was undertaken.  Both the Passing – 

Bablok and Bland – Altman tests confirm that in this range (<0.8 %TS) the methods are 

comparable. ` The paired t test  indicated that the two data sets were not significantly 

different.  The correlation was not significant resulting in a horizontal random distribution of 

the difference % TS plotted against the average % TS (Figure 4.6) and indicates that the bias 
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is constant.  The lower bound of the 95% CLs (bias) just overlaps (0.01 % TS) the zero 

difference line demonstrating no systematic bias and that the methods are comparable in 

the average range <0.08 % TS.  Without the one low and the two high outliers the 

comparison would probably be slightly better. 

 

 

4.3.  Results from comparison on NEX CG with the accredited laboratory 

 

In the comparison on NEX CG with the accredited laboratory analyses were undertaken on 

the total data set (N = 71) and a subset (n = 30) comprising samples <1.0 % TS as measured 

by the accredited laboratory. 

 

Variable Samples Mean% TS Std. deviation% TS 

Acc. Lab. Total data 71 1.295 0.917 

NEX CG Total data 71 2.018 1.257 

Acc. Lab. <1.0%TS 30 0.471 0.330 

NEX CG <1.0% TS 30 0.938 0.701 

 

Table 4.5. The numbers of samples, means and standard deviations for the total data set 

and the data subset <1.0% TS for NEX CG and the accredited laboratory.  

  

Paired t-tests revealed that the NEX CG values were significantly higher than the accredited 

laboratory values for both the total data and the <1.0% TS subset.  The mean difference for 

the total data was 0.723% TS (t = 10.774, d.f. 70, p<0.0001) and for the <1.0 %TS subset it 

was 0.467 %TS (t = 6.028, d.f. 29, p<0.0001). 

 

4.3.1   Passing – Bablok regression 

The  correlation coefficients (CC) for Kendall tau correlation analyses were for the total data 

(CC= 0.722) and for the <1.0 %TS subset data (CC = 0.817). These Kendall tau correlation 

coefficients for all data sets were very significantly correlated p<0.0001 and indicated that 

the data were suitable for analysis by PB regression analysis. 
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Table 4.6. Accredited laboratory by NEX CG PB regression statistics for both data sets. 

 

The PB analyses revealed that for both the total data (N = 71) and the <1.0 % TS subset (n = 

30) revealed that NEX CG was not comparable with the accredited laboratory, because in 

both data sets while 0 was within the intercept 95% upper and lower bounds, 1 was not 

with in the 95% upper and lower bounds for the slope coefficient.  As the lower 95% CLs 

were greater than 1 this indicates that in the total data and <1.0 % TS  there was positive 

proportional bias. 

 

With the total data and the <1.0 % TS subset the Casum linearity tests for the accredited 

laboratory and NEX CG the computed p-values (total data p = 0.197 and <1.0 % TS subset p = 

0.660) were greater than the significance level alpha = 0.05 and thus one could not reject 

the null hypothesis H0 that for these two data sets the relationship between the two 

variables was linear. 

Total data Value 

% TS 

Lower bound 95% 

(Mean) % TS 

Upper bound 95% 

(Mean) % TS 

Intercept 0.167 0.050 0.296 

Slope coefficient 1.46 1.318 1.600 

<1.0 %TS Subset Value 

% TS 

Lower bound 95% 

(Mean) % TS 

Upper bound 95% 

(Mean) % TS 

Intercept 0.026 -0.088 0.066 

Slope coefficient 1.980 1.661 2.369 
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Figure 4.7. PB data % TS and regression plot of Total data (N = 71) for NEX CG by the 

accredited laboratory. (regression line = red and zero difference = black dash) 

 

The PB regression plot (Figure 4.7) of total data for the accredited laboratory by NEX CG has 

a significantly rising regression line (slope 1.46 % TS) relative to the zero difference line 

demonstrating the proportional error established in the PB statistical analysis.  The high 

proportional error is probably due to the stated % TS for the accredited laboratory sample 

used to calibrate the NEX CG being incorrect.  There is heteroscedasticity of the data points 

with the scatter spreading out above 0.8% TS becoming wider up to 3.0 % TS.  The PB plot 

demonstrates that the heteroscedasticity is generally dominated by lower NEX CG values 

between accredited laboratory 0.5 – 0.8 % TS, then higher NEX CG values between 

accredited laboratory 0.8 – 1.5 % TS and then becomes increasingly dominated by lower 

NEX CG values between accredited laboratory 1.5 -3.3 % TS.  This pattern in the distribution 

of the heteroscedasticity is similar to the undulating pattern found in the NEX QC+ data 

plots against the accredited laboratory within the range 0.5 – 3.3 % TS. 
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Figure 4.8. PB regression plot of  <1.0 %TS data subset (n = 30) for NEX CG by the accredited 

laboratory. (regression line = red and zero difference = black dash) 

 

The PB regression plot (Figure 4.8) of <1.0% TS data for the accredited laboratory by NEX CG 

has an even steeper rising regression line (slope 1.98 % TS) relative to the zero difference 

line than found in the total data by accredited laboratory plot (Figure 4.7).  The steep slope 

reveals the proportional error established in the PB statistical analysis.  In the <1.0 % TS PB 

regression plot (Figure 3.8) the number of data points is less than half (n = 30) those in the 

equivalent plot with NEX QC+ by the accredited laboratory (n =76) (Figure 4.2).  Even with 

less data the pattern seen in the NEX QC+ comparison is evident.  In the NEX CG by the 

accredited laboratory comparison the majority of NEX CG values are higher relative to the 

regression line up to the accredited laboratory 0.55 % TS from where lower NEX QC+ values 

then dominate close to accredited laboratory 0.8 % TS after which high NEX QC+ values 

return rising as accredited laboratory 1.0 % TS is approached.  This pattern in the 

distribution of the heteroscedasticity is similar to the undulating pattern found in the NEX 

QC+ data plots against the accredited laboratory within the range zero to 1.0 % TS. 
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4.3.2.   Bland – Altman Analysis 

 

Test Values Total data % TS <1.0 % TS subset 

D 0.093 0.149 

p value 0.542* 0.472 * 

alpha 0.05 0.05 

 

Table 4.7. Kolmogorov – Smirnov normality test results for the two data sets, total data % 

TS and  <1.0 % TS. (* = normal distribution) 

 

The Kolmogorov – Smirnov normality test on the differences ((NEX CG - accredited 

laboratory) for the BA analyses revealed that the total data and <1.0 % TS subset difference 

data were normally distributed, Table 4.7.  

 

Average % TS 

X 

Difference % TS 

Number of 

Samples 

% TS 95% CLS (Bias) 95% CLS 

(Differences) 

Total Data  71 0.723 0.589, 0.856 -0.385, 1.830 

<1.0% TS Data 30 0.467 0.308, 0.625 -0.365, 1.298 

 

Table 4.8. Bland – Altman statistics of the average ((accredited laboratory + NEX CG)/2) by 

the difference (NEX CG - accredited laboratory) for total data % TS and subset <1.0 % TS. 

Comparison of biases (means) %TS  and the 95% CLs % TS for the biases and differences.  

 

The biases (mean NEX CG - accredited laboratory) were high 0.723 %TS and 0.467 %TS for 

the total data and the <1.0% TS respectively. The CLs for the biases did not include zero in 

their range indicating that the two data sets are not comparable with the accredited 

laboratory. The CLs of the biases lay well outside the a priori limits, Table 4.8. 

 

The Pearson correlation coefficients for the average % TS by the difference % TS indicated 

significant positive correlations for the total data (r = 0.63, t = 6.443, d.f.=69, p < 0.0001) and 
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the <1.0 %TS subset (r = 0.893, t = 10.499, d.f. =28, p <0.0001).  These positive correlations 

indicate proportional error.  

 

 

 

Figure 4.9. Bland – Altman plot of total data % TS (N=71) for the Difference %TS (NEX CG - 

accredited laboratory) by the Average ((accredited laboratory + NEX CG)/2) 

 

The BA plot (Figure 4.9.) of total data % TS (N=71) of differences %TS (NEX CG - accredited 

laboratory) by the average % TS ((NEX CG + accredited laboratory)/2) reflected more clearly 

the heteroscedasticity already observed in the Passing – Bablok plot (Figure 4.7) of NEX CG 

and the accredited laboratory data and the NEX QC+ and accredited laboratory (Figure 4.2.), 

in that the range of differences increases above 0.7 - 0.8 % TS.  This heteroscedasticity 

indicated that there was increased variability in the data above 0.7 - 0.8 % TS and was seen 

the plots of ICP-OES with the accredited laboratory (Figs. 3.1 and 3.2) that follow a very 

similar pattern.  The very significant positive Pearson correlation coefficient (r = 0.63, t = 

6.443, d.f. =69, p < 0.0001) indicates a positive proportional error which is clear in the plot 

(Figure 3.9), with a greater number of rising difference data points with increasing average 

% TS.  The proportional bias was also confirmed with the PB statistics. 
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Figure 4.10. Bland – Altman plot of <1.0% TS subset (N=30) for the Difference% TS (NEX CG - 

accredited laboratory) by the Average (accredited laboratory + NEX CG)/2) 

 

The BA plot Figure 4.10 of the <1.0 % TS subset (N=30) for the Difference % TS (NEX CG - 

accredited laboratory) by the Average ((accredited laboratory + CG)/2) shows relatively little 

scatter of the data points and is homoscedastic.  The definite upward trend of the data 

confirms the proportional bias confirmed by the highly significant Pearson correlation 

coefficient (r = 0.893, t = 10.499, d.f. = 28, p <0.0001).  If there had not been the calibration 

issue that caused the proportional error the NEX CG would probably have not been 

significantly different from the accredited laboratory in this data set. 

 

 

4.3.    Discussion of XRF results 

 

Neither XRF satisfied the conditions for Passing Bablok analysis for the total data or the 

<1.0% TS subset.  In the <0.8 % TS NEX QC+ and the accredited laboratory were not 

significantly different.  The NEX CG showed clear proportional error in both the PB and BA 



 58 

analyses, inaccurate calibration was probably the key factor in this finding.  The NEX CG and 

accredited laboratory plotted more closely around the PB regression line for the data when 

visually compared with NEX QC+ and the accredited laboratory data. The NEX QC+ showed 

proportional error in the PB and BA analyses of the total data and the <1.0 % TS subset.  

However, the comparisons of the <0.8 % TS subset for NEX QC+ and the accredited 

laboratory were not found to be significantly different by any statistical test performed and 

the difference was within a priori limits of  ±0.5 % TS.  While the BA analysis of the <1.0 % TS 

subset for NEX QC+ and the accredited laboratory was within a priori limits of  ±0.5 % TS, it 

was not valid due proportional error and a lower 95 % CL (bias) very slightly above zero.  

However, the removal of a small number of outliers in the NEX QC+ comparison would 

probably have resulted in the <1.0 % TS subset being comparable.  

 

 The plots for both XRF devices and also with ICP-OES with the accredited laboratory data 

displayed a similar pattern of heteroscedasticity indicating a lack of consistency with 

increasing % TS values. This observation would suggest that the main cause of the 

heteroscedasticity was the accredited laboratory data. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 59 

Chapter 5.  XRD Bulk analysis 

 

 

5.1.  Introduction 

 

The principle purpose of the mineralogical analysis was to examine possible relationships 

between minerals present and absolute total sulphur content (% TS).  The data were 

subdivided (using the analysis from the accredited laboratory) into groups as follows: <0.1, 

0.1-0.2, 0.2-0.3, 0.3-1 and >1.0  % TS.  These values are based on <0.1 % TS being an 

automatic pass for S.R. 21:2014+A1:2016, 0.3% TS being a trigger limit for further 

investigation in Test Suite 0 of I.S. 398:2013-1 and >1.0 % TS being an automatic fail for both 

S.R. 21:2014+A1:2016 and I.S. 398:2013-1.  In the triplot 0.2 % TS was selected as a limit 

because of the proposed revision in I.S. 398:2013-1, which includes a reduction of % TS from 

0.3% to 0.2%. 

 

In a first step, the aggregate was characterized in terms of these components: carbonate 

(calcite + dolomite), silicate (quartz + feldspar) and clay (mica + chlorite), normalized to 

100%.  The sulphide (pyrite) and sulphate (gypsum) mineral concentrations were excluded 

from the calculation.  Figure 5.1 shows the data from 198 samples as a ternary diagram. 
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5.2. Results 

 

 

Figure 5.1. Triplot showing the distribution of samples (N = 198) for the 0-0.1% TS, 0.1-0.2% 

TS, 0.2-0.3% TS, 0.3-1.0% TS and >1.0% TS. 

 

In Figure 5.1 the broad range of lithological compositions present in the 198 aggregate 

samples is evident.  This included carbonate-dominated (pure limestone) and silica-

dominated (pure sandstone), but were predominantly variable mixtures of clays (0 – 30%), 

silicates (40 – 80%) and carbonates (20 – 80%). 

 

Figure 5.2 summarises the data (presented in Figure 5.1) as a series of data fields grouped as 

% TS subdivisions.  The data fields were drawn by hand and extreme outliers were excluded 

from diagram of data fields. 
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Figure 5.2 Triplot showing summary data fields of Rietveld XRD analysis, subdivided by total 

sulphur (% TS). Significant overlap occurs between groups. 

 

Five populations with variable degrees of overlap emerge in Figure 5.2.  The 0-0.1 % TS 

group plots between 90-100% carbonate with very low clay concentration.  The 0.1-0.2 % TS 

group extends from 100-75% carbonate.  The 0.2-0.3% TS group plots between 90- 45 % 

carbonate.  The 0.2-0.3 % TS also exhibits a higher overall clay values.  The 0.3-1.0 % TS 

group extends from 80-40 % carbonate with up to mid-range clay content that increases 

with silicate content.  Finally, the >1.0 % TS group, usually, had <30% carbonate and extends 

to close to 100% silicate end-member.  Clay concentrations for the >1.0 % TS group range 

from low to very high, and as with the 0.3-1.0 % TS group, the clay concentration increases 

with silicate.  Significant overlap is found between the groups in the % TS ranges 0.2-0.3, 

0.3-1.0 and >1.0.  These results suggest that some of the samples with 0.2-0.3 % TS must be 
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considered as a risk potential in terms of reactivity and that mineralogy on its own does not 

accurately predict problematic aggregate. 

 

A plot of a subset of 47 samples (from the 198 samples investigated) which were identified 

by petrographic analysis as having carbonate mudstone either constituting the entire 

sample, termed ‘single lithology samples’, or as a significant component of the sample in 

‘multiple lithology samples’ (e.g. mixed limestone and shale; lithologically diverse gravel 

sources; mixtures from one or more quarry sources) is provided in Figure 5.3. 

 

 

Figure 5.3 Triplot showing the single and multiple lithology samples (n = 47) containing 

carbonate mudstone. 

 

There appears to be a relationship between the positions of groups in Figure 5.2 and the 

‘carbonate mudstones’ (Figure 5.3).  The samples containing a single lithology carbonate 

mudstones plot in the region that contains either >1.0% samples or 0.3-1.0% TS.  The mixed 

lithology samples that plot amongst the single lithology samples typically show a high wt. % 

of the carbonate mudstone lithology.  These samples contained a high proportion of 
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carbonate mudstone thus plotting amongst the single lithology carbonate mudstone 

samples, and they show a higher % TS.  The mixed lithology samples that plot closer to the 

carbonate end-member contain only minor amounts of carbonate mudstone and due to this 

they may have a lower chance of being reactive.  

 

Aggregates of a single component carbonate mudstone or of mixed lithologies with a large 

portion of carbonate mudstone have, elevated clay and higher % TS values when compared 

to (Figure 5.2), indicating that there may be some mineralogical controls on potential 

reactivity. 

 

5.3. Statistical analysis 

 

Pearson’s correlation analysis (XLSTAT) with arcsine transformation of the percentage 

values, was performed on XRD mineral data and the accredited laboratory % TS (n-1= 197), 

and these results are listed in Table 5.1. 

 

 

Table 5.1. Correlation coefficient Matrix of XRD data (Arcsine transformation) (n-1 = 197) 

The mineral association the analysis shows: 

 

1. Quartz is positively correlated with pyrite and gypsum, and strongly negatively 

correlated with calcite; 

2. Calcite is negatively. correlated with quartz, pyrite, gypsum muscovite albite and 

chlorite; 
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3. Dolomite shows no correlations; 

4. Pyrite positively correlates with gypsum, quartz, and muscovite but is negatively 

correlated with calcite; 

5. Gypsum is positively correlated with pyrite and quartz and negatively correlated with 

calcite; 

6. Muscovite is negatively correlated with calcite and positively correlated with pyrite, 

chlorite and albite; 

7. Chlorite is correlated with albite and muscovite and negatively correlated with calcite; 

8. The % TS shows a strongly antipathetic relationship with calcite and a positive 

correlation with pyrite and gypsum.  Positive correlation is found with quartz and to a 

lesser extent the “clay minerals. 

 

The Pearson correlation matrix results confirm the findings from the ternary diagram.  

The correlation matrix more clearly identified a close association of quartz with % TS, and 

to a lesser extent of increasing clay concentrations with increasing % TS values.  The trend  

toward the low % TS clean limestone end-member is also clearly seen in the negative  

correlation of calcite to total sulphur, quartz, pyrite, gypsum, chlorite and albite. 

 

However, the correlation analysis could not differentiate the % TS groups and the ternary 

diagram showed clear overlap between the 0.2-0.3% TS, 0.3-1.0% TS and >1.0% TS groups, 

Table 5.1. 

 

 

5.4.  Discussion 

 

The mineralogical analysis showed that when the data are subdivided into % TS groups, 

there is a degree of overlap (Figure 5.2).  The one firm finding is that the lowest % TS groups 

close to the carbonate end-member, with very low clay and silicate concentrations.  As the 

% TS increased the carbonate concentration decreased while the silicate and clay 

concentrations increased.  Somewhat unexpectedly, quartz content is more strongly 

associated with % TS than the sheet silicates and albite. 
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The highest clay and quartz concentration could be seen in the >1.0% TS group.  This trend 

in the triplot was confirmed in the correlation analysis (Table 5.1.), the positive correlation 

between quartz, muscovite and chlorite reflected the rising clay concentration with 

increasing silicate.  The negative correlation between calcite, quartz and chlorite reflected 

the decrease in silicate and clay values with increasing carbonate. 

 

In the ternary diagram, the 0-0.1 % TS and 0.1-0.2 % TS groups showed very marginal 

overlap with the 0.3-1.0 % TS group.  The 0.2-0.3 % TS, 0.3-1.0 % TS and >1.0 % TS had the 

greatest extent of overlap. The 0.3-1 % TS and >1.0 % TS groups plotted in the same region 

with near-complete overlap.  Samples in the 0.2-0.3 % TS appear questionable in terms of 

their stability.  This mirrors the findings of Maher and Grey (2014), who concluded that 

reactive material is typically high in calcareous mudstones, siltstones, shales and muddy 

limestones.   

 

Whilst petrography is important, it may not be capable of making a useful distinction 

between reactive or non-reactive marginal aggregate.  The fact is that simple petrography 

cannot be used in isolation to determine marginal potentially reactive material, illustrated 

by overlap in fields on fig. 5.2.  Petrography needs to be done in conjunction with XRD and 

other methods. 
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Chapter 6.  Variation in composition related to lithology 

 

 

6.1.  Introduction 

 

The variation in the composition related to lithology study aimed to establish the lithologies 

within a sample and individually test them to establish if pyrite within the bulk sample could 

be traced to a single lithology within it.  Samples were picked and divided based on 

lithology, and variation in mineralogy between different lithological components of the 

same sample was investigated using XRD by individually analyzing each lithology from the 

bulk.  Six samples were used in this study, these were pre crushed and graded quarry 

samples. 

 

 

6.2  Results 

 

 

Table 6.1. XRD and mass balance results for sample A 
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Figure 6.1. Bar chart of results for sample A: Shale reflects the poorest quality lithology and 

contains the highest level of pyrite and gypsum.  The muddy limestone and micrite are the 

most stable and show the lowest levels of potentially reactive components such as gypsum 

and muscovite. 

 

Sample A, a mixed lithology quarry sample, was subdivided by hand and picked into three 

fractions: shale, micritic limestone and muddy limestone, Table 6.1.  In the bar chart  (Fig. 

6.1)  shale shows the highest quartz and lowest calcite concentration, the micritic limestone 

has the highest calcite lowest quartz concentrations and the muddy limestone shows 

intermediate concentrations.  Muddy limestone has the highest pyrite concentration and 

the shale and micritic limestone has low pyrite concentrations.  Shale also has the highest 

gypsum concentration while the muddy and micritic limestones show the lowest abundance 

of sulphate.  The shale lithology also has the highest muscovite concentrations. 
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Table 6.2. XRD results for sample B. 
 

 
Figure 6.2. Bar chart of results for sample B: Shale is the poorest quality component with 

the highest levels gypsum, pyrite and muscovite.  The crystalline limestone and micrite 

appear to be the most stable components, due to their reduced gypsum and absence or 

negligible values for pyrite and muscovite. 

 

 Sample B was sorted into three main lithologies shale, micritic limestone and crystalline 

limestone, Table 6.2.  The crystalline limestone yields the highest calcite and the lowest 

quartz values, while the micritic limestone and shale show similar quartz and calcite results, 

Figure 6.2.  The shale fraction has the highest pyrite, while micritic limestone shows 

negligible pyrite and the crystalline limestone has none.  All lithologies showed gypsum, the 
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shale has the highest values, followed by micritic limestone and crystalline limestone.  Only 

the shale fraction yields XRD reflections of clay in the form of muscovite. 

 

 

 
Table 6.3. XRD and Mass balance results for sample C. 
 
 

 

 

Figure 6.3. Bar chart of results for sample C:  The shale is the poorest lithology in this 

sample, being the only one containing pyrite, gypsum and muscovite.  The crystalline 

limestone and micrite are the cleanest lithologies in the sample.  Due to the low shale 

concentration of the aggregate, only gypsum is expressed in the bulk. 
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Sample C was subdivided into three fractions shale; micritic limestone and crystalline 

limestone, Table 6.3.   Both the micritic limestone and crystalline limestone show high 

calcite, low quartz values and are free of other phases, Figure 6.3.  The shale fraction shows 

increased quartz values and low levels of pyrite, gypsum and muscovite.  The bulk sample is 

dominated by the high calcite and has low quartz, showing only a minor amount of gypsum. 

 

 

Table 6.4. XRD and mass balance results for sample D. 
 

 

 
Figure 6.4. Bar chart of results for sample D:  The laminated carbonate mudstone 

lithology represents the poorest quality material, showing high pyrite, gypsum and 

muscovite.  The crystalline limestone shows low returns of potentially reactive phases.  

The bulk sample preferentially represents the laminated carbonate mudstone. 
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Sample D was subdivided into two fractions crystalline limestone and laminated 

carbonate mudstone, Table 6.4.  The crystalline limestone shows the expected high 

calcite while the carbonate mudstones show elevated quartz and high muscovite, Figure 

6.4.  The crystalline limestone has low amounts of chlorite.  Both rock types contain 

pyrite but the carbonate mudstone exhibits almost double the concentrations seen in 

the crystalline limestone.  Gypsum is only found in the carbonate mudstone lithology.  

The bulk sample reflects the carbonate mudstone lithology. 

 

 

 

Table 6.5. XRD and Mass balance results for sample E. 
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Figure 6.5. Bar chart of results for sample E: The sample shows very high level of muscovite 

and chlorite, but only the laminated carbonate mudstone demonstrates pyrite in marginal 

amounts.  Otherwise this sample with elevated muscovite appears stable. 

 

Sample E was subdivided into three lithologies; laminated carbonate mudstone; crystalline 

limestone; and sandstone, Table 6.5.  It shows high muscovite and chlorite concentrations in 

the sandstone and carbonate mudstone end-members, with comparatively low muscovite 

and chlorite values in the crystalline limestone, Figure 6.5.  The crystalline limestone has the 

highest calcite and lowest quartz values.  The sandstone shows the highest quartz values 

and negligible calcite.  There is very low pyrite in the sample but carbonate mudstone 

returns a value of 0.1 wt %.  In the bulk sample the higher quartz and calcite values are 

reflected, but also lower muscovite and chlorite concentrations are reflected. 
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Table 6.6. XRD and Mass balance results for sample F. 
 

 

Figure 6.6. Bar chart of results for sample F: The shale represents the poorest quality 

material, being the only lithology to contain pyrite.  Although the sandstone shows the most 

elevated muscovite results, it lacks the other phases seen in other potentially reactive 

samples.  There is a large mix of lithologies in this sample with all but one, shale, appearing 

to be potentially unreactive. 

 

Sample F was subdivided into four lithologies; carbonate mudstone, muddy limestone, 

sandstone and crystalline limestone, Table 6.6.  There are higher concentrations of minerals 

such as muscovite, chlorite and quartz in the muddy lime and sandstone lithologies, Figure 

6.6.  The muddy limestones show 0.4 wt % pyrite, the only lithology to show this phase.  

Carbonate limestone shows the lowest muscovite and chlorite, but similar quartz levels to 
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the carbonate mudstone.  The bulk sample reflects the constituents giving mid-range results 

for quartz and calcite as well as muscovite and chlorite. Pyrite is not seen in the bulk 

sample. 

 

 

6.3  Discussion 

 

When the individual end-members were looked at within each sample, trends could be seen 

in the mineral concentrations.  The limestones showed low concentrations of minerals 

which are associated with reactive aggregates such as pyrite, gypsum, muscovite and 

chlorite.  The laminated carbonate mudstones, muddy limestones and shales showed the 

highest concentrations of these minerals.  This indicated that while the other components 

of the aggregate may be unreactive, the shales, mudstones and laminated carbonate 

mudrocks could result in the failure of an otherwise unreactive sample.  Although pyrite and 

gypsum are not consistently found in rock types containing high amounts of chlorite, 

muscovite and quartz, these more fissile lithologies became broken down to finer material 

during the crushing of the aggregate, the result of which could be seen in sample D.  The 

gypsum concentration in the bulk sample was 8.4 wt % while the end-member with the 

highest concentration showed 1.7 wt. % gypsum and was found in the laminated carbonate 

mudstones.  When the fines are taken into account the gypsum is found to be concentrated 

in the fine fractions.  This will be  examined further in the following chapter. 

 

This method has strong potential for analysis of indeterminate samples as it can identify 

lithologies within a sample that contain higher concentrations of potentially reactive 

mineral phases.  This could aid in the analysis of samples that fail by marginal results, 

quantifying the percentage of lithologies within the bulk sample and identifying problematic 

aggregate based on individual XRD mineral analysis. 
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Chapter 7.   Variation in composition related to particle size 
 
 
7.1.  Introduction 

 

When rocks are crushed for use in aggregates the more fissile mudstones become more 

concentrated in the fines than other stronger lithologies.  In the previous chapter 6 it was 

shown that these lithologies, can sometimes be associated with high % TS results.  As a 

result reactive material may be concentrated within the fines, causing an otherwise clean 

lithology to fail, or potentially reacting itself and causing heave.  This is reflected in the work 

of Eden (2014) who states that the aggregate should be crushed to 4 mm, removing the 

<250 µm fines and testing them separately to the (>4 mm) coarse aggregate as the fissile 

mudrocks get concentrated into the finer fractions.  Matheson and Quigley (2015) also 

suggest testing the <425 µm fraction separately.  

 

 The six bulk sub-samples, that were used for the lithological analysis in chapter 6, were 

wet-sieved through a sieve stack comprising 1 mm, 500 μm, 250 μm and base pan (<250 

μm). The retained fraction from each of the sieves was powdered and run on the XRD and 

Rietveld analysis was performed on each fraction. The results for each sample are presented 

in the following bar charts and as tables in Appendix II. 
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7.2.  Results 

 

Figure 7.1. Bar chart comparing mineralogy (quantified by Rietveld XRD) of the bulk sample 

with the composition of the various size fractions of sample A. 

 

Sample A was identified in the lithological analysis as a mixture of muddy limestone (39%), 

micritic limestone (23%), shale (12%) and residual fines (26%).  By bulk XRD analysis it could 

be interpreted as a calcareous mudstone.  It shows gypsum in all particle sizes, with the 

highest concentration in the smallest (<250 μm) size, Figure 7.1.  Quartz is generally more 

concentrated in finer particles and calcite generally less concentrated, but the trend is 

reversed in the <250 μm size.  Gypsum is highest in the smallest size fraction,. 
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Figure 7.2. Bar chart showing mineralogy (quantified by Rietveld XRD) of the bulk sample 

with the composition of the various size fractions of sample B. 

 

 

Sample B was identified in the lithological analysis as a mixture of crystalline limestone 

(46%), micritic limestone (40%), shale (13%) and residual fines (2%).  By bulk XRD analysis it 

could be interpreted as an impure limestone.  It shows a very clear trend of decreasing 

calcite concentration with particle size and very significant gypsum concentrations in the <1 

mm fractions, the highest concentrations again in the two finest fractions, Figure 7.2.  Pyrite 

is present in low concentrations in the >250 μm - <500 μm fraction, the >1 mm fraction and 

the bulk fractions. 
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Figure 7.3. Bar chart showing mineralogy (quantified by Rietveld XRD) of the bulk sample 

with the composition of the various size fractions of sample C. 

 

Sample C was identified in the lithological analysis as a mixture of crystalline limestone 

(63%), micritic limestone (21%), shale (2%) and residual fines (14%). By bulk XRD analysis it 

could be interpreted as a limestone.  The calcite concentration is lower and the quartz 

concentration higher in the finer particle sizes, Figure 7.3.  Gypsum is found in all fractions 

and shows its highest concentration again in the <250 μm fractions.  
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Figure 7.4. Bar chart showing mineralogy (quantified by Rietveld XRD) of the bulk sample 

with the composition of the various size fractions of sample D. 

 

Sample D was identified in the lithological analysis as a mixture of laminated carbonate 

mudstone (44%), crystalline limestone (37%) and residual fines (19%).  By bulk XRD analysis 

it could be interpreted as a calcareous mudstone. It is quite pyritic with variable 

concentrations between fraction sizes.  Gypsum concentrations are also variable with the 

highest concentrations observed in the finest two fractions, Figure 7.4. 
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Figure 7.5. Bar chart showing mineralogy (quantified by Rietveld XRD) the bulk sample with 

the composition of the various size fractions of sample E. 

 

 

Sample E was identified in the lithological analysis as a mixture of crystalline limestone 

(66%), sandstone (22%), laminated carbonate mudstone (9%), and residual fines (3%).  By 

bulk XRD analysis it would be difficult to name, but it was calcareous, with a significant 

concentration of feldspar and mica and minor chlorite.  It shows lower calcite 

concentrations in the finer fractions and the >1 mm fraction than the bulk sample, Figure 

7.5.  Quartz is most concentrated in the <500 μm fractions.  Pyrite is only detected in the 

bulk sample and gypsum is only detected in the <250 μm fraction. 
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Figure 7.6. Bar chart showing mineralogy (quantified by Rietveld XRD) of the bulk sample 

with the composition of the various size fractions of sample F. 

 

 

Sample F was identified in the lithological analysis as a natural boulder clay / gravel / sand 

comprising a mixture of sandstone (43%), muddy limestone (19%), crystalline limestone 

(18%), laminated carbonate limestone (18%) and residual fines (1%).  By bulk XRD analysis it 

would be difficult to name, but it was (>50%) calcareous, with a significant concentration of 

mica and minor chlorite, albite and dolomite.  Traces of pyrite were seen in the <1 mm 

fraction and the >250 μm - <500 μm, Figure 7.6.  Calcite becomes less concentrated and 

quartz  more concentrated as the particle sizes got smaller.  This is typical with natural sands 

(Dr. R. Goodhue pers. Comm.)  Notably gypsum was not identified in this sample. 

 

 

7.3.  Discussion 

 

All samples showed clear trends in mineralogy with particle size.  The results demonstrate 

that the more fissile laminated carbonate mudrocks and shales become preferentially 



 82 

crushed to small particle sizes and concentrated in the fines.  This is seen in a number of 

trends between fraction sizes of calcite, gypsum, quartz and muscovite.  Calcite showed high 

concentrations at coarse fraction sizes, decreasing as the fractions became finer.  Gypsum 

showed increased concentrations in finer fractions with lower concentrations in the coarser 

fractions.  Quartz showed a distinct trend of high values in the fine fractions and low 

concentrations in the coarse fractions.  Muscovite showed the same general behaviour as 

quartz and gypsum, but not showing trends as distinctly.  It was typically more concentrated 

in the finer fractions with lower concentrations in the coarse fractions. 

 

These mineralogical results are in agreement with the chemical results in Chapter 5 in which 

minerals such as quartz, gypsum and muscovite were associated with high % TS results.  The 

highly elevated quartz and muscovite values were directly associated with the laminated 

carbonate mudstone lithology in the ternary plot analysis (Figure 5.3).  This is a strong 

indication that mechanically weaker fissile laminated mudstones or shales were 

preferentially crushed creating a fine coating of potentially reactive material on otherwise 

unreactive aggregate.  The more fissile mudstones may become concentrated in finer 

fractions and depending on the use of the aggregate, the fines may cause problematic 

heave. 

 

The most significant conclusion of the particle size XRD analysis was that gypsum is 

consistently found in the highest concentrations in the finest particle sizes .  This was most 

apparent in samples B and D.  In sample B the bulk analysis showed 1.7 wt % gypsum 

whereas the <250 µm fraction yielded 13.7 wt % gypsum.  This finding has clear implications 

for the investigation of samples suspected of pyrite-to-gypsum related heave: washing the 

sample prior to basic petrography of the >4 mm fraction is likely to remove gypsum and bias 

the result.  The results also highlighted that in some samples gypsum may only be 

detectable by XRD in the finest fractions, for example in sample E. 

 

Finally calcite showed a general trend of decreasing concentration with decreasing particle 

size (e.g. in samples A, B, C, F).  This is commonly the case with natural sands (sample F), 

where the harder and more robust quartz increases in concentration with decreasing 

particle size, although the same trend in crushed bedrock samples was probably due to the 
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crystalline limestones being more resistant to crushing than fissile carbonate mudstone and 

shales (which produce more fines containing quartz) (Dr. R. Goodhue pers. Comm).  The loss 

of calcite through chemical reaction (to supply Ca to gypsum) was unlikely to account for 

the trend. 
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Chapter 8.   Comparisons of ICP-OES with XRF instruments (NEX QC+ 

and NEX CG)  

 

 

8.1. Introduction 

The results of the in-house % TS analysis from the ICP-OES and XRF were compared against 

each other to assess the accuracy of the accredited laboratory results, using the same 

methods of statistical analysis as in Chapters 3 and 4.  Better agreement between the in- 

house methods would indicate potential error in the accredited laboratory values. 

 

8.2.  Results of comparison of NEX QC+ with ICP-OES  

 

The XRF method NEX QC+ was compared with ICP-OES to assess if these methods were 

comparable. 

 

Variable Samples Mean %TS Std. deviation %TS 

ICP-OES %TS 72 1.300 1.021 

NEX QC+ %TS 72 1.229 0.957 

ICP-OES %TS <1.0 TS% 30 0.516 0.320 

NEX QC+ %TS <1.0 TS% 30 0.441 0.255 

 

Table 8.1. The numbers of samples, means and standard deviations for the total data set 

and <1.0 %TS data subset for ICP-OES and NEX QC+. 

 

Two comparisons were undertaken NEX QC+ and ICP-OES for the total data %TS (N = 72) 

and the <1.0 %TS data (30).  The mean values for ICP-OES were slightly lower than NEX QC+, 

paired t-tests revealed that there was no significant difference between ICP-OES and NEX 

QC+.  The mean differences for the total data was 0.071 %TS (t = 1.088, d.f. 71, p = 

0.280)and for the <1.0 %TS subset it was 0.075 %TS (t = 1.917, d.f. 29, p = 0.065).  
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8.2.1  Passing – Bablok regression 

 

The correlation coefficients for Kendall tau correlation analyses were for the total data (CC= 

0.736) and for the <1.0 %TS subset data (CC = 0. 572).  The Kendall tau correlation 

coefficients for both data sets were very significantly correlated p<0.0001 and the data were 

suitable for analysis by PB regression analysis. 

 

Total data %TS Value Lower bound 95% 

(Mean) 

Upper bound 95% 

(Mean) 

Intercept -0.016 -0.109 0.057 

Slope coefficient 0.993 0.881 1.150 

 

<1.0 %TS Subset Value Lower bound 95% 

(Mean) 

Upper bound 95% 

(Mean) 

Intercept -0.014 -0.044 0.081 

Slope coefficient 0.809 0.624 1.070 

 

Table 8.2: ICP-OES by NEX QC+ PB regression statistics for both data sets. 

 

The PB analyses for both the total data %TS (N = 72) and the <1.0 TS% subset (n = 30) 

revealed that NEX QC+ was comparable with ICP-OES, because in both data sets 0 was 

within the intercept 95% upper and lower bounds, 1 was within the 95% upper and lower 

bounds for the slope coefficient.  As the slopes were within the 95% CLs for the Total data % 

TS and <1.0 % TS subset there was no proportional error.  

 

From the Casum linearity tests for ICP-OES and NEX QC+ the computed p-values  (Total data 

p = 0.878 and <1.0 % TS subset p = 0.925 ) were greater than the alpha = 0.05 and thus one 

could not reject the null hypothesis H0 that for these two data sets the relationship 

between the two variables was linear.  
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Figure 8.1. PB regression plot of Total data %TS (N = 72) for NEX QC+ %TS by ICP-OES 

(regression line = red and zero difference = black dash) 

 

The PB regression plot (Figure 8.1) of total data % TS (N = 72) for NEX QC+ by ICP-OES shows 

some spread of the data points above NEX QC+ 0.5 % TS up to 1.8 % TS which is quite stable 

with a range around 1.0 % TS (homoscedastic).  Above 1.8 % TS the data spreads further 

appearing heteroscedastic but this may due to three outliers. The heteroscedasticity seen in 

the comparison of the accredited laboratory with NEX QC+ starts at accredited laboratory 

0.8 % TS (Figure 4.1).  There is a much more uniform spread around the regression line 

(Figure 8.1) compared with the comparison of the accredited laboratory with NEX QC+ 

(Figure 4.1).  In the accredited laboratory with NEX QC+ comparison the data points tend to 

be below the regression line in the accredited laboratory range 0.5 %TS to 0.8 %TS, then 

between 0.8 % TS to 2.0 % TS many more are above the regression line and finally above 2.0 

% TS more data points are below the regression line. The difference in the scatter of data 

points suggests that the relationship between NEX QC+ data and ICP-OES data is more 

consistent than NEX QC+ data and the accredited laboratory.  
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Figure 8.2. PB regression plot of <1.0 %TS data subset (n = 30) for NEX QC+ %TS by ICP-OES 

(regression line = red and zero difference = black dash) 

 

While the PB regression analysis found that ICP-OES by NEX QC+ were comparable 

examination the slope (0.81 %TS) of the regression line with an intercept of -0.014 (CLs -

0.044, 0.081) on the plot would suggest the two methods are not comparable and that 

there is a proportional error.  The PB regression analysis in non- parametric method and is 

quite robust in the presence of a small number of outliers and this is why the statistics 

indicate that the methods are comparable. 

 

8.2.2   Bland - Altman Analysis 

A requirement of the Bland - Altman analysis is that the distribution of the differences data 

(NEX QC+ - ICP-OES) calculated for data points are tested for normality.  
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Test Values Total data % TS <1.0 % TS subset 

D 0.164 0.141 

p value 0.037 0.540 * 

alpha 0.05 0.05 

 

Table 8.3. Kolmogorov – Smirnov normality test results for the two ICP-OES and NEX QC+  

data sets  total data % TS and <1.0 % TS. (* = normal distribution). 

 

The Kolmogorov – Smirnov normality test on the differences (ICP-OES – NEX QC+) revealed 

that the total data BA difference data was not normally distributed and the <1.0 % TS subset 

was normally distributed. 

 

 

 

Figure 8.3. Frequency histogram of differences of the total data  (NEX QC+ - ICP-OES) 

 

The frequency histogram of differences between NEX QC + and ICP-OES show that the data 

are reasonably normally distributed if the two outliers (PB045 (2.71,4.099) and PB047 

(2.477,4.431) were excluded.  
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   Average %TS 

            X  

Difference % TS 

      Number 

         Of 

    Samples 

 

       Bias % TS 

      95% CLs  

        % TS  

       (Bias) 

95% CLs  

  % TS 

    (Differences) 

Total Data % TS 72 -0.071 -0.202, 0.059* -1.159, 1.017 

<1.0 % TS data 30 -0.075 -0.155, 0.005 * -0.494, 0.345§ 

 

Table 8.4: Bland – Altman statistics of the average ((ICP-OES + NEX QC+)/2) by the difference 

(NEX QC+ - ICP-OES) for total data % TS and <1.0 % TS.  Comparison of biases (means) % TS 

and the 95% CLs % TS for the biases and differences. (§ within a priori limit of ±0.5 % TS)  

(* bias within 95% CLs which include 0) 

 

The BA analysis of the comparison ICP-OES and NEX QC+ for <1.0 % TS subset complied with 

the requirements of the BA analysis with the bias -0.075 % TS lying between the CLs (bias) 

 (-0.155, 0.005) which included zero.  In the ICP-OES and NEX QC+ comparison for <1.0 % TS 

subset the CLs of the differences (-0.494, 0.345) were within the within a priori limits of ±0.5 

% TS.  The bias -0.071 % TS for total data % TS had CLs (bias) (-0.202, 0.059) that did include 

zero but the CLs of the differences -1.159, 1.017 were not within the a priori limits of ±0.5 

%TS.   

 

The Pearson correlation coefficients for the average %TS ((ICP-OES + NEX QC+)/2) by the 

difference % TS (NEX QC+ - ICP-OES) indicated no correlation for the total data (r = -0.12, t = 

-1.011, d.f. =70, p =0.158). The <1.0 %TS subset had a negative correlation coefficient  

(r = -0.334, t = -1.875, d.f. =28, p =0.036) which indicates a proportional error. 
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Figure 8.4. Bland – Altman plot of total data %TS (N=72) for the Difference %TS (NEX QC+ - 

ICP OES) by the Average ((ICP-OES + NEX QC+)/2) 

 

The BA plot of total data % TS (Figure 8.4) of differences % TS (NEX QC+ - ICP-OES) by the 

average % TS ((NEX QC+ +ICP-OES)/2) shows more heteroscedasticity than is evident in the 

Passing – Bablok plot (Figure 8.1) of the NEX QC+ and ICP-OES data. The heteroscedasticity 

develops above 0.5 % TS and has a tighter scatter of data than that observed in the total 

data %TS BA plot for the accredited laboratory and NEX QC+, Figure 4.4.  The correlation 

coefficient was not significant which indicates no proportional error.  The two outliers 

(PB045 (2.71,4.099) and PB047 (2.477,4.431) have the effect of increasing the 

heteroscedasticity above average 2.5 %TS.  PB047 was an outlier unique to this comparison. 

PB045 was also an outlier in two other comparisons, accredited laboratory and ICP-OES and 

NEX CG and ICP-OES.  If normality were assumed with the removal of the two outliers the 

two methods would be more comparable and the 95% CLs would improve. However, as it 

stands the a priori limits of ±0.5 % TS are exceeded. 
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Figure 8.5. Bland – Altman plot of <1.0 % TS (n = 30) for the Difference % TS (NEX QC+ - ICP-

OES) by the Average ((ICP-OES + NEX QC+)/2). 

 

The BA plot of ICP-OES and NEX QC+ displays a bias (-0.075 % TS) that is below the zero 

difference line with an upper bound 95% CL (0.005 % TS) that just includes the zero 

difference line indicating that the two methods would be comparable if there was not a 

negative correlation coefficient (r = -0.334, t = -1.875, d.f. =28, p =0.036) which indicates a 

proportional error.  This proportional error did not influence the PB statistics which 

determined that the methods were comparable for both the total data % TS and the <1.0 % 

TS subset.  This negative correlation coefficient is probably due to outliers outside the 95% 

CLs (difference), PB049 (-0.64 % TS), PB043 (0.493 % TS) and PB042(-0.550 %TS). Outliers 

PB049 and PB043 were also outliers in two other comparisons, accredited laboratory and 

ICP-OES and NEX CG and ICP-OES.  The outlier PB042 was also an outlier in one other 

comparison, accredited laboratory and ICP-OES.  As the common factor to the comparisons 

involving these outliers was ICP-OES it would suggest that these are erroneous values for 

ICP-OES.  These outliers in the ICP-OES data are an indication of the potential error that can 

arise with a more complicated sample preparation method than XRF. 
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8.3  Comparison on NEX CG with ICP-OES 

 

The XRF method NEX CG was compared with ICP-OES to assess if these methods were 

comparable. 

 

Variable Number of Samples Mean % TS Std. deviation % TS 

ICP-OES % TS 61 1.400 1.060 

NEX CG % TS 61 2.034 1.223 

ICP-OES <1.0 % TS 25 0.558 0.325 

NEX CG <1.0 % TS 25 0.964 0.591 

 

Table 8.5. The numbers of samples, means and standard deviations for the total data % TS 

set and <1.0 % TS data subset for ICP-OES and NEX CG 

 

Two comparisons were undertaken between NEX CG and ICP-OES for the total data % TS (N 

= 61) and the <1.0 % TS data (N=25).  The mean values of NEX CG for both the total data % 

TS set and <1.0 % TS data subset were considerably higher than ICP-OES, paired t-tests 

revealed that the differences between ICP-OES and NEX CG were significant.  The mean 

difference for the total data was 0.634 % TS (t = 7.139, d.f.=60, p <0.0001) and for the <1.0 

% TS subset it was 0.406 c (t = 5.261, d.f. 24, p <0.0001).  

 

8.3.1.  Passing – Bablok regression 

 

The correlation coefficients (CC) for Kendall tau correlation analyses were for the total data 

% TS (CC= 0.714) and for the <1.0 % TS subset data (CC = 0. 598).  The Kendall tau 

correlation coefficients for both data sets were very significantly correlated p<0.0001 and 

thus the data were suitable for analysis by PB regression analysis. 
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Total data % TS Value Lower bound 95% 

(Mean) 

Upper bound 95% 

(Mean) 

Intercept 0.156 -0.035 0.388 

Slope coefficient 1.476 1.222 1.762 

 

<1.0 % TS Subset Value Lower bound 95% 

(Mean) 

Upper bound 95% 

(Mean) 

Intercept -0.117 -0.358 0.130 

Slope coefficient 2.036 1.568 2.420 

 

Table 8.6. ICP-OES by NEX CG PB regression statistics for the total data % TS (N = 61) and the 

<1.0 % TS data (n=25). 

 

The PB analyses for both the total data % TS (N = 61) and the <1.0 TS % subset (n = 25) 

revealed that NEX CG was not comparable with ICP-OES.  In both data sets the intercept was 

acceptable because the intercept 95% upper and lower bounds included 0 however the 

methods were not comparable because the 95% upper and lower bounds for the slope 

coefficient did not include 1.0.  The slopes were 1.476 % TS for the total data and 2.036 % TS 

for <1.0 %TS subset and indicated significant proportional error. 

 

From the Casum linearity tests for ICP-OES and NEX CG the computed p-values (Total data p 

= 0.388 and <1.0 % TS subset p = 0.187) were greater than the significance level alpha = 0.05 

and thus one could not reject the null hypothesis H0 that for these two data sets the 

relationship between the two variables was linear.  
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Figure 8.6. Passing Bablok data and regression plot of total data % TS (N = 61) for NEX CG by 

ICP-OES 

(regression line = red and zero difference = black dash) 

 

The PB regression line (Figure 8.6) of the total data %TS (N = 61) for NEX CG by ICP-OES 

demonstrates a proportional error in the NEX CG data confirmed by the slope coefficient of 

1.476 %TS with 95% CLs (1.222, 1.762).  There is greater heteroscedasticity than seen in the 

comparison between the accredited laboratory and NEX CG, Figure 4.7.  There is one 

obvious outlier, PB045 (4.099 % TS, 2.070 % TS), which was also an outlier for the ICP-OES 

comparisons with the accredited laboratory and NEX QC+. 
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Figure 8.7. Passing Bablok data and regression plot of <1.0 % TS data subset (n = 25) for ICP-

OES by NEX CG (regression line = red and zero difference = black dash) 

 

The PB regression analysis of <1.0 % TS data subset (n = 25) found that ICP-OES by NEX CG 

were not comparable.  The regression slope (2.036 %TS) with 95% CLs % TS (1.568, 2.420), 

with an intercept of -0.117 % TS, is steeper than the total data (1.476% TS), further 

indicating proportional error. 

 

8.3.2  Bland – Altman Analysis 

 

The BA distribution of the differences data (NEX CG – ICP-OES) for total data and <0.01 %TS 

were tested for normality.  
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Test Values Total data % TS  <1.0 % TS subset 

D 0.095 0.107 

p value 0.606* 0.908 * 

alpha 0.05 0.05 

 

Table 8.7. Kolmogorov – Smirnov normality test results for the two ICP-OES and NEX CG 

data sets total data % TS and <1.0 % TS. (* = normal distribution). 

 

The Kolmogorov – Smirnov normality test on the differences (NEX CG – ICP-OES revealed 

that the total data and the <1.0 % TS subset data were normally distributed and suitable for 

BA analysis.  

 

   Average % TS 

            X  

Difference % TS 

      Number 

         Of 

    Samples 

 

       Bias % TS 

      95 % CLs  

        % TS  

       (Bias) 

95 % CLs  

  % TS 

    (Differences) 

Total Data % TS 61 0.634 0.457, 0.812 -0.726, 1.994 

<1.0 % TS data 25 0.406 0.247, 0.566 -0.351, 1.163 

 

Table 8.8: Bland – Altman statistics of the average ((ICP-OES + NEX CG)/2) by the difference 

(NEX CG – ICP-OES) for total data % TS and <1.0% TS.  Comparison of biases (means) % TS 

and the 95% CLs % TS for the biases and differences.  

 

The BA analyses of the comparison ICP-OES and NEX CG for the total data and 1.0 % TS 

subset indicated that for both sets the methods were not comparable because both 

CLs(bias) did not include zero.  The total data bias 0.634 % TS with CLs (bias) (0.457, 0.812) 

and the <1.0 % TS subset bias 0.406 % TS with CLs (bias) (-0.351, 1.163) did not include zero. 

For the total data and the <1.0 % TS subset both 95% CLs (differences) were well outside a 

priori limits, Table 8.8. 

 

The Pearson correlation coefficients for the average % TS ((ICP-OES and NEX CG) by the 

difference % TS (NEX QC+ - ICP-OES) had significant correlations indicating proportional 
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error in the total data %TS (r = 0.246, t = 1.949, d.f. =59, p = 0.028) and the <1.0 % TS subset 

(r = 0.722, t = 5.005, d.f. =23, p <0.0001). 

 

 

 

Figure 8.8. Bland – Altman plot of total data % TS (N=61) for the Difference % TS (NEX CG - 

ICP OES) by the Average ((ICP OES + NEX CG)/2) 

 

The BA plot of ICP-OES and NEX CG has a high bias (0.634 %TS) with 95% CLs (bias) (0.457, 

0.812 %TS) not including zero difference and very wide CLs (difference) (-0.726, 1.994 %TS) 

that are outside the a priori limits.  The plot of total data % TS (Figure 8.8) of differences % 

TS (NEX QC+ - ICP-OES) by the average % TS ((NEX CG +ICP-OES)/2) shows more 

heteroscedasticity than is evident in the Passing – Bablok plot (Figure 8.6) of the NEX CG and 

ICP OES data.  This heteroscedasticity indicated that there was increased variability in the 

data above 0.5 %TS and the plots of NEX CG with the accredited laboratory follow a very 

similar pattern, Figure 4.9.  The correlation coefficient was significant which indicates 

proportional error which is very evident in the BA plot (Figure 8.8) for NEX CG and ICP-OES 

total data %TS (r = 0.246, t = 1.949, d.f. =59, p = 0.028). 
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Figure 8.9. Bland – Altman plot of <1.0 %TS (n = 30) for the Difference %TS (NEX CG - ICP -

OES) by the Average ((ICP-OES + NEX CG)2). 

 

The BA plot of ICP-OES and NEX CG has a high bias (0.406 %TS) with 95% CLs (bias) (0.247, 

0.566 %TS) not including zero difference and CLs (difference) (-0.351, 1.163 %TS) outside 

the a priori limits.  The ICP-OES and NEX CG bias of (0.406 %TS) and wide CLs % TS are 

attributable to the proportional error present in the NEX CG data.  The highly significant 

correlation coefficient (r = 0.722, t = 1.949, d.f.=23, p <0.0001) indicates a proportional 

error.  

 

 

8.4.   Discussion of comparisons of NEX QC+ and NEX CG with ICP OES  

 

The PB analyses of NEX QC+ and ICP-OES revealed no significant difference  between the 

methods for both data sets and no proportional error was found. The BA analyses found 

that the 95% CLs for the bias were acceptable and the 95% CLs for the differences were 

within the within a priori limit of ±0.5 % TS.  However, there was  proportional error which 
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was probably due to a small number of outliers related to the ICP-OES data.  For the total 

data the BA analysis revealed acceptable 95% CLs for the bias but the 95% CLs for the 

differences were outside the a priori limit of ±0.5 % TS. There is less heteroscedasticity 

evident in the plots of NEX QC+ by ICP-OES than when these methods were compared with 

the accredited laboratory which is further evidence of higher variability in the accredited 

laboratory data.  From all the comparisons undertaken in this research  NEX QC+ and ICP-

OES gave the most statistically comparable results., which were slightly better than the ICP -

OES and accredited laboratory comparisons. This suggests that the accuracy of the 

accredited laboratory data may be questionable. 

 

Due to a calibration error with NEX CG and ICP-OES shown by all statistical tests to be not 

comparable.  The calibration problem led to significant proportional error in all results. 

Examination  of the plots for the total data and <1.0 % TS data set in the PB and BA  would 

suggest that if there was no proportional error that the these comparisons would have been 

similar to those found between NEX QC+ and ICP-OES. 
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8.5.   Comparison of NEX QC with NEX CG results 

 

 

The analyses for NEX QC+ and NEX CG were undertaken on the total data set (N = 65) and a 

subset (n = 24) comprising samples <1.0 % TS as measured by NEX QC+. 

 

Variable Samples Mean %TS Std. deviation %TS 

NEX QC+ 65 1.235 0.801 

NEX CG 65 2.026 1.205 

NEX QC+ 24 0.447 0.275 

NEX CG 24 0.799 0.490 

 

Table 8.9. Means and standard deviations for the total data set and the data subset <1.0 % 

for the NEX QC+ and NEX CG 

 

Paired t-tests revealed that the NEX CG values were significantly different and higher than 

the NEX QC+ values for both the total data and the <1.0 % TS subset.  The mean difference 

for the total data was 0.791 % TS (t = 14.425, d.f. 64, p<0.0001) and for the <1.0 % TS subset 

it was 0.352 % TS (t = 7.447, d.f. 23, p<0.0001). 

 

8.5.1  Passing - Bablok Analysis 

The correlation coefficients (CC) for Kendall tau correlation analyses were for the total data 

(CC= 0.913) and for the <1.0 % TS subset data (CC =0.911).  The Kendall tau correlation 

coefficients for both data sets were very significantly correlated p<0.0001 and were suitable 

for assessment by PB regression analysis. 
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Total data %TS Value Lower bound 95% 

(Mean) 

Upper bound 95% 

(Mean) 

Intercept 0.089 -0.003 0.167 

Slope coefficient 1.598 1.515 1.667 

 

<1.0 %TS Subset Value Lower bound 95% 

(Mean) 

Upper bound 95% 

(Mean) 

Intercept 0.001 -0.063 0.110 

Slope coefficient 1.813 1.601 2.007 

 

Table 8.10. PB regression statistics for the total data set and the data subset <1.0 % for NEX 

QC+ by NEX CG 

 

The PB analyses for both the total data %TS (N = 65) and the <1.0 TS % subset (n = 24) 

revealed that NEX QC+ were not comparable with NEX CG, firstly because in both data sets 0 

was within the intercept 95% upper and lower bounds, and secondly because 1 was outside 

the 95% upper and lower bounds for the slope coefficient.  The slopes of 1.598 % TS for the 

total data and 1.813 % TS for <1.0 % TS subset indicate significant proportional bias which 

was also seen when the accredited laboratory (Figures 4.7 and 4.8) and ICP-OES (Figures 8.6 

and 8.7) were  compared with NEX CG. 

 

With the total data and the <1.0 % TS subset the Casum linearity tests for the NEX QC+ and  

NEX CG the computed p-values  (Total data p = 0.830 and <1.0 % TS subset p = 0.847) were 

greater than the significance level alpha = 0.05 and thus one could not reject the null 

hypothesis H0 that for these two data sets that the relationship between the two variables 

was linear. 
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Figure 8.10. PB regression plot of Total data %TS (N = 65) for NEX CG by NEX QC+ 

(regression line = red and zero difference = black dash) 

 

The PB regression plot (Figure 8.10) for total data (N=65) showed a very tight scatter of data 

points throughout the distribution apart the highest data point PB016 ( 4.014 ,5.32). This 

tight scatter, with a consequently very high Kendall tau correlation coefficient (CC = 0.913, 

p<0.0001), contrasts with the heteroscedastic plots of NEX CG (Figure 4.7) and NEX QC+ 

(Figure 4.1) with the accredited laboratory.  The considerably steeper slope (1.598) of the 

regression line compared to the zero difference line indicates a significant proportional 

error.  The narrow 95% lower and upper bounds (1.515 % TS, 1.667 % TS) reveal that the 

data are very closely correlated.  The intercept (0.089 % TS) is relatively close to zero. 
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Figure 8.11. PB regression plot of <1.0 %TS (n = 24) for NEX CG by NEX QC+  

(regression line = red and zero difference = black dash) 

 

The PB regression plot (Figure 8.11.) for <1.0  %TS (n = 24) for NEX CG  by NEX QC+ showed a 

tight scatter of data points throughout the distribution, with no obvious outliers.  This 

scatter, has a very high Kendall tau correlation coefficient (CC = 0.911, p<0.0001) very close 

to that of Total data % TS (CC = 0.913, p<0.0001).  The homoscedasticity of the data points is 

a contrast to the heteroscedastic plots of NEX CG (Figure 4.8.) and NEX QC+ (Figure 4.2.) 

with the accredited laboratory.  The slope coefficient (1.813 % TS) is higher than the total 

data (1.598 % TS) and the 95% lower and upper bounds (1.601 % TS, 2.007 % TS) are wider 

than the narrower total data bounds (1.515 % TS, 1.667 % TS).  The intercept (-0.001 % TS) is 

closer to zero than the total data intercept (0.089 % TS). 

 

8.5.2. Bland and Altman Analysis 

The BA distribution of the differences data (NEX CG – NEX QC+) for total data and <0.01 % 

TS were tested for normality.  
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Test Values Total data % TS  <1.0 % TS subset 

D 0.133 0.117 

p value 0.182* 0.863 * 

alpha 0.05 0.05 

 

Table 8.11. Kolmogorov – Smirnov normality test results for the two NEX QC+ and NEX CG 

data sets total data % TS and <1.0 % TS. (* = normal distribution). 

 

The Kolmogorov – Smirnov normality test on the differences% TS (NEX CG – NEX QC+) 

revealed that the total data and the <1.0 % TS subset data were normally distributed and 

suitable for BA analysis.  

 

Average % TS X 

Difference %  TS 

Number of 

Samples 

Bias 

%TS 

95% CLs % TS 

(Bias) 

95% CLs % TS 

(Differences) 

Total Data %TS 65 0.791 0.682, 0.901 -0.076, 1.658 

<1.0 % TS data 24 0.352 0.254, 0.450 -0.102, 0.806 

 

Table 8.12: Bland – Altman statistics of the average ((NEX CG + NEX QC+)/2) by the 

difference (NEX CG – NEX QC+) for total data % TS and <1.0 % TS.  Comparison of biases 

(means) %  TS and the 95% CLs %TS for the biases and differences.  

 

The BA analyses of the comparison ICP-OES and NEX CG for the total data and 1.0 % TS 

subset did not comply with the requirement of the BA analysis, with the total data bias 

0.634 % TS with CLs (bias) (0.457, 0.812) and the <1.0 %TS subset bias 0.406 % TS with CLs 

(bias) (-0.351, 1.163), as both CLs did not did not include zero.  For the total data and the 

<1.0 % TS subset both 95% CLs (differences) were well outside a priori limits, Table 8.12. 

 

The Pearson correlation coefficients for the average % TS ((NEX CG + NEX QC+)/2) by the 

difference % TS (NEX CG – NEXQC+) had significant correlations indicating proportional error 
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in the total data %TS (r = 0.917, t = 18.247, d.f. =63, p <0.0001) and the <1.0 %TS subset ( r = 

0.932, t = 12.332, d..f =23, p <0.0001). 

 

 

 

 

Figure 8.12. Bland – Altman plot of total data %TS (N=65) for the Difference %TS (NEX CG - 

NEX QC+) by the Average ((NEX QC+ + NEX CG)/2) 

 

The BA plot of NEX QC+ and NEX CG has a high bias % TS (0.791) with 95% CLs (bias) % TS 

(0.682, 0.812) which does not include zero difference and very wide CLs (difference) % TS (-

0.076, 1.658) that are outside the a priori limits.  The plot of total data % TS (Figure 8.10.) of 

differences %TS (NEX CG – NEX QC+) by the average %TS ((NEX QC+ +NEX CG)/2) shows 

some spread of data points but is homoscedastic in comparison with the heteroscedasticity 

than is evident BA plots of NEX CG (Figure 4.9.) and NEX QC+ (Figure 4.4) with the accredited 

laboratory. The correlation coefficient was very significant which indicates proportional 

error which is very evident in the BA plot (Figure 8.12) for NEX CG and NEX QC+ total data 

%TS (r = 0.917, t = 18.247, d.f. =63, p <0.0001). 
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Figure 8.13. Bland – Altman plot of total data %TS (N=24) for the Difference %TS (NEX CG - 

NEX QC+) by the Average ((NEX QC+ + NEX CG)/2) 

 

The BA plot of <1.0 % TS NEX QC+and NEX CG has a high bias % TS (0.352) with 95% CLs 

(bias) % TS (0.254, 0.450) not including zero difference and CLs (difference) (-0.102, 0.806 

%TS) outside the a priori limits. The highly significant correlation coefficient ( r = 0.932, t = 

12.332, d.f. =23, p <0.0001) indicates a proportional error. The NEX QC+ and NEX CG bias of 

(0.354 % TS) and wide CLs % TS are attributable to the proportional error present in the NEX 

CG data.  The BA plot of <1.0% NEX QC+ and NEX CG is homoscedastic when compared with 

the heteroscedasticity than is evident BA plots of NEX CG (Figure 4.10.) and NEX QC+ (Figure 

4.5.) with the accredited laboratory. 

 

8.6.  Discussion  of the comparison of NEX QC with NEX CG  

 

Due to a calibration error with NEX CG and NEX QC+ were shown by all statistical tests to be 

not comparable.  The calibration problem led to significant proportional error in all results. 
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However, examination of the PB and BA plots of the total data and <1.0 % TS subset for NEX 

QC+ and NEX CG revealed very homoscedastic distributions of the data in comparison with 

the heteroscedasticity observed in the plots the XRF methods with the accredited laboratory 

and ICP-OES, and between ICP-OES and the accredited laboratory.  If the plots are examined 

visually and imagined without the proportional error there would be no significant 

difference between these two methods with both data sets being with in the a priori limits. 

The homoscedastic distributions with the most significant correlations of all comparisons in 

this research for the XRF comparisons suggests that the simpler sample preparation results 

in less variability in results than that observed in the heteroscedastic plots involving ICP-OES 

or the accredited laboratory, that have more complicated sample preparation methods.  
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Chapter 9.   Conclusions and recommendations for future work 

 

 

9.1. Conclusions 

 

9.1.1.  The in-house ICP-OES method yielded comparable data to the accredited laboratory 

results by the non-parametric Passing - Bablok regression analysis.  The Bland – Altman 

analysis was not valid because, firstly the difference data were not normally distributed and 

secondly there was significant proportional error for both data sets, probably due to the 

outliers.  This indicated some disagreement between the methods. 

 

9.1.2. The NEX QC+ data showed poor agreement to the accredited laboratory data with 

the total data and the data of the <1.0 % TS subset in the non-parametric Passing - Bablock 

regression analysis.  The Bland – Altman analysis was not valid for the total data or the <1.0 

% TS subset.  The <1.0 % TS subset, which was within a priori limits of ±0.5 % TS, probably 

would have been comparable with the accredited laboratory in the BA analysis if a small 

number of outliers were removed.  The comparisons of the <0.8 % TS subset for NEX QC+ 

and the accredited laboratory were not found to be significantly different by any statistical 

test performed and the difference was within a priori limits of ±0.5 % TS. 

 

9.1.3. The Rigaku NEX CG suffered from a calibration error, based on a series of dilutions of 

a single result from the accredited laboratory data. If calibrated against accurate reference 

material this could potentially be a useful method. While the proportional error caused 

inaccurate results, the samples plotted more closely around the PB  regression line for the 

data when visually compared with NEX QC+ and the accredited laboratory data. 

 

9.1.4. The ICP-OES and NEX QC+ data showed agreement that satisfies the PB statistical 

analyses and the BA a priori limit in the < 1.0 % TS subset.  The homoscedasticity of the 

comparisons between the in-house methods was a marked contrast to heteroscedasticity in 

the plots when these two methods were compared with the accredited laboratory. 

 



 109 

9.1.5. Hetroscedasticity would have increased the CLs putting them further from the a 

priori limits and this must be considered in interpreting the results, so it is likely that the 

methods were more comparable with the accredited laboratory than the results suggest. 

 

9.1.6. Reactive material tended to be concentrated in the fines within aggregate. This 

could cause a sample with apparently low % TS to be reactive, as the fines may coat larger 

fragments of unreactive material and produce potentially significant expansion 

 

9.1.7. When the XRD Rietveld data were subdivided into % TS groups, the 0.2-0.3% TS 

group showed significant overlap with the 0.3-1.0% TS (‘indeterminate’ category of S.R. 

21:2014+A1:2016).  This indicated that reducing the 0.3% TS threshold to 0.2% TS may be 

advisable. 

 

 

9.2. Limitations of the present study  

 

9.2.1. Standard referenced materials (of known % TS) were not used to formally verify the 

accuracy and stability of the XRF and ICP-OES methods used in such research.  Replicate 

measurements should be made to verify the accuracy of the reference material.  The 

Passing-Bablok regression and Bland-Altman analysis used to compare both the XRF and 

ICP-OES methods.  

 

9.2.2. Due to a limited number of samples more should be analysed by XRD lithological 

end-member analysis and XRD particle size analysis to expand the study and further confirm 

the results. 

 

9.2.3. The NEX CG should be retested due to large error in the calibration caused by 

inaccurate figures from the accredited lab.  
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9.3. Summary and recommendations for future work. 

 

Due to inaccurate reference material used for calibration the NEX CG results were 

unacceptable.  It would be worth repeating the assessment of NEX CG  with calibration to 

material of known value and its accuracy retested, as this could be the simplest and most 

accurate method of sulphur analysis if correctly calibrated. 

 

The results suggest that both the ICP-OES and XRF methods have the potential to produce 

accurate and stable results but in this study a firm conclusion was compromised by the poor 

accuracy of data from the accredited laboratory.  A formal INAB style validation based on 

standard reference materials of known values is required to show that these simplified 

methods can be put to practical use and meet industry standards. 

 

While the lithological and fraction size analysis showed promising results, the study should 

be expanded to verify the initial findings.  Currently, analysis of fines is not standard practice 

- if further study verifies the findings of this work on the reactivity of fines, it should be 

considered for standard analysis of pyritic aggregates.  The study of marginal aggregates 

could also be greatly helped by the analysis of individual lithologies for total sulphur, this in 

conjunction with analysis of fines, could help pin point the reactive portion of a sample.  
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 APPENDICES 

 
 
Appendix 1.0.  XRF, ICP OES and Accredited laboratory results 
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PB001     0.072649933 0.01 0.01 14 0.01 42   0.1 

PB002 0.146   0.128989667 0.06 0.09 570 0.01 41   0.2 

PB003 1.39   0.979199333 0.68 0.82 2600 0.01 25   0.5 

PB004     2.103202667 1.6 0.45 2700 0.01 11   1.4 

PB005 1.43   1.481966 1.1 0.54 1300 0.01 16   1.3 

PB006 3.5   3.173632667 2.7 0.73 1600 0.01 2.3   2.5 

PB007     0.137904667 0.08 0.09 390 0.01 41   0.1 

PB008 4.84   4.575766 2 0.95 1600 0.01 3.6   3.7 

PB009 0.233   0.110772667 0.03 0.03 91 0.01 41   0.3 

PB010 0.922 0.594 0.981027333 0.77 0.2 610 15.9 52 42.352 2 

PB011 0.758 0.397 0.720740333 0.56 0.13 460 14.1 60 47.471 0.8 

PB012   4.634 4.041292667 4.1 8.4 2500 8 4 20.36 2.3 

PB013 3.46 2.235 1.752679333 2.4 3.4 1600 23.6 12 25.424 2.7 

PB014 0.77 0.486 0.356269333 0.26 0.61 720 46.5 36 37.045 0.2 

PB015   3.185 3.478632667 4.1 4.1 4200 5.4 3.2 10.39 2.2 

PB016 5.32 4.014 4.170919333 4 3.7 2900 7.6 2 11.558 3.5 

PB017 0.709 0.345 0.453114333 0.31 0.5 1600 37.2 60 55.136 0.4 

PB018 3.26 2.247 3.091153 3.1 1.7 2400 8.7 17 17.246 3.8 

PB019   0.115 0.145410667 0.08 0.3 120 0.01 84 87.975 0.1 

PB020 2.22 1.259 1.870413 1.3 1.4 1500 0.01 22 25.348 1.2 

PB021 4.16 2.383 2.970776333 2.7 2.7 1600 0.01 19 30.595 2.1 

PB022 2.05 1.546 2.520465333 2.5 1.1 1700 0.01 22 22.92 2.8 

PB023 1.99 1.255 1.685062 1.2 1.1 3500 0.01 31 33.145 1.7 

PB024 1.73 1.088 1.420783 1.2 1.2 1900 0.01 28 31.149 1.5 

PB025 2.4 1.208 1.389356333 1.2 1.1 1800 0.01 36 39.666 1.7 

PB026 1.71 1.06 1.623823 1.2 0.54 2100 0.02 46 45.316 0.3 

PB027 2.27 1.301 1.678419667 1.3 1.6 2000 0.01 14 17.94 0.6 

PB028 2.14 1.178   1 1.1 1800 0.01 41 48.918 0.2 

PB029 0.966 0.492 0.642735333 0.55 0.45 1800 0.02 64 55.996 0.9 

PB030 1.81 1.173   1.1 1.1 1700 0.02 38 39.344 1.7 

Sam
p

le
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PB031 2.87 2.039   2.4 1.4 1900 0.01 8.2 14.176 2.7 

PB032   0.408   0.65 0.14 740 0.02 52 41.218 0.7 

PB033 0.0446 0.033   0.01 0.03 59 0.01 90 94.798 0.1 

PB034 0.0819 0.057 0.000563667 0.05 0.07 210 0.01 88 92.553 0.2 

PB035 0.24 0.088 0.056924333 0.08 0.11 660 0.01 90 90.737 0.2 

PB036 0.369 0.13 0.142042 0.17 0.2 1200 0.01 91 89.751 0.2 

PB037 0.0312 0.038   0.02 0.04 97 0.01 90 93.862 0.1 

PB038 0.998 0.493 0.675472 0.37 0.5 1300 0.01 58 52.858 0.4 

PB039 0.444 0.31 0.333662 0.25 0.66 1500 0.01 34 28.977 0.1 

PB040 2.35 1.331 1.521855333 0.99 1 1500 0.01 40 43.532 0.5 

PB041   0.81 0.982712 0.84 0.81 1900 0.01 42 40.177 0.7 

PB042 1.25 0.683 1.232765333 0.55 0.37 1800 0.01 59 46.751 0.2 

PB043 1.2 0.822 0.328959 0.73 1.2 1800 0.01 24 20.833 2 

PB044 0.306 0.264   0.2 0.16 530 0.01 46 39.182 0.1 

PB045 2.07 1.271 4.099465333 1.2 1.6 10 0.01 33 31.156 1.6 

PB046 1.56 0.869   0.94 0.95 1300 0.01 8 40.704 1.4 

PB047 4.12 2.477 4.430548667 2.2 3.2 1600 0.02 8.4 39.066 2.9 

PB048 3.73 2.396   3.2 2.1 1800 0.01 9.2 42.098 3.7 

PB049 0.617 0.348 0.951805333 0.23 0.46 670 0.01 6.8 43.81 1.4 

PB050 1.11 0.6   0.72 0.48 1200 0.01 2.4 53.189 1.7 

PB051 1.96 1.019 0.878611667 1 0.8 1600 0.01 4.8 53.637 3.1 

PB052 2.76 1.588 1.520058333 1.6 1.9 1900 0.01 7.6 42.431 3.7 

PB053 2.88 1.762 1.790571667 1.9 1.7 1900 0.01 8.8 48.489 3.6 

PB054 2.05 1.117 1.090005 1.2 1.3 1500 0.01 5.6 37.119 2.7 

PB055 2.61 1.553 1.714871667 2.1 1.9 1700 0.01 8.4 34.537 3.3 

PB056 1.52   0.831108333 1.9 0.93 1800 0.01 5.6 42.148 2.8 

PB057 2.95 1.772 1.833731667 0.95 2.1 1800 0.01 4.4 31.099 3.9 

PB058 1.84   -0.2885212 1.9 0.96 1500 0.01 4.4 39.677 2.9 

PB059 2.59 1.62 1.386328333 1.6 1.8 2100 0.01 5.2 34.95 2.2 

PB060 2.58 1.6 1.319785 1.5 2.3 1700 0.01 5 28.342 3 

PB061 1.63 0.779 0.722001667 0.74 1.1 1500 0.01 4.2 44.366 3.5 

PB062 1.33 0.859 0.729558333 0.73 1.3 1600 0.01 3.8 22.358 3.1 

PB063 1.16 0.599 0.643488333 0.68 0.56 1000 0.01 2.6 41.711 3.4 

PB064 1.3 0.693 0.746095 0.76 0.52 1300 0.01 7 45.344 2.7 

PB065 1.16 0.649 0.627098333 0.72 0.89 1500 0.01 5.8 43.529 2.7 

PB066 1.8       1.2 1500 0.01 5.8 60.136 1.8 

PB067 2.13 1.312 1.130821667 1.4 1.6 1500 0.01 4.6 43.203 6.1 

PB068 1.92 1.205 1.086541667 1.4 1.6 1800 0.01 5 31.163 3.6 

PB069 3.4 1.746 2.26033 2.2 1.8 980 0.01 5.8 9.954 3.5 

PB070 2.85 1.944   2.9 1.7 1600 0.01 6.2 27.827 6.6 

PB071 3.89 2.628 1.708211333 2.8 2.4 1600 0.01 4.2 42.386 3.6 

PB072 2.87 1.655 1.070394667 1.8 0.01 1500 0.01 3.8 34.525 2.2 

PB073 2.34 1.409 1.312798 1.9 1.3 1300 0.01 4.2 37.428 5.3 

PB074 2.09 1.438 0.941511333 2 2.4 2000 0.01 3.4 31.057 3.5 

PB075 2.16 1.257 1.173624667 1.5 1.5 2100 0.01 3.4 36.943 3.2 
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PB076 4.66 3.075 2.304994667 2.8 5.9 1800 0.01 88 38.844 0.2 

PB077 4.22 2.504   2.3 2 2400 0.01 12 13.535 2.5 

PB078 2.16 1.316 1.245474667 1.6 1.5 2300 0.01 27 33.662 2.4 

PB079 1.89 1.091 0.849343667 0.94 1.7 2300 0.01 25 29.931 1.4 

PB080 0.228 0.104 0.121693333 0.09 0.13 450 0.01 81 77.217 0.2 

PB081 2.6 1.562 1.327641333 1.5 2.4 2400 0.01 11 22.638 2.8 

PB082 3.3 1.911 1.482054667 1.8 1.2 2400 0.01 11 48.515 2.8 

PB083   0.716 0.628576667 0.73 0.64 2200 0.01 49 44.275 1.7 

PB084   4.127 2.755628 3 2.8 3100 0.01 4.6 14.376 3.4 

PB085   0.403 0.352530667 0.34 0.69 2500 0.01 75 76.714 1 

PB086   0.098 0.126545 0.08 0.14 470 0.01 85 87.632 0.2 

PB087   1.275 0.961684667 1.6 1.5 1700 0.01 36 43.652 2.1 

PB088   0.4 0.253608667 0.32 0.53 1500 0.01 26 23.847 1.2 

PB089   0.063 0.062038333 0.03 0.04 110 0.01 84 79.554 0.2 

PB090   1.046 0.933148 1.4 1.3 1700 0.01 25 30.391 1.5 

PB091   0.173 0.399328 0.22 0.34 1500 0.01 76 88.283 0.4 

PB092   0.517 0.657169667 0.69 0.61 1800 0.01 49 49.262 0.8 

PB093   0.58 0.730514333 0.66 0.9 2000 0.01 59 65.682 1 

PB094   0.604   0.81 0.61 2200 0.01 45 44.258 0.6 

PB095   0.072   0.03 0.08 310 0.01 85 86.365 0.1 

PB096   0.416 0.662326667 0.52 0.37 1400 0.01 58 60.335 0.7 

PB097   1.643 1.200398 1.6 2.2 2500 0.01 24 29.824 1.6 

PB098   1.054 1.131004667 1.2 1.3 2100 0.01 41 46.019 1.8 

PB099                     

PB100   0.314   0.52 0.34 860 0.01 62   0.2 

PB101   1.04   0.8 0.34 1500 0.01 63   1.3 

PB102   0.494   0.45 0.57 1400 0.01 53   0.9 

PB103       1.6 2.2 2200 0.01 35   1.4 

PB104       0.01 0.03 61 0.01 89   0.1 

PB105   1.77   1.6 1.3 2200 0.01 36   2 

PB106   2.14   1.4 1.7 2200 0.01 34   2.1 

PB107   2.48   2.2 2.4 2800 0.01 24   2 

PB108   0.0001   0.07 0.07 110 0.01 47   0.3 

PB109   1.54   0.86 1.9 2400 0.01 31   4 

PB110   2.13   1.5 1.9 2600 0.01 28   3.5 

PB111   1.51   1 1.1 2300 0.01 39   4 

PB112   1.92   1.6 1.7 2000 0.01 15   3.8 

PB113   2.53   3 0.81 2300 0.01 14   4.4 

PB114   1.31   2.1 1.1 1400 0.01 3.2   3.3 

PB115   1.81   1.5 2 2400 0.01 9.2   4.2 

PB116   0.488   0.47 0.54 2000 0.01 46   3.3 

PB117   0.938   1 0.68 2300 0.01 41   4.4 

PB118   1.81   1.8 1.7 2100 0.01 20   4.3 

PB119   2.14   1.6 1.8 2400 0.01 26   0.9 

PB120   1.52   1.4 0.01 2100 0.01 39   4.8 
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PB121   0.938   0.78 0.86 2100 0.01 38   3 

PB122   1.92   1 2.3 2300 0.01 46   2.3 

PB123   0.761   0.72 0.42 1700 0.01 55   1.1 

PB124       1.4 3.1 1600 0.01 23   1.7 

PB125       0.83 1.6 1800 0.01 55   0.1 

PB126       1.1 1.2 1700 0.01 43   1.6 

PB127   2.07   1.4 1.7 2400 0.09 38   1.6 

PB128   0.0001   0.02 0.03 83 0.04 33   0.1 

PB129   1.97   1.6 1.6 1500 0.05 32   0.3 

PB130   1.03   0.86 0.56 2200 0.09 32   1.5 

PB131   1.03   0.88 0.76 2500 0.04 39   0.5 

PB132   2.44   2.1 0.82 1500 0.08 17   1.9 

PB133   1.2   1.1 0.62 2400 0.07 14   0.6 

PB134   1.67   1.1 1.1 2500 0.06 14   0.1 

PB135   1.3   0.95 0.62 2200 0.02 19   0.1 

PB136   1.43   1.2 1.2 2700 0.01 19   0.2 

PB137   0.813   0.84 0.51 2700 0.01 19   0.2 

PB138   1.93   1.3 1.6 1700 0.01 13   1.8 

PB139   2.04   1.4 1.8 2100 0.01 17   1.9 

PB140   1.14   0.86 1.4 1800 0.01 21   1.4 

PB141   1.07   1 0.83 1700 0.01 17   1.1 

PB142   1.79   1.6 1.9 1800 0.01 8.7   1.8 

PB143   0.713   0.69 0.73 1100 0.01 22   1.2 

PB144   1.58   1.4 1.4 1500 0.01 10   1.9 

PB145   1.88   1.3 1.8 1600 0.01 18   0.9 

PB146   1.06   0.94 0.65 1400 0.01 17   1.3 

PB147   1.34   1.1 1.2 1600 0.01 12   1 

PB148   1.4   1.4 0.51 1600 0.01 12   1.6 

PB149   1.15   0.94 0.6 1900 0.01 19   1.1 

PB150   1.62   1.3 1.5 1700 0.01 10   1.5 

PB151   0.919   0.9 0.65 1600 0.01 15   1 

PB152   1.96   1.3 1.5 1800 0.01 7.5   1.4 

PB153   1.67   1.2 1.1 1900 0.01 18   1.1 

PB154   0.182                 

PB155   0.424                 

PB156   2.79   1.6 3.1 2300 169 53   13 

PB157   0.727   0.49 0.74 1500 64.6 58   0.9 

PB158   0.105   0.03 0.04 96 106 74   0.3 

PB159   0.0736   0.02 0.03 30 102 73   6 

PB160   0.059   0.02 0.03 32 129 71   0.5 

PB161   2.71   2 2.8 2400 11.8 71   0.6 

PB162   0.938   0.73 0.53 2000 16.6 41   13 

PB163       1.6 2.1 2000 17.5 71   10 

PB164       1.7 3.5 2500 21.2 78   9.5 

PB165       2 3.2 2400 11.1 46   11 
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PB166       1.9 3.2 2200 22.7 41   12 

PB167       0.05 0.06 170 76.4 33   0.2 

PB168       1.2 1.6 2300 13.8 31   0.9 

PB169   1.7   1.3 1.3 1900 12.7 31   1.2 

PB170   1.46   1 1.3 1800 14.1 31   0.7 

PB171   3.37   2.3 3 2600 0.01 4.8   15 

PB172   1.33   0.83 1.1 1700 0.01 46   17 

PB173   1.03   0.92 0.54 2000 0.01 38   14 

PB174   1.82   1 1.8 3300 0.01 40   1 

PB175   1.77   1 1.9 59 0.01 25   1.3 

PB176   2.49   1.3 2.2 1700 0.01 33   1 

PB177   0.176   0.12 0.13 330 0.01 62   0.3 

PB178   1.24   1 0.72 1900 0.01 46   0.8 

PB179   1.48   1.1 1.4 2900 0.01 28   1.1 

PB180   0.643   0.65 0.36 1400 0.01 38   0.7 

PB181   1.86   1.2 2.2 1700 0.01 22   1.1 

PB182   2.87   1.6 2.9 1000 0.01 22   1.2 

PB183   0.959   0.44 0.74 1800 0.01 61   0.5 

PB184   1.08   1.2 0.15 32 0.01 28   1.1 

PB185   1.25   0.96 1.1 210 0.01 39   1.2 

PB186   2.85   1.5 3.5 17 0.01 24   1 

PB187   0.804   0.68 0.48 33 0.01 52   0.9 

PB188   0.0045   0.01 0.02 41 0.01 87   0.1 

PB189   2.28   3 0.65 15 0.01 13   2 

PB190   3.52   2.5 3.6 2200 0.01 2.3   3.2 

PB191   1.1   1.3 1.1 1700 0.01 16   1.4 

PB192   3.27   2.4 1.1 1900 0.01 2.3   2.1 

PB193   2.38   2 2.8 1800 0.01 11   1.5 

PB194   0.119   0.04 0.04 2000 0.01 89   0.1 

PB195   1.31   1.2 0.77 360 0.01 32   1.2 

PB196   1.89   1.3 1.3 1900 0.01 32   1 

PB197   1.54   1.3 2.6 1800 0.01 34   1.1 

PB198   1.18   0.75 0.82 2300 0.01 42   0.6 

PB199   0.399   0.21 0.55 870 0.01 54   0.3 

PB200   1.31   1.2 0.8 1500 0.01 31   0.9 

PB201   0.269   0.2 0.34 1000 0.01 55   0.4 

PB202   2.24   1.2 2.1 1600 0.01 29   1.7 

PB203   2.55   1.8 2.9 1700 0.01 28   1.7 

PB204   1.8                 

PB205   0.867                 
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Appendix 2.0.  XRD Fraction Size Results 
 
 

Sample A 

C
h

i Sq
u

ared
 

R
-Facto

r 

Q
u

artz 

C
alcite

 

D
o

lo
m

ite
 

P
yrite 

G
yp

su
m

 

M
u

sco
vite

 

C
h

lo
rite

 

A
lb

ite
 

To
tal 

Bulk A 2.6 0.334 34.4 47.8 1.2 0.7 4.7 6.4 4 0.7 99.9 

Bulk B 2.23 0.317 33.4 51.8 2.8 1.1 3.5 5.7 1.2 0.5 100 

Av. 2.415 0.3255 33.9 49.8 2 0.9 4.1 6.05 2.6 0.6 99.95 

                        

1 mm A 2.89 0.339 36.6 49.4 1   3.1 9.9     100 

1 mm B 2.53 0.36 34.3 51.9 0.1   3.2 6.5 1.6 2.4 100 

Av. 2.71 0.3495 35.45 50.65 0.55 0 3.15 8.2 1.6 2.4 102 

                        

500 um A 2.59 0.359 41.9 44.2 1.8 0.1 2 7.9 1.7 0.4 100 

500 um B 2.75 3.51 35.8 49 0.6   5.3 6 1.1 2.1 99.9 

Av. 2.67 1.9345 38.85 46.6 1.2 0.1 3.65 6.95 1.4 1.25 100 

                        

250 um A 3 0.365 49 34.6 1.9 1.8 4 8.1   0.6 100 

250 um B 3.04 0.368 45.1 36.7 0.1 0.7 4.4 7.4 2.4 3.3 100.1 

250 um C 3.18 0.358 46.8 38.9 0.6   1.1 8.7 2.3 1.6 100 

Av. 3.1 0.4 47.0 36.7 0.9 1.3 3.2 8.1 2.4 1.8 
101.2
33333
3 

                        

>250 um A 2.19 0.342 37.1 40.7 2 0.4 9.6 9.1   1.1 100 

>250 um B 2.21 0.355 39.2 45.5   0.6 4.4 8.8   1.6 100.1 

Av. 2.2 0.3 38.2 43.1 2.0 0.5 7.0 9.0   1.4 
101.0
5 

 
 

Sample B 
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o
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C
h
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rite

 

A
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ite
 

To
tal 

Bulk A 2.25 0.317 24.1 69.3 1.6 0.8 2.3 1.9     100 

Bulk B 2.19 0.302 22.7 70.2 1.2 0.5 2.9 2.4     99.9 

Av. 2.22 0.3095 23.4 69.75 1.4 
0.6
5 

2.6 
2.1
5     

99.95 

                        

1 mm A 2.41 0.359 30.2 61.2 1.5 0.1 3.6 3.4     100 

1 mm B 2.33 0.329 29.7 60.9 2 0.4 3.2 3.8     100 

Av. 2.4 0.3 30.0 61.1 1.8 0.3 3.4 3.6     100 

                        

500 um A 2.68 0.345 28.3 52.4 1.5   
14.
6 

3.1     99.9 
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500 um B 2.8 0.353 28.2 53.8 1.2   
14.
1 

2.7     100 

Av. 2.7 0.3 28.3 53.1 1.4 0.0 
14.
4 

2.9     99.95 

                        

250 um A 2.81 0.333 30.8 42.4 1.2   
20.
1 

5.5     100 

250 um B 3.17 0.383 29.1 41.6 4.1 0.1 
22.
1 

3.1     100.1 

Av. 3.0 0.4 30.0 42.0 2.7 0.1 
21.
1 

4.3     100.1 

                        

>250 um A 2.76 0.361 32.6 40.8 2.8   
19.
5 

4.2     99.9 

>250 um B 2.41 0.354 33.2 40.8 0.1   
19.
9 

6     100 

Av. 2.6 0.4 32.9 40.8 1.5 0.0 
19.
7 

5.1     99.95 

 
 

Sample C 

C
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u
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D
o

lo
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P
yrite 

G
yp
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M
u

sco
vite

 

C
h

lo
rite

 

A
lb

ite
 

To
tal 

Bulk A 2.1 0.293 10.8 81.6 5.3 0 2.3       100 

Bulk B           0           

Av. 2.1 0.293 10.8 81.6 5.3 0 2.3       100 

                        

1 mm A 1.9 0.364 13.2 67.6 18.2   0.4 0.5     99.9 

1 mm B 2.79 0.315 15 74.1 6.5 0.5 1.4 2.5     100 

Av. 2.345 0.3395 14.1 70.85 
12.3
5 

0.5 0.9 1.5     100.2 

                        

500 um A 2.08 0.33 17.8 68.7 7.9 0.4 4.8 0.4     100 

500 um B 3.05 0.342 19.9 68.2 7 0.2 4.2 0.5     100 

Av. 2.565 0.336 18.85 68.45 7.45 0.3 4.5 
0.4
5 

    100 

                        

250 um A 3.3 0.324 23.9 58.6 11.4   1.5 2.3   2.4 100.1 

250 um B 3.01 2.82 24.3 57 12.5   3.7 2.2   0.1 99.8 

Av. 3.155 1.572 24.1 57.8 
11.9
5 

0 2.6 
2.2
5 

0 
1.2
5 

99.95 

                        

>250 um A 2.75 0.332 23.4 53.7 10.8 0.8 4.8 5.7   0.8 100 

>250 um B 2.87 0.31 18 57.1 10.8 0.2 6.8 6.1   1 100 

Av. 2.81 0.321 20.7 55.4 10.8 0.5 5.8 5.9 0 0.9 100 
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Sample D 
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C
h

lo
rite

 

A
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ite
 

To
tal 

ST73800     47.5 33 1.9 2.3 8.4 6.9     100 

1 mm     51.1 37.5   1.9 1.1 8.3     99.9 

500 um     47.2 39.6 1.2 7.2 3.2 7.2     105.6 

250 um     52.9 21.5   2.7 13.7 7.9 1.4   100.1 

>250 um     51.5 27   1.9 10 9.5     99.9 

            

Sample E 

C
h
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C
h
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rite

 

A
lb

ite
 

To
tal 

ST76079     35.6 36.2 2.1 0.2   12.1 1.2 12.6 100 

1 mm     33.1 12.3       23.5 4.3 26.8 100 

500 um     37.2 10.8 3.6     20.9 4.8 22.6 99.9 

250 um     61.2 3.5       11.9 3 20.5 100.1 

>250 um     49.8 10.4 2.8   2.3 18.2 3.5 12.9 99.9 

 

Sample F 
C

h
i Sq

u
ared

 

R
-Facto

r 

Q
u

artz 

C
alcite

 

D
o

lo
m

ite
 

P
yrite 

G
yp

su
m

 

M
u
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C
h
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A
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ite
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tal 

ST76080     24.7 40.3 3.9     20.6 10.5 0.1 100.1 

1 mm     40 33.1 1.7 0.2   19.5 5.4   99.9 

500 um     45.7 24.5 1.6     18.2 5.3 4.8 100.1 

250 um     54.7 19.7 1.1 0.3   12.4 2 9.9 100.1 

>250 um     65.1 15.6 3.6     7.3 5.6 4.5 101.7 

 

 


