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Abstract 

Traditional mineral resource estimate uses elemental grades whereas geological and mineralogical 

information is utilized only in domaining. In the ores the elements of interest are bond in minerals and 

the processing properties of the ore are dependent on the mineralogy, it would be fundamentally right 

to establish mineral resource estimates on mineral rather than elemental grades. An obstacle in this has 

been the lack of reliable and inexpensive method for modal analysis. Automated mineralogy is regarded 

the best available methods for modal analysis but it is costly, time-consuming and the quality is generally 

poorer than in chemical assays. This study demonstrates that high quality modal analysis can be 

obtained by combing quantitative X-ray diffraction (Rietveld) with X-ray fluorescence assays. Using 

weighed non-negative least squares solution it is possible to reconcile the modal composition to match 

practically perfectly with the chemical assays and the latter thus becomes unnecessary. An added value 

of basing a resource estimate on minerals rather than elements is that former has more relevance in 

estimating the response in mineral processing and provides better basis for geometallurgy. An error 

analysis shows that for equally accurate geometallurgical estimate the quality of the modal analysis does 

not need to be as good as chemical assays and the requirement is higher for the ore minerals than for 

gangues. 

1. Introduction 
Traditional ore resource estimate uses only elemental grades and geological and mineralogical 

information is used only for domaining. In the ores the elements of interest are bond in minerals and the 

processing properties of the ore are dependent on the mineralogy, not on elemental grades. Thus, it 

would be fundamentally right to establish mineral resource estimates on mineral rather than elemental 

grades.  This kind of information would give a sound basis for geometallurgical programs (Lamberg 

2011).  

Geometallurgy is a cross-discipline subject that connects geological, mineral processing and subsequent 

downstream processing information together to provide a model to be used in production planning and 

management (Jackson et al. 2011; Dunham & Vann 2007; Dobby et al. 2004). It has gained attraction in 

recent years and different approaches are used for implementation. It is quite common to use 

mineralogy at least to some extent as a link between geology and mineral processing (Lamberg 2011). 

This is natural since minerals define the value of the deposit, the method of extraction, economic risk 

valuation and the concentration method (Hoal et al. 2013).  



Knowledge on the grades of valuable elements and their variation is rarely sufficient for geometallurgy. 

First, in several ore types the distribution of valuable element is complex. For example in nickel sulphide 

ores it is important to know the distribution of nickel between non-sulphides and different sulphide 

minerals (Newcombe 2011). Similarly, in porphyry copper ores for process design and optimization it is 

critical to know how much of copper is bond in different oxide and sulphide minerals (Gregory et al. 

2013). Second, also gangue minerals play a role in processing. For example in laterite nickel ores the 

gangue minerals have a direct effect on the acid consumption and permeability of the heaps (David 

2008). In trace mineral ores, like gold and platinum group ores, the gangue mineralogy defines the 

grindability. 

The level of grade-mineralogical information (Table 1) used in geometallurgical programs  can be divided 

into following types with increasing complexity and details (1) elemental grade, (2) qualitative 

mineralogy, (3) modal mineralogy , and (4) mineral textures (Lamberg 2011). To gain this information in a 

geometallurgical program, the most cost effective analysis methods should be selected.  Example of 

methods to be used in different levels could be 1) chemical analysis by X-ray fluorescence (XRF), 2) 

identification of minerals by X-ray diffraction (XRD), 3) modal composition by quantitative X-ray 

diffraction with Rietveld (Mandile & Johnson 1998; Kahle et al. 2002), and 4) mineral liberation by 

scanning electron microscopy based automated mineralogy (Sutherland & Gottlieb 1991). When 

considering different methods for obtaining the mineralogical information, one must define how 

accurate and precise the information must be. Only then the selection among available methods can be 

done on rational basis.  

Table 1. Level of information and analysis methods commonly used in process mineralogical studies and geometallurgy. 

Level Analysis result Commonly used analysis methods 

Elemental Chemical composition of samples X-ray fluorescence (XRF); dissolution + AAS / 
ICP 

Qualitative List of minerals present in samples, 
lithology 

X-ray diffraction (XRD); optical microscopy 

Quantitative Chemical composition of minerals Energy dispersive spectrometer (EDS); 
wavelength dispersive spectrometer (WDS) 

Modal composition, i.e. mass proportion 
of minerals in samples 

Quantitative XRD, element to mineral 
conversion (EMC), automated mineralogy 

Mineral texture Mineral grain sizes, grain shapes, 
associated minerals (solid samples),  
Liberation  distribution of minerals in 
samples (particulate samples) 

SEM based image analysis (MLA, QEMSCAN, 
IncaMineral) 

 

Spicer et al. (2008) have shown that it is possible to get modal composition reliably for heavy mineral 

sands by XRD Rietveld. Confirmed by Mineral Liberation Analyzer (MLA) the XRD Rietveld results were 

regarded reliable for rutile, zircon and ilmenite but for magnetite and hematite the difference was 

significantly higher (Spicer et al. 2008).  XRD Rietveld offers fast sample preparation, measurement and 

data analysis. The detection limit can be down to 0.5 weight percent depending on sample preparation, 

measurement conditions (like tube type, data acquisition time) and crystallinity of minerals. 



Scanning electron microscopy (SEM) based automated mineralogy is regarded as the most accurate and 

precise way of measuring modal mineralogy and liberation distribution of minerals. However, the 

method requires careful and tedious sample preparation and the method itself is costly and time-

consuming. Therefore alternative methods such as XRD Rietveld and element to mineral conversion 

(EMC:  Whiten 2007; Lamberg et al. 1997; Lund et al. 2013) can be reasonable replacement for 

automated mineralogy if the methods can fulfill the required accuracy and precision.  

Number of samples to be analyzed to map the ore variation in a geometallurgical project is normally 

large (>10 000). When selecting a method to be used within available alternatives one must consider 

costs, required time, availability, reliability, accuracy and precision. Particularly the information on the 

precision of the method is frequently not available. 

This paper compares different methods of analyzing modal composition to be used in a mineral resource 

estimate and geometallurgy instead of elemental grades. Methods included are element to mineral 

conversion (EMC) (Whiten 2007; Lund et al. 2013), XRD Rietveld refinement and automated mineralogy 

based on scanning electron microscopy (Fandrich et al. 2007; Pirrie et al. 2004). 

2. Samples and methods 
A total of 18 iron ore and process samples from different iron ore deposits in Northern Sweden were 

collected for the study. The iron grade of the samples varies from 21.3 % to 71.2 % and the ore types 

include massive magnetite ore, semi-massive hematite ore and iron skarn ore (Table 2).The modal 

composition was first determined in all the samples by quantitative XRD Rietveld. Additionally ten 

samples were analyzed with SEM based automated mineralogy for comparison. The error of each 

analysis was measured by repetition and duplicates were used to find the total error including the 

sample preparation. 

Chemical analyses (Table 4) were done at LKAB’s chemical laboratory using their standardized methods.  

For 11 main and trace elements X-ray fluorescence was used. Divalent iron was analyzed with titrimetric 

method (ISO 9035) and the mass proportion of magnetic material was measured with Saturation 

Magnetic Analyzer (SATMAGAN) model 135 (Stradling 1991). 

The Geo module of the HSC Chemistry 7.1 was used for advanced combination of XRF and XRD data for 

solving the modal composition which is referred as combined XRD-XRF method. The chemical 

compositions of minerals (Table 3) for combined calculation was provided by LKAB and partly taken from 

previous study from Malmberget (Lund et al. 2013). This information was checked by automated 

mineralogy as the IncaMineral provides chemical composition of each analyzed grain. 

The X-ray diffraction analyses were made at Luleå University of Technology (LTU) with PANalytical 

Empyrean X-ray diffractometer equipped with a copper tube, Pixel3D detector and pyrolytic graphite 

monochromator. The 2θ range was from 5 to 75° with a step size of 0.02°. These conditions resulted in a 

total measurement time of 150 minutes for a single XRD scan. Mineral phases were identified using 

HighScore Plus Version 3 software and the Crystallography Open Database (COD). Mineral structural 

information for XRD Rietveld was obtained from the same database. In the Rietveld refinement Shifted 



Chebyshef II polynomial function with 7 coefficients was used for background correction and Pseudo-

Voigt function was chosen for peak profile shape. Scale factors, unit cells, preferred orientations, and 

profile variables were included in the refinement. To ensure analysis quality selected samples were also 

analyzed at Technical University of Freiberg (TUBAF), where similar XRD device is equipped with a cobalt 

tube and a probe counter. Otherwise the measurement settings were similar to those of at LTU. The 

Rietveld refinement was done with BGMIN software developed at TUBAF and mineral structural 

information was obtained from International Center for Diffraction Data (ICDD) database. 

Double sectioned polished resin mounts were prepared from unsized process samples in Oulu University 

for automated mineralogy. Modal analyses were made on the resin mounts using Merlin SEM - Zeiss 

Gemini (FESEM, Luleå University of Technology, Sweden) with Oxford Instrument EDS detector and 

IncaMineral software. The IncaMineral combines backscattered detector images with EDS information 

during the analysis of automated mineralogy (Liipo et al. 2012). In the IncaMineral the raw analysis data 

is stored in a database and mineral identification and quantification is done post processing. Mineral 

identification was done based on back-scattered information, EDS analysis and rules defined by the user. 

A MATLAB script was used for classifications and reporting the modal mineralogy with confidence 

intervals (Table 5). 

Minerals found in the samples include magnetite, hematite as the ore minerals. It is very important to 

have a good estimate on magnetite and hematite ratio because it is used in defining which concentration 

line the ore is fed (Alldén Öberg et al. 2008). Apatite is common and it is important to have a good 

estimate on its’ mass proportion since the ores at Kiruna are classified based on phosphorous (thus 

apatite) content (Niiranen & Böhm 2012). Phosphorous content of the final iron concentrate must be 

below certain limits depending on the product. For example in the Sinter Feed (MAF) the phosphorous 

content must be below 0.025% P (Lund 2013). The main silicate minerals are albite, actinolite and biotite. 

Fe-garnet, andradite, is found with calcite in samples from Gruvberget (Frietsch 1980). Minor silicates 

include scapolite, diopside, K-feldspar (orthoclase) and quartz. 

The gangue minerals are not normally considered when classifying the ores of LKAB. However, the silica 

content of the final product must be below certain values, e.g. for Sinter Feed (MAF) the limit is 0.45% 

SiO2 (Lund 2013). The silicate minerals don’t behave in the same way in iron ore processing. For example 

biotite tends to enrich in fine particle sizes where the separation efficiency is poor (Westerstrand 2013). 

Andradite is special: it tends to end up to magnetic concentrate in low intensity magnetic separation, 

and therefore even small amounts of andradite in magnetite ore can make its processing challenging. For 

better estimation and forecast on the iron concentrate quality it is important to know which silicate 

minerals are present and what are their mass proportions. 

 

 

 



Table 2.Samples and analysis methods applied 

Sample Ore type Location Analyses* 

MB01 Massive ore Malmberget XRF, XRD, INCA 

MB02 Massive ore Malmberget XRF, XRD, INCA 

LV01 Massive ore Svappavaara XRF, XRD, INCA 

LV02 Massive ore Svappavaara XRF, XRD, INCA 

LV03 Massive ore Svappavaara XRF, XRD, INCA 

LV05 Massive ore Svappavaara XRF, XRD, INCA 

GR01 Massive ore Gruvberget XRF,XRD 

GR03 Massive ore Gruvberget  XRF, XRD, INCA 

GR05 Massive ore Gruvberget  XRF,XRD 

GR06 Massive ore Gruvberget  XRF, XRD, INCA 

GR07 Massive ore Gruvberget  XRF, XRD, INCA 

GR09 Massive ore Gruvberget  XRF, XRD, INCA 

DC04 Drill core Norbotten XRF,XRD 

DC05 Drill core Norbotten XRF,XRD 

DC06 Drill core Norbotten XRF,XRD 

DC08 Drill core Norbotten XRF,XRD 

DC09 Drill core Norbotten XRF,XRD 

DC15 Drill core Norbotten XRF,XRD 

XRF* = X-ray fluorescence whole rock analysis by LKAB 
XRD* = X-ray diffraction with Rietveld at LTU and TUBAF 
INCA* = SEM based automated mineralogy by INCAMineral at LTU 
 
Table 3. Chemical composition of minerals (Mineral Matrix) 

 
Albite Actinolite Apatite Biotite Diopside Magnetite K-Feldspar Quartz Andradite Scapolite Calcite Hematite 

Fe % 0.05 8.91 0.00 22.79 2.60 72.48 0.17 0.06 23.71 0.40 0.00 69.56 

Si % 31.82 25.30 0.00 17.08 24.92 0.12 27.39 46.70 10.20 23.76 0.00 0.00 

Al % 9.73 0.38 0.00 2.35 0.01 0.01 8.01 0.07 0.20 9.66 0.00 0.00 

Ti % 0.01 0.01 0.00 0.03 0.00 0.01 0.00 0.00 0.15 0.00 0.00 0.01 

V % 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01 

Mg % 0.00 9.76 0.06 6.31 7.68 0.05 0.13 0.31 0.71 0.00 0.00 0.00 

Ca % 0.46 7.55 38.18 0.52 17.26 0.00 0.09 0.08 22.31 6.20 37.17 0.00 

Mn % 0.03 0.04 0.00 0.06 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 

Na % 7.52 0.02 0.00 0.27 0.00 0.00 0.11 0.00 0.00 7.35 0.00 0.00 

K % 0.23 0.14 0.00 6.88 0.00 0.00 14.39 0.06 0.00 0.41 0.00 0.00 

P % 0.00 0.00 18.46 0.05 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 

C % 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 3.37 0.00 

O % 50.15 47.89 42.68 43.66 47.52 27.32 49.69 52.72 42.71 50.19 59.46 30.42 

F % 0.00 0.00 0.34 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Cl % 0.00 0.00 0.28 0.00 0.00 0.00 0.01 0.00 0.00 2.03 0.00 0.00 

For all minerals Cr, Co and Cu < 0.00 

 



Table 4.Chemical composition of samples. Analyses by XRF except for divalent iron with wet chemical method. ± gives standard deviation determined by repeat assays. 

Sample Fe % P % Si % K % Al % Ca % Mg % Mn % Ti % V % Na % Fe II % 

MB01 64.7 ±0.1 0.21 ±0.01 2.5 ±0.0 0.26 ±0.01 0.68 ±0.02 0.8 ±0.0 0.72 ±0.02 0.039 ±0.007 0.318 ±0.015 0.138 ±0.011 0.16 ±0.01 21.6 ±0.1 

MB02 47.9 ±0.1 0.96 ±0.02 8.4 ±0.1 0.58 ±0.02 1.71 ±0.03 2.3 ±0.0 0.77 ±0.02 0.008 ±0.004 0.168 ±0.012 0.050 ±0.007 0.56 ±0.02 1.2 ±0.0 

LV01 68.5 ±0.1 0.17 ±0.01 1.1 ±0.0 0.04 ±0.01 0.17 ±0.01 0.4 ±0.0 0.52 ±0.02 0.085 ±0.009 0.042 ±0.007 0.049 ±0.007 0.00 ±0.00 14.5 ±0.1 

LV02 70.9 ±0.1 0.07 ±0.01 0.1 ±0.0 0.00 ±0.00 0.06 ±0.01 0.1 ±0.0 0.52 ±0.02 0.093 ±0.010 0.024 ±0.006 0.052 ±0.008 0.00 ±0.00 17.1 ±0.1 

LV03 66.2 ±0.1 0.37 ±0.02 0.8 ±0.0 0.03 ±0.01 0.17 ±0.01 0.8 ±0.0 0.50 ±0.02 0.070 ±0.009 0.078 ±0.009 0.050 ±0.007 0.00 ±0.00 6.5 ±0.0 

LV05 71.2 ±0.1 0.03 ±0.01 0.0 ±0.0 0.00 ±0.00 0.05 ±0.01 0.1 ±0.0 0.51 ±0.02 0.093 ±0.010 0.018 ±0.005 0.052 ±0.008 0.00 ±0.00 17.2 ±0.1 

GR01 62.8 ±0.1 0.40 ±0.02 3.6 ±0.0 0.03 ±0.01 0.12 ±0.01 2.6 ±0.0 0.16 ±0.01 0.101 ±0.010 0.018 ±0.005 0.026 ±0.006 0.00 ±0.00 3.1 ±0.0 

GR03 56.0 ±0.1 0.76 ±0.02 4.9 ±0.0 0.02 ±0.01 0.14 ±0.01 4.6 ±0.0 0.28 ±0.01 0.101 ±0.010 0.024 ±0.006 0.022 ±0.005 0.00 ±0.00 0.3 ±0.0 

GR05 59.1 ±0.1 0.35 ±0.02 4.1 ±0.0 0.01 ±0.00 0.10 ±0.01 3.7 ±0.0 0.13 ±0.01 0.101 ±0.010 0.024 ±0.006 0.025 ±0.006 0.00 ±0.00 0.5 ±0.0 

GR06 46.3 ±0.1 1.73 ±0.03 7.0 ±0.1 0.05 ±0.01 0.22 ±0.01 7.3 ±0.1 0.52 ±0.02 0.132 ±0.011 0.030 ±0.006 0.020 ±0.005 0.00 ±0.00 0.7 ±0.0 

GR07 57.3 ±0.1 0.48 ±0.02 4.6 ±0.0 0.02 ±0.01 0.12 ±0.01 4.2 ±0.0 0.23 ±0.01 0.108 ±0.010 0.024 ±0.006 0.025 ±0.006 0.00 ±0.00 0.5 ±0.0 

GR09 55.4 ±0.1 0.80 ±0.02 5.1 ±0.0 0.03 ±0.01 0.13 ±0.01 4.9 ±0.0 0.27 ±0.01 0.116 ±0.010 0.024 ±0.006 0.025 ±0.006 0.00 ±0.00 0.6 ±0.0 

DC04 59.0 ±0.1 0.10 ±0.01 4.8 ±0.0 0.26 ±0.01 0.46 ±0.02 1.2 ±0.0 1.30 ±0.03 0.050 ±0.007 0.246 ±0.014 0.192 ±0.013 0.04 ±0.01 21.1 ±0.1 

DC05 63.0 ±0.1 0.45 ±0.02 2.9 ±0.0 0.05 ±0.01 0.18 ±0.01 1.3 ±0.0 0.95 ±0.02 0.053 ±0.008 0.192 ±0.013 0.192 ±0.013 0.01 ±0.00 21.5 ±0.1 

DC06 47.9 ±0.1 1.17 ±0.03 6.6 ±0.1 0.10 ±0.01 1.17 ±0.03 5.1 ±0.0 1.50 ±0.03 0.084 ±0.009 0.078 ±0.009 0.071 ±0.009 0.36 ±0.02 16.2 ±0.1 

DC08 49.3 ±0.1 0.97 ±0.02 6.7 ±0.1 0.31 ±0.02 0.95 ±0.02 3.5 ±0.0 2.07 ±0.03 0.053 ±0.008 0.120 ±0.011 0.082 ±0.009 0.26 ±0.01 16.6 ±0.1 

DC09 21.3 ±0.1 0.24 ±0.01 19.7 ±0.1 0.69 ±0.02 3.72 ±0.04 2.7 ±0.0 2.82 ±0.04 0.039 ±0.007 0.186 ±0.012 0.017 ±0.005 0.75 ±0.02 7.3 ±0.1 

DC15 39.6 ±0.1 0.02 ±0.01 12.3 ±0.1 1.54 ±0.03 2.48 ±0.03 1.2 ±0.0 2.32 ±0.03 0.085 ±0.009 0.168 ±0.012 0.039 ±0.007 0.05 ±0.01 12 ±0.1 

 

 

 

 

 



Table 5.Modal composition analyzed by IncaMineral. *Fe oxides include magnetite and hematite. ± gives standard deviation determined by repeat assays. 

Sample Albite Actinolite Apatite Biotite Diopside K-Feldspar Quartz Andradite Scapolite Calcite Fe oxides* 

MB01 2.94 ±0.34 2.84 ±0.33 1.01 ±0.18 1.51 ±0.23 0.12 ±0.05 0.38 ±0.10 0.47 ±0.12 0.07 ±0.04 0.08 ±0.04 0.04 ±0.03 89.83 ±2.50 

MB02 6.68 ±0.55 2.03 ±0.28 3.33 ±0.37 1.43 ±0.23 0.01 ±0.01 2.13 ±0.28 6.25 ±0.53 0.06 ±0.04 0.04 ±0.03 0.06 ±0.04 77.68 ±2.30 

LV01 0.08 ±0.04 0.04 ±0.03 0.28 ±0.09 0.18 ±0.07 0.00 ±0.01 0.03 ±0.02 0.05 ±0.03 0.04 ±0.03 0.00 ±0.01 0.02 ±0.02 99.27 ±2.65 

LV02 0.01 ±0.01 0.04 ±0.03 0.15 ±0.06 0.18 ±0.07 0.00 ±0.01 0.00 ±0.01 0.00 ±0.01 0.03 ±0.02 0.00 ±0.01 0.01 ±0.01 99.57 ±2.66 

LV03 0.53 ±0.13 0.25 ±0.08 0.96 ±0.18 0.73 ±0.15 0.01 ±0.01 0.18 ±0.07 0.43 ±0.11 0.06 ±0.04 0.01 ±0.01 0.08 ±0.04 96.72 ±2.61 

LV05 0.01 ±0.01 0.01 ±0.01 0.01 ±0.01 0.14 ±0.06 0.00 ±0.01 0.00 ±0.01 0.00 ±0.01 0.02 ±0.02 0.00 ±0.01 0.01 ±0.01 99.81 ±2.66 

GR03 0.98 ±0.18 2.22 ±0.29 2.39 ±0.30 0.72 ±0.15 0.41 ±0.11 0.36 ±0.10 6.37 ±0.54 17.03 ±0.95 0.47 ±0.12 2.88 ±0.34 66.05 ±2.09 

GR06 0.74 ±0.15 2.56 ±0.32 9.26 ±0.67 0.92 ±0.17 0.44 ±0.11 0.37 ±0.10 7.32 ±0.58 13.13 ±0.82 0.26 ±0.08 2.19 ±0.29 62.66 ±2.03 

GR07 0.39 ±0.11 1.67 ±0.25 3.27 ±0.36 0.40 ±0.11 0.15 ±0.06 0.21 ±0.07 4.68 ±0.45 15.52 ±0.90 0.22 ±0.08 1.25 ±0.21 71.91 ±2.20 

GR09 0.73 ±0.15 2.78 ±0.33 8.96 ±0.65 1.11 ±0.19 0.26 ±0.08 0.49 ±0.12 7.18 ±0.57 13.09 ±0.82 0.29 ±0.09 1.86 ±0.26 62.93 ±2.03 

 

 

 

 



3. Results 

3.1 Element to mineral conversion 
Element to mineral conversion method is traditional and the easy way to estimate modal mineralogy by 

solving simultaneously a set of mass balance equations written for chemical elements and minerals 

(Lamberg et al. 1997; Whiten 2007; Lund et al. 2013). The method is restricted to relatively simple 

mineralogies where the number of minerals is not larger than the number of analyzed components and 

the chemical composition of minerals (mineral matrix) is known. Mathematically this can be written in a 

form:  

𝐴 × 𝑥 = 𝑏 

Where A is a matrix on chemical composition of minerals (Table 2), x is the unknown mass proportion of 

minerals in the sample and b is analyzed chemical composition of the sample. The unknown x can be 

found by none-negative least square method (Lawson & Hanson 1995). 

In the current sample set, the number of chemical components assayed is not enough for calculating the 

full modal mineralogy by this method. 

3.2 Quantitative XRD by Rietveld method  
XRD Rietveld method (Table 8) was compared with automated mineralogy results by IncaMineral (from 

Table 5). A paired t-test was performed on 10 samples to determine if the two methods give similar 

results. The test is based on the paired differences between two values which each method provides for 

each mineral (Goulden 1939). The null hypothesis is that the difference in the mean values is zero. The 

null hypothesis can be accepted if the p-value is greater than 0.05% (i.e. 95% confidence level). 

Table 6. Paired t-test results of XRD RTV and IncaMineral 

 
Albite Actinolite Apatite Biotite Diopside K-Feldspar Quartz Andradite Scapolite Calcite Fe oxides 

t stat -0.13 0.72 0.83 0.47 -0.82 1.28 0.55 1.35 2.65 2.18 -2.09 

p value 0.90 0.49 0.43 0.65 0.43 0.23 0.60 0.21 0.03 0.06 0.07 

Null Hypothesis Accepted Accepted Accepted Accepted Accepted Accepted Accepted Accepted Rejected Accepted Accepted 

 

The result (Table 6) indicates that the two methods are similar, i.e. are not significantly different, for 10 

minerals out of 11.  Only scapolite shows different result with XRD and IncaMineral. This is due to very 

small content of scapolite which was not detectable by XRD. 

The other way to evaluate the quality of the XRD Rietveld results is to back calculate the chemical 

compositions of the samples and compare calculated values with those assayed by XRF. This is the 

samples wise comparison and smaller residuals are regarded as better results. This list also implies the 

samples that are candidate for improvement by repetition or applying other methods. 



The residuals is calculated for each sample based on following equation, then sum of squares of all 

residuals listed for each sample (Table 7).  

𝑅𝑒𝑠𝑖 = |𝑏𝑖 − 𝐴 ∗ 𝑥𝑖| 

Where bi is the XRF assays vector for sample i, xi is the modal mineralogy of the sample i, and A is the 

mineral matrix (from Table 3). Finally the sum of the squares is calculated by summing square of each 

Resi vector element. 

Table 7. Sum of squares residuals for XRD method 

Sample MB01 MB02 LV01 LV02 LV03 LV05 GR01 GR03 GR05 GR06 GR07 GR09 DC04 DC05 DC06 DC08 DC09 DC15 

SUMSSQ 1.40 46.92 6.03 0.78 4.93 0.46 17.37 1.39 3.23 12.69 1.02 0.34 19.52 15.06 7.58 18.22 24.94 7.12 



 

Table 8. Modal mineralogy of the samples by XRD Rietveld. ± gives standard deviation determined by repeat assays. 

Sample Albite Actinolite Apatite Biotite Diopside Magnetite K-Feldspar Quartz Andradite Scapolite Calcite Hematite Fe oxides 

MB01 3.20 ±0.85 3.50 ±0.90 0.00 ±0.49 1.40 ±0.51 1.40 ±0.51 89.50 ±6.75 0.00 ±0.41 1.00 ±0.41 0.00 ±0.41 0.00 ±0.41 0.00 ±0.41 0.00 ±0.41 89.50 ±6.75 

MB02 8.60 ±1.57 0.00 ±0.41 4.60 ±1.06 2.40 ±0.71 0.00 ±0.41 1.90 ±0.61 2.80 ±0.78 4.50 ±1.05 0.00 ±0.41 0.00 ±0.41 0.00 ±0.41 75.20 ±6.05 77.10 ±6.15 

LV01 0.00 ±0.41 0.00 ±0.41 0.00 ±0.49 1.40 ±0.51 0.00 ±0.41 63.00 ±5.42 0.00 ±0.41 0.00 ±0.41 0.00 ±0.41 0.00 ±0.41 0.00 ±0.41 35.60 ±3.80 98.60 ±7.17 

LV02 0.00 ±0.41 0.00 ±0.41 0.00 ±0.49 0.00 ±0.41 0.00 ±0.41 70.40 ±5.81 0.00 ±0.41 0.00 ±0.41 0.00 ±0.41 0.00 ±0.41 0.00 ±0.41 29.60 ±3.39 100.00 ±7.23 

LV03 0.00 ±0.41 0.00 ±0.41 0.00 ±0.49 1.00 ±0.41 2.20 ±0.67 24.20 ±2.99 0.00 ±0.41 0.00 ±0.41 0.00 ±0.41 0.00 ±0.41 0.00 ±0.41 72.60 ±5.92 96.80 ±7.08 

LV05 0.00 ±0.41 0.00 ±0.41 0.00 ±0.49 0.00 ±0.41 0.00 ±0.41 71.50 ±5.87 0.00 ±0.41 0.00 ±0.41 0.00 ±0.41 0.00 ±0.41 0.00 ±0.41 28.50 ±3.31 100.00 ±7.23 

GR01 0.50 ±0.41 1.20 ±0.46 4.20 ±1.01 1.00 ±0.41 0.00 ±0.41 13.40 ±2.07 0.00 ±0.41 2.60 ±0.75 8.70 ±1.58 0.00 ±0.41 1.00 ±0.41 67.40 ±5.66 80.80 ±6.33 

GR03 0.50 ±0.41 1.70 ±0.57 4.20 ±1.01 0.00 ±0.41 0.00 ±0.41 1.00 ±0.41 0.00 ±0.41 8.40 ±1.55 8.10 ±1.51 0.00 ±0.41 0.00 ±0.41 76.10 ±6.10 77.10 ±6.15 

GR05 0.00 ±0.41 0.00 ±0.41 2.10 ±0.65 0.00 ±0.41 0.00 ±0.41 0.00 ±0.41 0.00 ±0.41 2.50 ±0.73 12.30 ±1.96 0.00 ±0.41 1.90 ±0.61 81.20 ±6.35 81.20 ±6.35 

GR06 1.10 ±0.44 4.10 ±0.99 10.20 ±1.75 0.00 ±0.41 0.00 ±0.41 1.50 ±0.53 0.00 ±0.41 5.40 ±1.18 11.30 ±1.86 0.00 ±0.41 1.50 ±0.53 64.90 ±5.52 66.40 ±5.60 

GR07 0.00 ±0.41 1.50 ±0.53 2.00 ±0.63 0.00 ±0.41 0.00 ±0.41 1.50 ±0.53 0.00 ±0.41 5.00 ±1.12 12.80 ±2.01 0.00 ±0.41 0.00 ±0.41 77.20 ±6.15 78.70 ±6.23 

GR09 0.00 ±0.41 1.40 ±0.51 3.00 ±0.82 0.00 ±0.41 0.00 ±0.41 0.00 ±0.41 0.00 ±0.41 6.50 ±1.32 14.40 ±2.17 0.00 ±0.41 0.00 ±0.41 74.70 ±6.03 74.70 ±6.03 

DC04 2.20 ±0.67 6.20 ±1.28 0.00 ±0.49 2.90 ±0.80 1.30 ±0.49 85.60 ±6.56 0.00 ±0.41 1.80 ±0.59 0.00 ±0.41 0.00 ±0.41 0.00 ±0.41 0.00 ±0.41 85.60 ±6.56 

DC05 0.00 ±0.41 2.90 ±0.80 2.40 ±0.71 1.60 ±0.55 0.00 ±0.41 91.20 ±6.83 0.00 ±0.41 1.90 ±0.61 0.00 ±0.41 0.00 ±0.41 0.00 ±0.41 0.00 ±0.41 91.20 ±6.83 

DC06 0.00 ±0.41 9.60 ±1.68 6.20 ±1.28 1.00 ±0.41 4.10 ±0.99 68.00 ±5.69 0.00 ±0.41 0.30 ±0.41 0.00 ±0.41 10.80 ±1.81 0.00 ±0.41 0.00 ±0.41 68.00 ±5.69 

DC08 0.00 ±0.41 9.80 ±1.70 5.10 ±1.14 10.80 ±1.81 0.00 ±0.41 69.10 ±5.74 0.00 ±0.41 3.60 ±0.91 0.00 ±0.41 0.00 ±0.41 1.60 ±0.55 0.00 ±0.41 69.10 ±5.74 

DC09 41.20 ±4.16 6.20 ±1.28 0.00 ±0.49 9.40 ±1.66 0.00 ±0.41 29.40 ±3.38 0.00 ±0.41 8.10 ±1.51 0.00 ±0.41 5.70 ±1.22 0.00 ±0.41 0.00 ±0.41 29.40 ±3.38 

DC15 9.70 ±1.69 5.00 ±1.12 0.00 ±0.49 23.00 ±2.90 0.00 ±0.41 50.00 ±4.70 2.10 ±0.65 5.00 ±1.12 0.00 ±0.41 4.20 ±1.01 1.00 ±0.41 0.00 ±0.41 50.00 ±4.70 

 



 

3.3 Combined XRD and XRF method  
To improve the XRD results, XRF data was incorporated by mathematical method to find modal 

mineralogy which is referred as combined method. The principal idea is to minimize residuals in the 

equation: 

𝑅𝑒𝑠𝑖 = |𝑏𝑖 − 𝐴 ∗ 𝑥𝑖| 

Geo Module of HSC Chemistry software based on none-negative least square was used for modal 
mineralogy by the combined method (results in Table 11). To find the error in the combined method 
Monte Carlo simulation with 100,000 iterations were applied. 
 
The paired t-test method was performed with the null hypothesis that combined method doesn’t give 
significant different modal mineralogy compared to IncaMineral analysis. The p-values confirm that for 
10 out 11 minerals in 95% confidence level, null hypothesis is accepted (Table 9). 
 
 

Table 9. Paired t test between combined method (XRD+XRF) and automated mineralogy (IncaMineral) 

 
Albite Actinolite Apatite Biotite Diopside K-Feldspar Quartz Andradite Scapolite Calcite Fe oxides 

t stat -0.78 -1.38 0.37 1.00 -2.53 -0.81 0.02 1.51 2.01 1.49 -0.39 

p value 0.46 0.20 0.72 0.34 0.03 0.44 0.99 0.17 0.07 0.17 0.70 

Null hyp Accepted Accepted Accepted Accepted rejected Accepted Accepted Accepted Accepted Accepted Accepted 

 

Further evaluation of combined method by comparing the sum of squares of residuals shows that the 

combined method gives better modal analysis than sole XRD Rietveld (Table 10). 

Table 10. Sum of squares residuals for combined method (XRD+XRF) 

Sample MB01 MB02 LV01 LV02 LV03 LV05 GR01 GR03 GR05 GR06 GR07 GR09 DC04 DC05 DC06 DC08 DC09 DC15 

SUMSSQ 0.27 0.21 0.06 0.23 0.08 0.24 0.01 0.01 0.01 0.03 0.01 0.02 9.24 0.46 0.33 2.72 2.32 2.05 

 



Table 11. Modal mineralogy of the samples by combined (XRD+XRF) method. ± gives standard deviation determined by Monte Carlo simulation. 

 
Albite Actinolite Apatite Biotite Diopside Magnetite K-Feldspar Quartz Andradite Scapolite Calcite Hematite Fe oxides 

MB01 3.20 ±0.05 3.50 ±0.05 0.00 ±0.04 1.40 ±0.04 1.40 ±0.04 89.50 ±0.11 0.00 ±0.04 1.00 ±0.04 0.00 ±0.04 0.00 ±0.04 0.00 ±0.04 0.00 ±0.04 89.50 ±0.11 

MB02 8.60 ±0.06 0.00 ±0.04 4.60 ±0.05 2.40 ±0.04 0.00 ±0.04 1.90 ±0.04 2.80 ±0.05 4.50 ±0.05 0.00 ±0.04 0.00 ±0.04 0.00 ±0.04 75.20 ±0.10 77.10 ±0.10 

LV01 0.00 ±0.04 0.00 ±0.04 0.00 ±0.04 1.40 ±0.04 0.00 ±0.04 63.00 ±0.10 0.00 ±0.04 0.00 ±0.04 0.00 ±0.04 0.00 ±0.04 0.00 ±0.04 35.60 ±0.09 98.60 ±0.11 

LV02 0.00 ±0.04 0.00 ±0.04 0.00 ±0.04 0.00 ±0.04 0.00 ±0.04 70.40 ±0.10 0.00 ±0.04 0.00 ±0.04 0.00 ±0.04 0.00 ±0.04 0.00 ±0.04 29.60 ±0.08 100.00 ±0.11 

LV03 0.00 ±0.04 0.00 ±0.04 0.00 ±0.04 1.00 ±0.04 2.20 ±0.04 24.20 ±0.08 0.00 ±0.04 0.00 ±0.04 0.00 ±0.04 0.00 ±0.04 0.00 ±0.04 72.60 ±0.10 96.80 ±0.11 

LV05 0.00 ±0.04 0.00 ±0.04 0.00 ±0.04 0.00 ±0.04 0.00 ±0.04 71.50 ±0.10 0.00 ±0.04 0.00 ±0.04 0.00 ±0.04 0.00 ±0.04 0.00 ±0.04 28.50 ±0.08 100.00 ±0.11 

GR01 0.50 ±0.04 1.20 ±0.04 4.20 ±0.05 1.00 ±0.04 0.00 ±0.04 13.40 ±0.07 0.00 ±0.04 2.60 ±0.05 8.70 ±0.06 0.00 ±0.04 1.00 ±0.04 67.40 ±0.10 80.80 ±0.11 

GR03 0.50 ±0.04 1.70 ±0.04 4.20 ±0.05 0.00 ±0.04 0.00 ±0.04 1.00 ±0.04 0.00 ±0.04 8.40 ±0.06 8.10 ±0.06 0.00 ±0.04 0.00 ±0.04 76.10 ±0.10 77.10 ±0.10 

GR05 0.00 ±0.04 0.00 ±0.04 2.10 ±0.04 0.00 ±0.04 0.00 ±0.04 0.00 ±0.04 0.00 ±0.04 2.50 ±0.05 12.30 ±0.07 0.00 ±0.04 1.90 ±0.04 81.20 ±0.11 81.20 ±0.11 

GR06 1.10 ±0.04 4.10 ±0.05 10.20 ±0.06 0.00 ±0.04 0.00 ±0.04 1.50 ±0.04 0.00 ±0.04 5.40 ±0.05 11.30 ±0.07 0.00 ±0.04 1.50 ±0.04 64.90 ±0.10 66.40 ±0.10 

GR07 0.00 ±0.04 1.50 ±0.04 2.00 ±0.04 0.00 ±0.04 0.00 ±0.04 1.50 ±0.04 0.00 ±0.04 5.00 ±0.05 12.80 ±0.07 0.00 ±0.04 0.00 ±0.04 77.20 ±0.10 78.70 ±0.10 

GR09 0.00 ±0.04 1.40 ±0.04 3.00 ±0.05 0.00 ±0.04 0.00 ±0.04 0.00 ±0.04 0.00 ±0.04 6.50 ±0.06 14.40 ±0.07 0.00 ±0.04 0.00 ±0.04 74.70 ±0.10 74.70 ±0.10 

DC04 2.20 ±0.04 6.20 ±0.06 0.00 ±0.04 2.90 ±0.05 1.30 ±0.04 85.60 ±0.11 0.00 ±0.04 1.80 ±0.04 0.00 ±0.04 0.00 ±0.04 0.00 ±0.04 0.00 ±0.04 85.60 ±0.11 

DC05 0.00 ±0.04 2.90 ±0.05 2.40 ±0.04 1.60 ±0.04 0.00 ±0.04 91.20 ±0.11 0.00 ±0.04 1.90 ±0.04 0.00 ±0.04 0.00 ±0.04 0.00 ±0.04 0.00 ±0.04 91.20 ±0.11 

DC06 0.00 ±0.04 9.60 ±0.06 6.20 ±0.06 1.00 ±0.04 4.10 ±0.05 68.00 ±0.10 0.00 ±0.04 0.30 ±0.04 0.00 ±0.04 10.80 ±0.06 0.00 ±0.04 0.00 ±0.04 68.00 ±0.10 

DC08 0.00 ±0.04 9.80 ±0.06 5.10 ±0.05 10.80 ±0.06 0.00 ±0.04 69.10 ±0.10 0.00 ±0.04 3.60 ±0.05 0.00 ±0.04 0.00 ±0.04 1.60 ±0.04 0.00 ±0.04 69.10 ±0.10 

DC09 41.20 ±0.09 6.20 ±0.06 0.00 ±0.04 9.40 ±0.06 0.00 ±0.04 29.40 ±0.08 0.00 ±0.04 8.10 ±0.06 0.00 ±0.04 5.70 ±0.06 0.00 ±0.04 0.00 ±0.04 29.40 ±0.08 

DC15 9.70 ±0.06 5.00 ±0.05 0.00 ±0.04 23.00 ±0.08 0.00 ±0.04 50.00 ±0.09 2.10 ±0.04 5.00 ±0.05 0.00 ±0.04 4.20 ±0.05 1.00 ±0.04 0.00 ±0.04 50.00 ±0.09 



4. Practical consideration 
Knowing that XRD Rietveld, combined method, and automated mineralogy give practically the same 

result, the methods can be ranked based on usability.  Following aspects were considered: the detection 

limit, sample preparation time, analysis costs, and accuracy (Table 12).  

The detection limit, 1%, of the XRD analysis makes the method unsuitable for most ores. In iron the 

benefit of the method is that it can distinguish hematite and magnetite. Automated mineralogy is not 

practical due to its high costs and time required. In iron ores reliable identification and grade estimation 

of hematite and magnetite requires very careful tuning of analytical conditions (Figueroa et al. 2012). 

Element to mineral conversion has limitations in number of minerals which can be solved. In practice 

several simplifications must be done. However, in iron ores when combined with Satmagan or Fe2+ assay 

it offers fast and inexpensive method mineral quantification. The combined method, which uses both 

XRD and XRF is however superior. It combines the benefits of both methods. The problems may come 

with ores where the trace mineralogy varies and the phases can’t be identified by XRD. Then, some 

additional selective leaching method may be required (Lamberg et al. 1997). Another challenge with the 

combined method is that the development of high quality XRD analysis by Rietveld method takes some 

time and help from experienced person is required. 

The ranking results that the combined method is the best because of being inexpensive,  faster and 

accurate enough compared to the other methods. 

 

Table 12. Comparison of different methods for obtaining modal mineralogy 

Parameter XRD Inca EMC Combined 

Detection limit (%) 1 0.01 1 ppm 1 ppm 

Sample preparation time (h) 0.5 8 0.05 0.5 

Analysis time (h) 2 4 0 2 

Cost (US$) 60 200 0 60 

Experienced operator Yes Yes No Yes 

Experienced mineralogist Yes Yes Yes Yes 

     
Suitable for ore resource estimate in following ores: 

- iron ore (KIA) No No 
Yes (if 

Satmagan) 
Yes 

- porphyry Cu ore No Yes 
No (only with 

diagn. Leaching) 
Yes 

- Ni sulphide ore ? Yes 
(only with 
diagn. Leaching) 

Yes (need for 
diagn. Leaching) 

- apatite ore ? Yes Yes Yes 

KIA = Kiruna Iron-Apatite ore 



5. How good the modal mineralogical analysis needs to be be for 

mineral resource estimate? 
Mineral resource estimation starts from sampling and interpretation of geological data. The resource 

estimation is a baseline for developing the deposit to an ore reserve. At that stage the effects of different 

modifying factors are considered (JORC 2012).  This includes among others exact calculations on the 

impact of mining and metallurgy to the economics of the miner project.  As the mineral resource 

estimate is based on elemental grades the linking of metallurgical results is done normally through ore 

types and head grade. A relationship between the head grade and elemental recovery in the processing 

is established, and if there are several ore types, this is done separately for each of them. Normally a 

positive correlation between the head grade and recovery is observed. 

Potentially the establishment of the mineral resource estimate on mineral rather than elemental grades 

brings several benefits. Ore typing (domaining) and correlation to metallurgy can be done more reliably. 

Also it serves better basis for ore resource and mine planning as the lithology can be estimated by kriging 

as the mineral grades are additive parameters. 

The mathematical function for the metallurgical response will be easier to derive and will be more 

accurate if it is based on modal mineralogy. This is demonstrated in Figure 1 showing the relationship 

between iron recovery in magnetic separation (Davis tube test) with iron head grade and iron carried by 

magnetite. The former gives diffuse curve whereas the latter well defined line. 

  

Figure 1. Relationship between the recovery of iron into a magnetic concentrate and iron head grade (left) and iron carried by 
magnetite (right). 

As the modal mineralogy provides improvement in the metallurgical estimation the deficiency in the 

accuracy of the original assay (modal analysis vs. chemical analysis) are potentially compensated. This is 

demonstrated by simulating an iron ore body with variation in the mineralogy and by establishing a 

predictive model based on elemental analyses and on the other hand on modal analysis. The results will 

be reported in the conference presentation and in the final version of the paper. 
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