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Abstract

:

The heterogenous mineralogy of ultramafic deposits hosting mining operations makes it challenging to accurately determine the waste rock’s mineral carbonation potential (MCP). Additionally, the significantly higher carbonation capabilities of olivine than serpentine add to the difficulty. To address this issue, in this work, a new and unique tool called the MCP calculator was developed as a Microsoft ExcelTM spreadsheet to accurately determine the amount of anthropogenic CO2 that a given rock mass can sequester through mineral carbonation. The program estimates the modal mineral abundance of ultramafic rocks to aid in MCP estimation. This tool is designed to be cost-effective and tailored for use by the mining industry, utilising abundant lithogeochemical data to evaluate their deposit as a potential substrate for industrial mineral carbonation operations. The paper introduces the MCP calculator, outlines a framework for developing the MCP parameter, and presents an example of its application. The calculator is specific to the mineral assemblage investigated at the Turnagain ultramafic complex in northern British Columbia but can be adjusted to study comparable deposits. The paper acknowledges that using waste rock in a mineral carbonation operation requires economic and practical decisions beyond the scope of the research.
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1. Introduction


Mineral carbonation is a process by which carbon dioxide (CO2) reacts with minerals in rocks to form solid carbonates [1]. The reaction can naturally occur over geological timescales or can be artificially accelerated for carbon-capture and storage purposes [2]. Mineral carbonation has the potential to significantly mitigate greenhouse gas emissions by removing CO2 from the atmosphere and permanently storing it in solid form [3,4]. The process can utilise waste materials, such as mine tailings, as a source of minerals, providing an additional benefit of reducing waste while mitigating emissions [5,6]. Mineral carbonation has been the subject of numerous studies in the fields of geology [7,8,9], mineralogy [10], engineering [11,12,13,14], and environmental science [15,16]. These studies have focused on several key aspects of the process, including, but not limited to, the reaction kinetics [11,17,18], mineral reactivity [17], rock types [9], and life cycle analysis [4,15,16]. Different rocks have been studied to understand their potential for mineral carbonation and the effectiveness of different carbonation methods for specific rock types [19,20,21]. The mineralogy of the rock and the presence of reactive minerals, such as olivine, serpentine, and brucite, play a critical role in determining the suitability of a rock for mineral carbonation [8,22]. In practice, the capability of a rock to sequester anthropogenic CO2 through mineral carbonation is determined through a combination of laboratory experiments and field studies, which provide information on the kinetics and thermodynamics of mineral carbonation reactions [23]. The typical procedure starts with a complete characterisation of the rock mineralogy and composition, followed by reactivity tests at the laboratory and pilot scales to measure the rate and extent of the carbonation reaction for the specific rock [24,25]. In the case of field studies, once carbonation has been initiated, the process is monitored to determine the extent of carbonation over time and ensure the stability of the carbonates in the long-term [7,26,27].



Although following these steps provides valuable information for designing and implementing mineral carbonation, conducting experiments on every available rock is impractical. Therefore, developing mathematical models is necessary to predict the performance of mineral carbonation for different rock types and conditions. Researchers worked extensively on kinetics and thermodynamic models that simulate the mineral carbonation reaction rate and extent over time and under conditions, such as the temperature, pressure, and pH. They also predict the type and stability of carbonates and the reaction conditions required for mineral carbonation [28,29].



The possibility of using mine tailings from ultramafic formations for ex situ mineral carbonation and additional mineral recovery has been the subject of several studies conducted by mining companies and research institutes [30,31,32]. Incorporating waste rock and tailings in a mineral carbonation operation involves several practical and economic considerations. These include developing a viable industrial-scale mineral carbonation process, determining the economic feasibility of mining enough substrate rock to supply a mineral carbonation plant, and, crucially, establishing a financial incentive to pursue mineral carbonation operations in the first place [33]. Diamond drill core sampling and analysis commonly provide lithogeochemical data in mining operations. Hence, there is a significant benefit in developing a method to utilise this data to determine a deposit’s mineral carbonation potential and inherent internal variability.



The geological mapping of ultramafic deposits can provide an initial estimate of the volume of ultramafic rocks at a deposit, whether carried out by a national geological survey or a mining company. By analysing bulk rock samples taken during surface mapping and assaying them for principal cation oxides, the     R     CO   2       of that rock mass can be derived, which can be used to provide a preliminary estimate of the capacity of that rock mass to sequester CO2.     R     CO   2       is a widely used parameter to estimate the mineral carbonation potential of an ultramafic deposit. This measure was initially proposed by Lackner, Wendt [34].     R     CO   2       is the mass of ore required to convert a unit mass of CO2 into carbonate. The initial measure was based on the molar concentration of magnesium and calcium, as described by Lackner, Wendt [34,35]. However, the calculation was later revised [36] to include ferric iron as shown below:


   Modified      R     CO   2     =   100   (  ∑    Ca    2 +    +   Fe    2 +    +   Mg    2 +    )   MW     CO   2          



(1)




where ΣCa2+ + Fe2+ + Mg2+ are the sum of the molar concentrations for the specified cations, and MWCO2 is the molecular weight of CO2. Theoretical minimum     R     CO   2       values have been calculated as 2.1, 1.6, and 2.7 for serpentine, olivine and wollastonite, respectively [37]. This initial approach is sufficient to determine if the deposit justifies additional exploration as a potential material source for a mineral carbonation operation. To develop a more informed estimation, a more detailed investigation is required.



In this research, we aimed to create the mineral carbonation potential (MCP) parameter, which can be generated from existing lithogeochemical data in three-dimensional space. The parameter is exclusively intended for use in the mining industry due to data availability, typically only found in deposits with economic mineral importance. The MCP parameter measures the potential for a rock mass at a specific location to store carbon dioxide via mineral carbonation. Due to varying deposit types, mineralogy, and the range of mineral carbonation methods present at a research stage, generating an applicable parameter to suit all these factors is challenging. In this article, we first propose a framework for developing an MCP parameter. Then, this approach is illustrated using lithogeochemical data from the Turnagain ultramafic complex in northern British Columbia, Canada, as an example. Although the calculator is tailored to the specific mineral assemblage studied at Turnagain, the estimation process can be modified to analyse similar deposits.




2. Data Collection and Mineralogical Investigation for the Estimation of MCP


A well-structured data collection program is imperative to assess ultramafic deposits for their potential in mineral carbonation. Such a program should include a sampling protocol explicitly designed for a mineral carbonation investigation, utilising various geological, mineralogical, and geochemical analytical techniques. This section provides an overview of the data types commonly available during mining exploration or operation stages. In the following section, methodology is proposed for manipulating existing data to estimate the MCP of ultramafic deposits, using the available data from the Turnagain ultramafic deposit as a case study.



The data preparation required for the MCP calculator is relatively simple. All lithogeochemical assay results obtained from drill core samples at the ultramafic complex can be incorporated into the calculator. However, it is essential to store each drill core assay interval in a database and link it to the corresponding drill hole. A unique sample identification should be assigned to identify the depth interval represented by each sample. It is crucial to have a geoscientist classify the rock by logging the drill core sample intervals based on their geological characteristics. A representative sample from each interval must also be assayed for major cation quantities.



A mineralogical investigation is crucial to estimate the mineral carbonation potential (MCP) of ultramafic deposits. Mining or exploration companies usually conduct a detailed mineralogical study of the central rock units in targeted ultramafic deposits. This investigation involves optical microscopy of thin sections cut from representative samples of each lithology and an X-ray diffraction analysis (XRD) to determine the principal mineral assemblage of each lithology. Estimating the proportions of magnesium and calcium silicates within each rock unit is essential due to the variable success of using differing magnesium and calcium silicates in experimental mineral carbonation. Identification of the major mineral phases for each lithology should be determined through optical microscopy and XRD, which can provide a preliminary assessment of the abundance of each mineral and the degree of alteration present for each lithology. Quantitative methods, such as thin-section point counting and XRD with Rietveld refinement, can provide a more precise determination of the principal mineral quantities. Mineralogical investigation can also aid any modal mineral estimation undertaken, such as electron microprobe analysis of individual minerals, which can aid in determining their precise geochemical makeup. For instance, determining the Mg2+/Fe2+ ratio (magnesium number) of olivine minerals is crucial. It can vary significantly between rock types and provide a misrepresentation of the magnesium cation quantity available for mineral carbonation from olivine. A better understanding of the mineralogy of ultramafic deposits can improve the estimation of their MCP.




3. Case Study: Turnagain Ultramafic Deposit, British Columbia, Canada


The Turnagain ultramafic deposit was evaluated as a potential site for mineral carbonation based on preliminary geological mapping that estimated a volume of approximately 10.8 km3 of ultramafic rocks. This deposit has been explored and drilled by Hard Creek Nickel Corporation to develop a resource estimate for a potential nickel sulphide mining operation.



3.1. Preliminary Data Analysis


This research performed X-ray fluorescence (XRF) on 16 samples to estimate their major oxide content. The loss on ignition (LOI) value, a key indicator targeted for the estimation of serpentine in the rocks, was determined. Optical mineralogy was also undertaken by geoscientists at the Turnagain ultramafic complex [38,39]. The major cumulate rock units at Turnagain comprise dunite, wehrlite, hornblendite, and minor dioritic phases. More details on the predominant mineral assemblage of each of these significant rock types were published in a Master’s thesis by Scheel [39]. This provided the basis for estimating the mineral assemblage using the MCP calculator in this research.



Five specific rock types were targeted at the deposit based on their potential to sequester CO2 via direct aqueous mineral carbonation. These rock types were green dunite, dunite, wehrlite, olivine clinopyroxenite, and serpentinite. The rock identification of each interval was extracted from the Turnagain exploration database, and the drill hole collar and survey information, the logged geology codes, and relevant ICP-ES geochemical assay results were added to the database. The rock types were selected based on the recorded high magnesium contents and expected high olivine contents.



The green dunite lithology was identified as separate from dunite due to the olivine crystals’ higher Mg2+/Fe2+ composition. The MCP calculator requires the magnesium number to be identified for each lithology to determine the proportions of magnesium and iron cation quantity that should be estimated into olivine during the mineral estimation process of the MCP calculator. The magnesium number is calculated using the following formula:


   Magnesium   number =    Mg   (   Fe    2 +    +   Mg    2 +    )    × 100   



(2)







The assigned rock codes of each lithology studied and their average magnesium number can be found in Table 1. Rocks identified as serpentinite were also analysed to test the effectiveness of the MCP calculator in estimating olivine and serpentine abundances.




3.2. The MCP Calculator


The MCP calculator was developed to provide a more accurate estimate of the mineral carbonation potential of a rock mass by considering the variability in silicate mineralogy throughout a rock mass, as different silicates have variable mineral carbonation capabilities. The calculator provides the volume of potential carbonate minerals that can be formed for a discrete volume of substrate rock by converting the major cation weight percentage composition into major oxides, estimating their abundance based on a linear best fit stoichiometric conversion into a mineral assemblage suite defined by the user, and estimating the potential stoichiometric magnesium silicate-to-magnesium carbonate conversion achievable by that discrete volume of rock based on the conversion extent for a given mineral through experimental mineral carbonation.



The MCP calculator requires adaptation on a deposit-by-deposit basis to account for the specific mineral assemblage local to the deposit. The instructions for data input into each worksheet and potential modifications that can be made to customise the program to a specific ultramafic deposit are provided in the Ph.D. thesis by Jacobs [33]. The program consists of four worksheets: the Sample Preparation Worksheet, the Mineral Composition Calculator, the MCP Calculator Worksheet, and the Multiple Sample Worksheet. To facilitate a better understanding of the program’s structure, visual representations of these worksheets are displayed in Figure 1. Subsequent sections will provide a more comprehensive explanation of each worksheet. The program is provided as a macro-enabled worksheet allowing the user to process up to 30 samples simultaneously.



The Sample Preparation Worksheet is designed to allow users to enter rock types, rock codes, and their average magnesium numbers. Additionally, it provides an option to enter the measured major cation values for each sample in either weight percent (wt.%) or parts per million (PPM). The sulphur (S) content can be converted to FeS or FeS2. The estimated component abundance will be automatically generated and can be used in the MCP Calculator Worksheet.



Based on the field Herrmann and Berry [40] method, the Mineral Composition Calculator Worksheet is a tool designed to determine the chemical composition of individual minerals to estimate their assemblage. The worksheet is divided into two main sections: (1) the mineral calculator and (2) the mineral library. The mineral calculator allows users to calculate the major oxide values of each mineral. The mineral calculator for oxide conversion includes the major cations commonly found within minerals from ultramafic rocks. The user must enter the name of the mineral being assessed and input the number of each respective cations for the mineral formula. The molecular weight of the mineral is automatically updated by summing the totals of the number of each cation multiplied by the molecular weight of each cation converted into their respective oxides. The weight percentage of each chemical component making up the mineral is generated and sums up to 100%. The general formula used to calculate the weight percentage of each chemical component is as follows:


  w t . % =   N o .   o f   c a t i o n s   i n   f o r m u l a × M o l e c u l a r   w e i g h t   o f   c o m p o n e n t   M o l e c u l a r   w e i g h t   o f   t h e   m i n e r a l   × 100  



(3)







The mineral library in this worksheet provides a place where the results for each mineral can be pasted for storage before being inputted into the MCP calculator.



The MCP Calculator Worksheet consists of four sections, which provide data sources for the calculator and display its results. The working part of the worksheet contains a series of data grids that require no input from the user unless the estimated mineral assemblage differs from the test data. These grids comprise a series of equations for modal mineral estimation following a general linear stoichiometric estimation procedure through numbered stages. The first section contains the imported modal profile of the entire sample data analysed, providing the data source for the iterative working data grids in the same worksheet. The second section is designed to store any ideal modal mineral stoichiometric compositions to be estimated. Although these cells are inactive, they can be incorporated within the working data grids for mineral estimation. Section 3 of the worksheet displays the estimated mineral compositions in weight percentage, which can be customised to match the mineral assemblage identified at the studied deposit. This section is populated from the working data grid labelled by a series of stages. Each stage represents a calculated section of the linear stoichiometric estimation process. The MCP calculator can be customised for different deposits by altering the calculation formulas within the worksheet.



The stoichiometric linear mineral estimation stages created by the author for use at Turnagain are summarised in Figure 2. Stage one within the calculator is the normalisation of the modal profile to 100%, which assumes that the remaining weight percent of each sample tested comprises SiO2 and H2O. Stages two, three, and four assign the modal weight percentages from the sample data preparation worksheet for the sulphides (FeS or FeS2), base metal quantity, and all other accessory components not identified as a component of the major mineral assemblage. The TiO2 and Cr2O3 component of the major oxide profile is identified from quantitative XRD based on the Turnagain samples as ilmenite (FeTiO3) and chromite (FeCr2O4), respectively. These mineral abundances are estimated using all the respective oxides available in each sample, and the iron content is renormalised as FeO for further estimation. Suppose minerals other than ilmenite and chromite are the major mineral phase of their respective oxides. In that case, the associated formulas within the data grid cells can be adjusted as needed. The analysis of major cations in multiple samples from Turnagain revealed high levels of aluminium (up to 20 wt.%), concerning the generally low mean aluminium contents of ultramafic rocks. To consider this elevated aluminium content, the weight percent anorthite (CaAl2Si2O8) content is estimated in stage seven. Plagioclase is present in a significant proportion of the samples, and anorthite can be substituted for a generic plagioclase mineral formula for estimation or other plagioclase end-member mineral formulas. Enstatite was identified as another plagioclase mineral at Turnagain, but estimating both enstatite (MgSiO3) and forsterite (Mg2SiO4) needed to be more practical. Hence, forsterite being the dominant mineral, it was selected over enstatite for the estimation.



The low concentrations of K2O, MnO, Na2O, and P2O5 measured in the samples analysed indicate that these major oxides are incorporated into the accessory minerals in stage three. They mainly form minor components of the silica minerals already estimated. The presence of the minerals from XRD or similar analytical techniques should define the choice of plagioclase mineral estimation. This is a deposit-specific variable.



The magnesium-bearing minerals are the principal controlling factor based on estimated MCP values. In stage eight, the magnesite (MgCO3) content is estimated if the CO2 content is accurately determined. If no accurate CO2 content is available, the estimated rock sample is considered to have no carbonates. The working data grid can be adapted to include calcite (CaCO3) if required. The principal mineral source of calcium at Turnagain was identified in XRD analysis as diopside (CaMgSi2O6) and estimated in stage nine. Diopside is particularly abundant in wehrlite and olivine clinopyroxenite. Other pyroxene minerals could be substituted in the calculator at this stage. The diopside estimate uses all the CaO content of each sample. The mineral estimate is extracted from the associated stoichiometric MgO and SiO2 contents. The stage one value and the MgO weight abundances are renormalised for use in later stages of the estimation.



Olivine, serpentine, magnetite/hematite, quartz, and periclase are estimated in stages ten to fourteen. These are estimated through a series of iterations that stoichiometrically best estimate the modal weight percentages based on user-defined factors. The estimation process for Turnagain ultramafic rocks starts with olivine since it is the most abundant mineral in this deposit. The calculator then assumes that any remaining unaccounted magnesium oxide (MgO) from the earlier estimation stages is present in this mineral, resulting in a complete estimation procedure. The magnesium number assigned to each sample within the modal profile determines the proportions of MgO, FeO, and SiO2 for the olivine estimation. The olivine conversion matrix in the worksheet controls the active cells for use in the olivine estimation. This is referred to within the series of iterations and can estimate olivine with any assigned magnesium number between 70 and 99.



The Initial olivine quantity is estimated by first calculating the SiO2 and FeO content required to form olivine with the assigned magnesium number to fix all the MgO into olivine. The SiO2 + H2O content from stage one and the FeO content is subsequently recalculated. If the SiO2 + H2O or FeO content is in a deficit, the MgO concentration is renormalised to account for this deficit, as such, to return zero values for SiO2 + H2O and/or FeO. If the MgO content is renormalised for a SiO2 deficit, the olivine content is determined. If no serpentine is estimated, the remaining FeO is assigned to magnetite/hematite. The MgO content is assigned as periclase in stage 14. In the final stage, the sample is renormalised to balance the modal mineral composition to 100% stoichiometrically, completing the modal mineral profile for the sample.



The serpentine content is estimated through a series of iterations in stage 11. Where necessary, the olivine abundance is adjusted in stage ten to appropriately balance the FeO, MgO, SiO2 + H2O contents within the estimated mineral assemblage. The general serpentine formula used for estimation was Mg3Si2O5(OH)4. The active cells for internal calculations are determined from the serpentine conversion matrix to proportion the mineral’s MgO and SiO2 + H2O components. When estimating olivine, serpentine abundance is first estimated to mineralogically fix any MgO released from an FeO deficit. Enough SiO2 + H2O must be available to fix the surplus MgO.



Suppose there is a surplus SiO2 + H2O content above a user-defined quantity (a 1 wt.% tolerance is defined at Turnagain based on XRD analyses), the required MgO to estimate the amount of serpentine is taken from the provisional olivine weight percent. This releases FeO from the estimated olivine quantity and assigns it to stage 12. The olivine weight percent is renormalised to account for the removed MgO, FeO, and SiO2 content. This process is repeated through three further sequences to balance the MgO, FeO, and SiO2 iteratively. This normalises the olivine, serpentine, magnetite/hematite, and quartz ± water weight abundance following the iteration. The minimum olivine content is set to 10% within the equation formulas at Turnagain, if each sample contains at least 10 wt.% olivine. This is to avoid generating negative olivine weight percentages. Further iterations could be added if samples have an extremely high serpentine content resulting in a large residual SiO2 + H2O estimated content remaining after three iterations.



In stage 12, all the FeO content is assigned to magnetite/hematite. The MCP calculator has no method of determining the ratio of magnetite versus hematite in the samples being examined, and as such, the FeO content is grouped as both. The mineral profile is normalised to 100% by assigning the remaining weight percent to silica ± water. The final estimated modal mineral composition profile is added to Section 3 of the worksheet. If the reaction extents are not known for each mineral, the values produced in this section could be used to model the mineral distribution within the deposit.



The final MCP values for each sample estimated are determined in the fourth section. This is automatically completed, dependent on the values reported in the previous section and those defined by the user in the mineral carbonation extents table. The mineral carbonation extents table defines either the maximum or average mineral carbonation reaction extent of the selected mineral carbonation process. The table can contain up to five minerals capable of supplying cations that can be bound to carbon to form carbonates. In the example provided by the Turnagain ultramafic deposit, olivine, serpentine, and diopside are potential silicate minerals that can provide magnesium and/or calcium to be bound with carbon dioxide. At Turnagain, olivine is targeted as the principal contributor to the MCP value; however, this could easily be adapted to focus on serpentine.



The MCP values are determined using Equation (4):


   MCP =          S   min    a   ×    R   x     +     S   min    b   ×    R   x      + … +      S   min    n   ×    R   x       ×   CO   2    wt . %    100    



(4)




where MCP is the volume weight percentage of magnesite that can be formed from a given volume of rock. Smin is the weight percentage of substrate mineral available for carbonation (a, b,…, n), calculated using Equation (5), Rx is the average or maximum extent of silicate-to-carbonate conversion achieved through experimental mineral carbonation for the given mineral, as in Jacobs [33]. CO2 wt.% is the volume weight percent carbon dioxide required to sequester the available MgO as magnesite.


    S   min   =    wt . %   Mineral × wt . %   MgO   in   mineral    100    



(5)







The mass of CO2 that a given rock mass can sequester is calculated as


   Mass      CO   2      seq =     Mass   of   rock  × MCP   100   ×    wt . %      CO   2      in   magnesite    100    



(6)




where      wt . %      CO   2      in   magnesite    100    = 0.522   .




3.3. Reliability and Limitations of the MCP Calculator


This section discusses the limitations of the MCP calculator, providing insight into the sources of variation in the calculated MCP values when using this method instead of other methods.



An incomplete modal profile without information on SiO2 and H2O contents only partially estimates mineral proportions and CO2 sequestration capacity in the MCP calculator. Major cation data input creates an internally consistent profile through conversion to major oxides using fixed conversion factors.



A high sulphide content in rock samples can result in lower FeO values in the mineral estimation stage when Fe is incorporated as FeS or FeS2. If assigning sulphur content as iron sulphides is problematic, the calculator can estimate this based on the inputted sulphur content and a user-defined sulphur mineral formula within stage two of the MCP calculator.



The MCP calculator’s estimation process is linear, which imposes certain limitations on the number of minerals that can be included in the mineral profile. It is recommended to use generic mineral formulas for accessory minerals other than the principal magnesium and calcium-bearing silicates, which are the primary focus of the calculator. In the example provided in this work, anorthite and diopside are used as principal sources of aluminium and calcium, respectively, due to their familiar presence in rocks and their contribution to the modal profile. Realistically estimating the remaining SiO2 content is essential for estimating the magnesium silicate mineral, as the magnesium-to-silica ratio controls the olivine and serpentine proportioning in the mineral profile.



The iterative estimation of olivine in stage ten of the MCP calculator assumes SiO2 as the remaining weight percentage based on assumptions about the rock type and magnesium number. However, variations in magnesium numbers within a rock type can affect the accuracy of the estimation and may require internal renormalisation of the iteration equations.



After estimating olivine, any unaccounted oxide percentages are assumed to be SiO2 + H2O, with MgO being removed from the estimated olivine weight percentage to satisfy the stoichiometric serpentine formula. The SiO2 content removed from the olivine matrix is assumed as SiO2 and H2O to balance the olivine and serpentine proportioning, resulting in an internally consistent iteration.



Using the data grids presented in the MCP calculator, the mineral estimation consistently provides a modal mineral profile totalling 100%. MCP value calculations utilising the user-defined reaction extents are consistent for all samples. These can be adapted to account for improvements in the mineral carbonation extent for a given mineral. The MCP value calculation relies only on minerals with an assigned reaction extent. It does not consider external factors within the modal profile that may influence mineral carbonation on a sample-by-sample basis.





4. Results and Evaluation of the MCP Calculator


The MCP calculator was evaluated using lithogeochemical data from the Turnagain ultramafic complex. Sixteen samples were chosen for validation due to a full suite of geochemical analyses being undertaken. The mean stoichiometric olivine to magnesite achieved from experimental carbonation based on the samples was used as the average carbonation extent for olivine at the deposit. The effectiveness of the calculator was evaluated using the XRD analysis of mineral carbonation products. For XRD analysis, all samples were reduced into fine powder to the optimum grain-size range (<10 μm). Step-scan X-ray diffraction data were collected over a range 3–80 °2θ with CoKa radiation and a step size of 0.04 °2θ. The X-ray diffractograms were analysed using the International Centre for Diffraction Database (ICDD) PDF-4 and Search-Match software by Siemens (Bruker, Billerica, MA, USA). X-ray diffraction data of the samples were refined with Rietveld program Topas 4.2 (Bruker AXS).



4.1. Major Cation-to-Oxide Conversion


To assess the accuracy of the MCP calculator, all 16 samples from the Turnagain ultramafic deposit were analysed via ICP-ES at Acme Analytical Laboratories in Vancouver, British Columbia. The ICP-ES data were added to the sample data preparation worksheet of the MCP calculator program, and a modal profile of the major oxides for each sample was generated. The resulting major oxide values were compared to those obtained using XRF from the same samples. The results were validated using the sample data preparation worksheet. Table 2 shows that the total absolute residual values for the estimated values were all below 5 wt.%, which is acceptable. The residual values are the calculated difference between estimated and measured values. The total residual values sum the absolute differences observed between the estimated and measured components. The most significant difference between estimated and measured values was for MgO, which is unsurprising given that it makes up almost 50% of each sample. However, the difference between estimated and measured values was still under 3 wt.%. Figure 3 compares measured MgO, Fe2O3, and CaO oxide values from XRF analysis with estimated oxide values from the MCP calculator program for all 16 samples from the Turnagain ultramafic complex.




4.2. Reactant Modal Mineral Estimation


A representative sample from the Twin Sisters ultramafic complex and 16 samples from the Turnagain ultramafic complex were subjected to analysis using the MCP calculator. The accuracy of the MCP calculator was evaluated by comparing its results with those obtained through quantitative XRD with Rietveld refinement. An example of the Rietveld refinement plot of the sample 04-25-AJ6 carbonated product is presented in Figure 4. The Twin Sisters sample was analysed in the MCP calculator to evaluate olivine and serpentine estimation on what is known to be a relatively unaltered dunite sample with high olivine content. The results are provided in Table 3. The sample tested was assigned a magnesium number of 96 [41] in the calculator. The results show an excellent correlation between the measured (XRD) and estimated (MCP calculator) values.



The modal mineral abundances estimated using the MCP calculator based on samples tested from Turnagain are compared with the mineral abundances determined from the same drill core samples via XRD in Figure 5. Some minor phases were identified in XRD and MCP calculator results, yet olivine, serpentine, diopside, magnetite, and quartz are common and significant phases. Both magnetite and hematite were identified in XRD analyses, but the MCP calculator totals the remaining FeO weight percentage after the estimation. For graphical representation, FeO is identified as magnetite here.



In Figure 5, the mineral abundances of olivine, serpentine, diopside, and magnetite estimated using the MCP calculator program are compared graphically with the mineral abundances determined via quantitative XRD. According to Scheel [39], the degree of serpentinisation in the Turnagain ultramafic deposit varies significantly from 0 to 100%, with an average of approximately 10% based on field and drill core analysis. As shown based on both XRD and MCP calculator analyses, the olivine and serpentine modal abundances fluctuate between 40% to 100% and 0% to 40% in all tested samples, respectively. The discrepancy between the calculated XRD modal abundances and the MCP calculator estimated abundances for olivine and serpentine could vary up to 20 wt.% from sample to sample.



When the estimated serpentine and olivine quantities are compared to XRD analyses, the mean absolute error for serpentine estimation is 11 wt.%, and for olivine estimation, it is 12 wt.%. Figure 6 displays a strong positive correlation between the absolute difference in olivine and serpentine estimated quantities between the calculated XRD and estimated MCP calculator result, indicating that an overestimation of olivine values based on the MCP calculator leads to an underestimation of serpentine and vice versa. This relationship has important implications for the MCP value estimation of the tested sample, particularly if the mineral carbonation method selected can only sequester one substrate (either olivine or serpentine) and not both, as the degree of error in mineral estimation is directly related to the absolute error.



The serpentine content estimated based on the MCP calculator is renormalised based on the degree of crystallisation determined via XRD analyses. Still, it should be noted that the XRD analyses only provide a partial estimate of the serpentine content. This estimate is derived by assuming that all amorphous material is serpentine during Rietveld refinement. The total MgO, SiO2, and H2O contents estimated in the MCP calculator’s sample data preparation worksheet positively correlate with the same components measured via XRF [33]. The absolute error in olivine and serpentine modal abundances between the MCP calculator program-derived values and the calculated XRD values can be attributed to several factors, including the estimation error in the individual oxide components used for the olivine and serpentine estimation at the sample data preparation stage of the MCP calculator, error in proportioning these components into the respective mineral formulas, and/or inaccuracies in the serpentine and olivine quantities resulting from the partially quantitative XRD analyses being renormalised.



It is easier to accurately quantify the estimation error expected by the MCP calculator program with a precisely determined serpentine modal abundance for each sample tested. However, the guideline mean estimation errors of 11 wt.% and 12 wt.%, compared with semi-quantitative results of the same samples, seem reasonable. The MCP calculator program can determine the high serpentine contents in samples that are also measured with high serpentine contents via XRD with Rietveld refinement. This is demonstrated by analysing samples from the Twin Sisters ultramafic complex, where the calculator determined an extremely high olivine content with an acceptable estimation error. Although some degree of error is expected when estimating rock samples’ olivine and serpentine contents, the MCP calculator program is an effective tool for estimating the degree of serpentinisation throughout an ultramafic deposit from lithogeochemical data.



Table 4 compares the MCP values obtained from the analysis of sixteen samples from the Turnagain ultramafic complex using the MCP calculator program with the estimated MCP values projected from XRD analyses of reactant samples. The table also includes the measured magnesite contents obtained from quantitative XRD analyses of the experimental mineral carbonation products. The MCP calculation in Equation (4) only considered olivine as the mineral contributing MgO for mineral carbonation since it was the only mineral that contributed to mineral carbonation during experimental mineral carbonation. The experimental results are reported in the Ph.D. thesis by Jacobs [33].



The MgO weight percentage available for mineral carbonation from olivine in Equation (4) depended on the magnesium number of the estimated olivine content defined in Equation (4). These magnesium numbers were applied in both the MCP calculator and the projected MCP values based on the quantitative XRD values of the reactant samples. The projected stoichiometric olivine-to-magnesite conversion extent was set at 37% based on the mean carbonation extent achieved using the experimental mineral carbonation procedure and conditions based on material from the Twin Sisters ultramafic deposit.



When comparing the average estimation difference in MCP values between those estimated using the MCP calculator program and those projected using the same reaction extent of 37% from quantitative XRD, there is little difference, at 5.15% to 4.89%, respectively. Both the MCP calculator values and those projected from reactant XRD are consistent throughout, typically ranging between 10% and 20%. The significant differences observed between estimated and measured values appear to be a function of the variability in the mineral carbonation extent. The use of the MCP parameter here is restricted by the industrial mineral carbonation processing regime. Until an established mineral carbonation process has been defined, the accurate use of MCP values is difficult to validate. Some samples, including 04-24-AJ3, 06-110-AJ2, 06-110-AJ17, 06-111-AJ1, 06-116-AJ9, and 06-116-AJ12, were estimated within 1% of the observed experimental mineral carbonation values, suggesting promising estimation results. The relative consistency of estimated MCP values and those projected from XRD indicate that the MCP calculator is an effective tool for predicting MCP behaviour, provided that the variable nature of experimental mineral carbonation is considered.





5. Conclusions


The MCP calculator and the MCP values it generates represent an initial attempt at maximising the use of lithogeochemical data available at mining operations to create a more informed estimate of their CO2 capacity based on the rocks available. In addition to the mining industry, this research can be beneficial to any carbon capture sequestration (CCS) project. This tool provides a cost-effective solution for mining companies to evaluate their deposit as a potential substrate for industrial mineral carbonation operations without additional geochemical testing. Although the MCP calculator has limitations, such as the use of oxide values converted from elemental measurements and sensitivity to the inherent variability of the carbonation process, in this work, it is shown that it can accurately determine samples with a high serpentine content, as demonstrated by its analysis of samples from the Twin Sisters ultramafic complex. Despite some margin of error, the program effectively estimated the degree of serpentinisation throughout the deposit from lithogeochemical data. The program also determined an extremely high olivine content with an acceptable estimation error, showing its effectiveness in determining the mineral contents of rock samples.
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Figure 1. Illustrations of the MCP calculator program’s four primary worksheets. 






Figure 1. Illustrations of the MCP calculator program’s four primary worksheets.



[image: Minerals 13 01129 g001a][image: Minerals 13 01129 g001b]







[image: Minerals 13 01129 g002] 





Figure 2. Generalised sequence of stages used for modal mineral estimation of ultramafic rocks in the MCP calculator program. 
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Figure 3. Measured MgO, Fe2O3, and CaO oxide values from XRF analysis versus estimated values based on the MCP calculator at Turnagain. 
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Figure 4. Rietveld refinement plot of sample “04-25-AJ6- Product” (blue line—observed intensity at each step; red line—calculated pattern; solid grey line below—difference between observed and calculated intensities; vertical bars—positions of all Bragg reflections). Coloured lines are individual diffraction patterns of all phases. 
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Figure 5. Modal mineral estimation comparison of 16 samples tested from the Turnagain. 
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Figure 6. Mean absolute error of serpentine versus olivine using the MCP calculator program. 
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Table 1. Lithology selected for use in the MCP calculator at the Turnagain ultramafic deposit.
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	Lithology
	Rock Code
	Average Magnesium Number





	Green Dunite
	1
	93



	Dunite
	2
	91



	Wehrlite
	3
	88



	Olivine Clinopyroxenite
	4
	85



	Serpentinite
	5
	91










 





Table 2. Estimated major oxide values from the MCP calculator compared with those measured via XRF analysis from 16 samples tested at the Turnagain ultramafic complex.






Table 2. Estimated major oxide values from the MCP calculator compared with those measured via XRF analysis from 16 samples tested at the Turnagain ultramafic complex.





	
Sample ID

	
Data Type

	
Oxide Component (Wt.%)




	
Al2O3

	
CaO

	
Fe2O3

	
K2O

	
MgO

	
MnO

	
Na2O

	
P2O5

	
TiO2

	
Total






	
04-24-AJ3

	
Est. Oxide

	
0.32

	
1.06

	
11.6

	
0.01

	
44.37

	
0.17

	
0.01

	
0.02

	
- *

	
57.56




	

	
Meas. Oxide

	
0.36

	
0.9

	
10.23

	
0.03

	
43.81

	
0.14

	
0.02

	
-

	
0.03

	
55.52




	

	
Residual

	
−0.04

	
0.16

	
1.37

	
−0.02

	
0.56

	
0.03

	
−0.01

	
0.02

	
−0.03

	
2.24




	
04-25-AJ6

	
Est. Oxide

	
0.4

	
4.97

	
15.31

	
0.01

	
37.16

	
0.21

	
0.04

	
0.02

	
-

	
58.12




	

	
Meas. Oxide

	
0.41

	
4.35

	
13.91

	
0.06

	
38.28

	
0.18

	
0.03

	
0

	
0.06

	
57.28




	

	
Residual

	
−0.01

	
0.62

	
1.4

	
−0.05

	
−1.12

	
0.03

	
0.01

	
0.02

	
−0.06

	
3.32




	
06-110-AJ2

	
Est. Oxide

	
0.11

	
0.29

	
10.01

	
0.01

	
43.71

	
0.15

	
0.01

	
0.01

	
0.02

	
54.32




	

	
Meas. Oxide

	
0.15

	
0.3

	
10.39

	
-

	
46.64

	
0.16

	
-

	
-

	
-

	
57.64




	

	
Residual

	
−0.04

	
−0.01

	
−0.38

	
0.01

	
−2.93

	
−0.01

	
0.01

	
0.01

	
0.02

	
3.42




	
06-110-AJ6

	
Est. Oxide

	
0.26

	
0.36

	
11.85

	
0.01

	
46.01

	
0.14

	
0.01

	
0.01

	
0.02

	
58.67




	

	
Meas. Oxide

	
0.13

	
0.42

	
11.21

	
-

	
47.23

	
0.16

	
-

	
-

	
-

	
59.15




	

	
Residual

	
0.13

	
−0.06

	
0.64

	
0.01

	
−1.22

	
−0.02

	
0.01

	
0.01

	
0.02

	
2.12




	
06-110-AJ10

	
Est. Oxide

	
0.19

	
0.53

	
10.27

	
0.01

	
49.51

	
0.15

	
0.01

	
0.01

	
0.02

	
60.7




	

	
Meas. Oxide

	
0.2

	
0.63

	
9.31

	
0.01

	
48.51

	
0.13

	
-

	
-

	
0.01

	
58.8




	

	
Residual

	
−0.01

	
−0.1

	
0.96

	
0

	
1

	
0.02

	
0.01

	
0.01

	
0.01

	
2.12




	
06-110-AJ13

	
Est. Oxide

	
0.19

	
0.98

	
11.77

	
0.05

	
48.75

	
0.17

	
0.01

	
0.01

	
0.03

	
61.96




	

	
Meas. Oxide

	
0.21

	
0.91

	
10.53

	
0.03

	
45.51

	
0.16

	
-

	
-

	
0.03

	
57.38




	

	
Residual

	
−0.02

	
0.07

	
1.24

	
0.02

	
3.24

	
0.01

	
0.01

	
0.01

	
0

	
4.62




	
06-110-AJ17

	
Est. Oxide

	
0.21

	
3.15

	
11.91

	
0.01

	
39.79

	
0.19

	
0.05

	
0.01

	
0.05

	
55.37




	

	
Meas. Oxide

	
0.17

	
3.47

	
10.86

	
0.03

	
40.16

	
0.1

	
0.04

	
-

	
-

	
54.83




	

	
Residual

	
0.04

	
−0.32

	
1.05

	
−0.02

	
−0.37

	
0.09

	
0.01

	
0.01

	
0.05

	
1.96




	
06-111-AJ1

	
Est. Oxide

	
0.4

	
1.05

	
11.24

	
0.01

	
43.64

	
0.18

	
0.01

	
0.05

	
0.05

	
56.63




	

	
Meas. Oxide

	
0.17

	
1.06

	
11.04

	
-

	
44.56

	
0.21

	
0.01

	
-

	
-

	
57.05




	

	
Residual

	
0.23

	
−0.01

	
0.2

	
0.01

	
−0.92

	
−0.03

	
0

	
0.05

	
0.05

	
1.5




	
06-111-AJ4

	
Est. Oxide

	
0.13

	
0.29

	
11.74

	
0.01

	
46.19

	
0.18

	
0.01

	
0.01

	
0.02

	
58.58




	

	
Meas. Oxide

	
0.14

	
0.23

	
10.95

	
-

	
47.15

	
0.15

	
-

	
-

	
0.04

	
58.66




	

	
Residual

	
−0.01

	
0.06

	
0.79

	
0.01

	
−0.96

	
0.03

	
0.01

	
0.01

	
−0.02

	
1.9




	
06-111-AJ7

	
Est. Oxide

	
0.13

	
0.42

	
11.68

	
0.01

	
43.33

	
0.18

	
0.01

	
0.01

	
0.03

	
55.8




	

	
Meas. Oxide

	
0.16

	
0.45

	
11.54

	
-

	
45.63

	
0.18

	
-

	
-

	
-

	
57.96




	

	
Residual

	
−0.03

	
−0.03

	
0.14

	
0.01

	
−2.3

	
0

	
0.01

	
0.01

	
0.03

	
2.56




	
06-111-AJ10

	
Est. Oxide

	
0.28

	
1.12

	
13.37

	
0.01

	
41.34

	
0.18

	
0.01

	
0.01

	
0.02

	
56.34




	

	
Meas. Oxide

	
0.09

	
1.38

	
13.01

	
0.02

	
42.62

	
0.12

	
-

	
-

	
-

	
57.24




	

	
Residual

	
0.19

	
−0.26

	
0.36

	
−0.01

	
−1.28

	
0.06

	
0.01

	
0.01

	
0.02

	
2.2




	
06-111-AJ13

	
Est. Oxide

	
0.11

	
1.15

	
11.19

	
0.01

	
42.61

	
0.15

	
0.01

	
0.01

	
0.01

	
55.25




	

	
Meas. Oxide

	
0.14

	
1.18

	
10.89

	
-

	
44.87

	
0.16

	
0.06

	
-

	
0.01

	
57.31




	

	
Residual

	
−0.03

	
−0.03

	
0.3

	
0.01

	
−2.26

	
−0.01

	
−0.05

	
0.01

	
0

	
2.7




	
06-116-AJ7

	
Est. Oxide

	
0.06

	
0.15

	
8.45

	
0.01

	
45.28

	
0.12

	
0.01

	
0.01

	
0.02

	
54.11




	

	
Meas. Oxide

	
0.09

	
0.16

	
8.07

	
-

	
48.01

	
0.12

	
0.01

	
-

	
0.03

	
56.49




	

	
Residual

	
−0.03

	
−0.01

	
0.38

	
0.01

	
−2.73

	
0

	
0

	
0.01

	
−0.01

	
3.18




	
06-116-AJ9

	
Est. Oxide

	
0.21

	
0.18

	
9.55

	
0.01

	
45.05

	
0.13

	
0.01

	
0.01

	
0.02

	
55.17




	

	
Meas. Oxide

	
0.26

	
0.22

	
8.34

	
0.02

	
46.34

	
0.11

	
0.01

	
-

	
-

	
55.3




	

	
Residual

	
−0.05

	
−0.04

	
1.21

	
−0.01

	
−1.29

	
0.02

	
0

	
0.01

	
0.02

	
2.65




	
06-116-AJ11

	
Est. Oxide

	
0.09

	
0.15

	
8.64

	
0.01

	
45.71

	
0.13

	
0.01

	
0.01

	
0.02

	
54.77




	

	
Meas. Oxide

	
0.13

	
0.16

	
7.94

	
-

	
47.69

	
0.11

	
0.01

	
-

	
0.02

	
56.06




	

	
Residual

	
−0.04

	
−0.01

	
0.7

	
0.01

	
−1.98

	
0.02

	
0

	
0.01

	
0

	
2.77




	
06-116-AJ12

	
Est. Oxide

	
0.19

	
0.21

	
8.48

	
0.01

	
47.01

	
0.13

	
0.01

	
0.01

	
0.02

	
56.07




	

	
Meas. Oxide

	
0.08

	
0.31

	
7.86

	
0.01

	
47.25

	
0.1

	
-

	
-

	
-

	
55.61




	

	
Residual

	
0.11

	
−0.1

	
0.62

	
0

	
−0.24

	
0.03

	
0.01

	
0.01

	
0.02

	
1.14








The residual values are the calculated difference between estimated and measured values. The total residual values are the sum of the squared differences observed between the estimated and measured components. * Value not measured or estimated.













 





Table 3. Measured mineral abundance based on XRD with Rietveld refinement and estimated values based on the MCP calculator of a Twin Sisters olivine.
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	Mineral
	XRD (wt.%)
	MCP Calculator (wt.%)
	Residual





	Olivine
	97.9
	95.99
	1.91



	Chromite
	1.5
	0.97
	0.53



	Magnetite
	-
	1.91
	−1.91



	Serpentine
	0.2
	0.57
	−0.37



	Quartz
	0.4
	0.19
	0.21



	Anorthite
	-
	0.36
	−0.36



	Diopside
	-
	0.01
	−0.01



	Total
	100
	100
	










 





Table 4. Estimated MCP values based on the MCP calculator compared with those projected from XRD with Rietveld refinement analyses.
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MCP Calculator Mineral Results

	
Projected MCP Mineral Results from XRD




	
Sample ID

	
Estimated MCP Value (%) by MCP Calculator

	
XRD Measured MCP Value (%) Post-Carbonation

	
Difference

	
XRD Projected MCP Value (%) from Reactant

	
XRD Measured MCP Value (%) Post-Carbonation

	
Difference






	
04-24-AJ3

	
15.5

	
14.53

	
0.97

	
10.11

	
14.53

	
4.42




	
04-25-AJ6

	
14.84

	
26.93

	
12.09

	
10.43

	
26.93

	
16.5




	
06-110-AJ2

	
10.85

	
11.6

	
0.75

	
13.35

	
11.6

	
1.76




	
06-110-AJ6

	
15.4

	
12.64

	
2.76

	
11.97

	
12.64

	
0.67




	
06-110-AJ10

	
19.73

	
7.96

	
11.77

	
14.77

	
7.96

	
6.81




	
06-110-AJ13

	
19.02

	
7.45

	
11.57

	
13.97

	
7.45

	
6.53




	
06-110-AJ17

	
11.32

	
11.01

	
0.31

	
12.88

	
11.01

	
1.87




	
06-111-AJ1

	
13.24

	
13.15

	
0.08

	
13.69

	
13.15

	
0.54




	
06-111-AJ4

	
16.25

	
6.14

	
10.11

	
15.17

	
6.14

	
9.03




	
06-111-AJ7

	
11.45

	
16.32

	
4.87

	
14.15

	
16.32

	
2.18




	
06-111-AJ10

	
10.78

	
21.05

	
10.27

	
11.11

	
21.05

	
9.94




	
06-111-AJ13

	
11.07

	
22.74

	
11.67

	
12.84

	
22.74

	
9.9




	
06-116-AJ7

	
11.83

	
14.42

	
2.58

	
11.94

	
14.42

	
2.48




	
06-116-AJ9

	
12.46

	
11.5

	
0.96

	
12.41

	
11.5

	
0.91




	
06-116-AJ11

	
12.42

	
13.62

	
1.2

	
10.21

	
13.62

	
3.41




	
06-116-AJ12

	
14.65

	
14.17

	
0.48

	
12.92

	
14.17

	
1.25




	
Average

	
13.8

	
14.08

	
5.15

	
12.62

	
14.08

	
4.89

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check CrossRef













media/file13.jpg
06-116-A111 06-116-A)12

Quarz . uartz o
Magnetite ance agnetite e
Diopsice Diopside
Serpentine. Serpentine
Qiiine Oliine 1
o 2 w0 e = 0 2 @ e 0

‘Modal abundance (Wt.%) Modal abundance (Wt.)





media/file4.png
File Home Insert Draw Page Layout Formulas Data Review View Automate Aspen Properties Aspen Simulation Workbook Help Acrobat J Comments & Share ~
i Ka|==z(%r- | Buwmpren (7 | rvoma  Joad R R ) | S - 4 O S
[®copy ~ g : )
st B I U O A e e | o= == BliMeiced G 0 <0 .00 onditional Format as| Neutral [: = i m T Find & \nalyze I XLOne
< Format o N == e e s = $ % 9 | % 5 matting Ta oclear e t Select ~ Designer
Clipboard N Font Alignment Number N Styles Cells Editing Analysis Sensitivity | Ci Anywhere ~
Cc6 i X v f =BD14+="Sample Data Preparation'!R13 v
L) o L3 F M 1 4 L3 L M 9 P Q L) oc 0 ﬂi
3 O ] scod 1 G ] COd ] CoO ] Coo0 ] FeO [ Sbptwbes | K20 [ WO | WO | WO | P06 |  TOJ | Acewssory [Dasebesn] Towwfe) ] Wes J [_Sege0 | MoP ] ol
I
I
———
I
I
E—
e I
T T N
| Serw 1 I
[ Fens 1 I
TN I
| towess | I
T I
I YT I
— ——
1 I
— I
] —— L
I I
A — I
— I
] I
B I
! R — | I
»
=2 = e . - = [y i ot 06 dekn | oo ster b 054 i PV TV T
v 111} v areon 3 1
R R Ty P | —_— 1 Pl T Ry Y e |
Do 5% [ kil
[ Sample Data Preparation Mineral Composition Calculator = MCP Calculator | Multiple Sample = SDP (Protected) | MCC (Protected) | MCP Calc (Protected) | MS (Protected) : 4] | |I|
Point f)’( Accessibility: Investigate i [E] E] —
File Home Insert Draw Page Layout Formulas Data Review View Automate Aspen Properties Aspen Simulation Workbook Help Acrobat {7 Comments & Share v
EK Car = =& |~ | Bwapron rem B B e Bad Good & =R = Auwsw B ) S | @
R Copy ~ - Fill v !
Paste — = | == .0 .00 Conditional Format as Calculation Insert Delete Format Sort & Find & Analyze Sensitivit XLOne
v < Format Painter - - El === £ Merge S Centar $ % 9 3 Formatting v Table v v = v & Clear ¥ Filter v Select v Data v Designer
Clipboard [ Font (] Alignment ] Number N Styles Cells Editing Analysis Sensitivity | Ci Anywhere ’
AF29 v Jx N
A A B C D E F G E RN ) K [L| M [N o P Q R ST \ \ O 18 AA  AB AC AD AE AF AG AH AlAl AK ALAN AN AO AP AQ
1l
2 Instructions: Enter the sample Id, rock code and major cation values below. Click the yellow activation button to run the macro.
3 Number| Sample ID | Rock Code | FeS/Fes2| Ag Al As |Au|Ba/Be| Bi [C| Ca |Cd Cr | Cu Fe K |La] Mg | Mn | Mo Na [Nb| Ni P Pb S Sb |Sc|sSn| Sr Ti Thiu \ W|Y| Zn |Zr Sample ID MCP Value
4 1 0
5 2 o 000
6 3 2] 0.00
T 4 ol
8 5 0
9 13 Q
0 7 0
1 8 0
12 ) 0
13 10 0
14 11 0
15 12 Q
16 13 0 )
17 14 0
18 15 0
19 16 o
20 17 0
21 18 2]
2| 19 o
23 20 0
24 21 0
25 22 of
26 23 0
27 24 0
28 25 o
29[ 26 | 1 0
30 27 0
31 _ 28 o
32 29 0
33 30 2
34 4
35
36
37
38 L
39
40
41
42
43
44
a5 v [
Sample Data Preparation Mineral Composition Calculator MCP Calculator | Multiple Sample | SDP (Protected) | MCC (Protected) = MCP Calc (Protected) | MS (Protected) 4] | E]

Ready 'f;)’( Accessibility: Investigate

(d) Multiple Sample Worksheet.

i) Fl ——a—+ 9%





media/file18.png
R?=0.9135

25

LN o LN
i i

Vv 2unuadiag

25

20

15

10

Olivine A





media/file12.jpg
061104117 0611141

et * s
oo oeniar
o e -
i et s -
oo o

o —— -

o st ) e
o510 os1113
e a0 awn 0
Mgt e [ e
o oopsse
sepnton severtne
° » o @ w o n e @ w
[t el abnios W)
0511647 o116
oepste
e

ey s SR Modil sbundancs LN





media/file7.jpg
Measured Oxide Value (%)

Measured Oxide Value (%)

Measured Oxide Value (%)

55

s

15

B

n

Mgo

s @ s
Estmated Oxide Vale ()

50

Fex0s

10 15
Estmated Oxide Vale ()

ca0

12 3 4
Estimated Oxide Value (%)






media/file10.png
Counts

— 2AJ_04-25-AJ6-Product.raw_1

Lizardite 2Hhkl_Phase 0.00 %

Quartz 0.73%
Brucite 0.35%
Diopside 20.86 %
Magnetite 425%
Forsterite 3831%
Halite 255%
Troilite 2H 1.18 %
Magnesite 3177 %

5,000+
ol L \ A
o A Lm_mlA\> ‘ ) }\\ Y ALY, A&M‘ l“ A A‘JJA\A)A‘A AV XA AVAYS A‘AAVKA AA ‘)“x A,.A-a‘~ WX ,1‘\,‘, ol “,A
A el i B FTRRTTY U LN P, oo A b LT SRTI IYATR | Ll . A bbb il L e o e il gy oo e s\t (A A i AN Lt
i 1 i \ Vil X R YR R | 7 ™ A1 X U y I v v i v
| | | | | | | [ III|| ||I I| |I I |||| I | |||| || | ||I 11 |I | |
| Il | [ III [ I‘III | [ e || [ | | [ II'III [ III [N II\ FEE T ||||||| I |||| Il ||
| | [ Il | 1 | | [ [ [ Il | I T [ A IIII [ A e TR A T | || 'll
| | | [ [ [ [ \ | [ | II | II I | | [ (I | | I Il | | IJ | il I
é - 1I0 o 1I5 2I0 - 2I5 S 30 - 3I5 o 4I0 s 5I0 S 5I5 - 6|0 S 6I5 S 7|0 S 7|5 S 8|0
2Th Degrees





media/file15.png
Quartz
Magnetite
Diopside
Serpentine

Olivine

Quartz
Magnetite
Diopside
Serpentine

Olivine

Quartz
Magnetite
Diopside
Serpentine

Olivine

Quartz
Magnetite
Diopside
Serpentine

Olivine

06-110-AJ17

XRD
m MCP

Frﬁ

Modal abundance (Wt.%)

0 20 40 60 80
Modal abundance (Wt.%)
06-111-AlJ4
I XRD
| m MCP
0 20 40 60 80 100
Modal abundance (Wt.%)
06-111-AJ10
XRD
m MCP
0 20 40 60 80
Modal abundance (Wt.%)
06-116-AlJ7
I XRD
| m MCP
0 20 40 60 80

Quartz
Magnetite
Diopside
Serpentine

Olivine

Quartz
Magnetite
Diopside
Serpentine

Olivine

Quartz
Magnetite
Diopside
Serpentine

Olivine

Quartz
Magnetite
Diopside
Serpentine

Olivine

06-111-Al1

XRD
m MCP
0 20 40 60 80
Modal abundance (Wt.%)
06-111-AJ7
I XRD
| m MCP
]
0 20 40 60 80 100
Modal abundance (Wt.%)
06-111-AJ13
XRD
m MCP
0 20 40 60 80
Modal abundance (Wt.%)
06-116-AJ9
i XRD
| m MCP
0 20 40 60 80

Modal abundance (Wt.%)





media/file19.png





media/file14.png
Quartz
Magnetite
Diopside
Serpentine

Olivine

Quartz
Magnetite
Diopside
Serpentine

Olivine

Quartz
Magnetite
Diopside
Serpentine

Olivine

04-24-AJ3

XRD
m MCP

Modal abundance (Wt.%)

06-110-AJ2

I XRD
m MCP

Modal abundance (Wt.%)

0 20 40 60 80
Modal abundance (Wt.%)
06-110-AJ10
XRD
| m MCP
|
_
0 20 40 60 80 100

04-25-AlJ6

Quartz XRD

Magnetite | m MCP

DiOpSide I
Serpentine |
Olivine o ——

0 20 40 60 80 100
Modal abundance (Wt.%)

06-110-AJ6
Quartz | XRD
Magnetite |gg m MCP
Diopside |
Serpentine
Olivine L
0 20 40 60 80
Modal abundance (Wt.%)
06-110-AJ13
Quartz XRD
Magnetite m MCP
Diopside
Serpentine
Olivine | ———

0 20 40 60 80 100
Modal abundance (Wt.%)





media/file11.jpg
04-24-A13
Qe o
Magnetie [+ amce
Oiopside
serpentine
ovine
o ® @ »
Mol sbundance (WeS%)
06-110.A12
aurz xe0
Magnette e
Dioside
serpenine
Olvine
B
Mol sbundance (We%)
06110110
uarz o
Magnetite amce
Oiopside
Serpentne ==
Oivine

0 2 @ o o 10
'Modal abundance (Wt.%)

04-25-A16

Qe o
waette avcr
oopsie [
sepentine [=
Obioe | —_ |
0o % w0 @ o
Mot sbundance (W20
0110455
aure =
[— E e
Dopside
sepntine
L ;
o m w0 @ =
il aundanc W5
os110m13
aure e
Jr— avcr
e
Seponine (e

0 2 @ 0 ; 10
Modal abundance (WE.%)





media/file6.png
Stag
el

Stag
e?2

Stag
e3

Stag
ed

Stag
e5

Stag
eb

Stag
e’/

Stag
e 8

Stag
e9

Stag
e 10

Stag
ell

Stag
el2

Stag
el3

Stag
eld

Stag
e 15

e Silica + water content estimation to renormalise the modal profile to 100
wt.%

e Sulphide content as FeS or FeS,

e Accessory mineral content (including; K,0, MnQO, Na,0, and P,O content of
minerals)

e Cumulative base metal content (including; Cu, Ni, Pb, Sn, W, and Zn)
e TiO, mineral phase content (e.g. ilmenite)

* Cr,05; mineral phase content (e.g. chromite)

e Major Al,0,/K,0/Na,O mineral phase (e.g. plagioclase)

e Major carbonate mineral phase (e.g. magnesite and/or calcite)

Major CaO mineral phase (e.g. pyroxene)

Major MgO mineral phase (e.g. olivine)

Secondary MgO mineral phase (e.g. serpentine)

Major FeO mineral phase (e.g. magnetite and/or hematite)

e Remaining SiO, + H,0 content (e.g. quartz and/or water)

e Remaining MgO mineral balance (e.g. periclase)

Renormalisation to 100 % modal mineral balance





media/file2.jpg
(@MCP Cator.

" Mkiple Sseple Workahest.





nav.xhtml


  minerals-13-01129


  
    		
      minerals-13-01129
    


  




  





media/file16.png
06-116-AJ12

06-116-AJ11
Quartz | XRD Quartz XRD
Magnetite |y m MCP Magnetite |y m MCP
Diopside Diopside
Serpentine Serpentine
Olivine : Olivine L

20 40 60 80

0 20 40 60 80 0
Modal abundance (Wt.%)

Modal abundance (Wt.%)





media/file5.jpg
] * Sica = water conent esimation o renormalis the mdal profie t 100
& v

St * Sulphide content as FeS o Fes,

e2
|+ Accessory mineral content (including; K,0, MO, Na;0, and P;0, cantent o
S minerals)

3

Sta] + Cumulative base metal content (including; Cu, Ni, Pb, Sn, W, and Zn)
o4

S1ag + TIO, mineral phase content (e.g. imenite)
s

$taf] » Cr,0, mineral phase content (e.g.chromite)
6

St * Mojor AL0,/K,0/Na,O mineral phase (.5 plagiociase)
7

$16| + Major carbonate mineral phase (e.g. magnesite and/or calite)
s

5198 + Major CaO mineral phase (e.g. pyroxene)
9

St » Mojor Mg0 mineral phase (e, olvine)
10

Staf + Secondary MgO mineral phase (e.g.serpentine)
11

$tag| + Major Fe0 mineral phase (e.g. magnetite and/or hematite)
o1

Stag + Romaining SI0, & H,0 content (e.g.quartz and/or water)
e13

Stag » Remaining MgO mineral baance (e, periclase)
e1d

Stag » Renormalisation to 100 % modal mineral balance
15





media/file1.jpg
@) Simple Prparation Workshec

() Minersl Compoutton Calelsor.





media/file3.png
File Home Insert Draw

4 cut Calibri

(o ~
Paste EB 2R
‘ Iy
V. 6Format Painter

Clipboard Nl

M24 - fx

el

Blg|e|c|@ (=)@

2|0~

Blnin(e|2(2(3]2 302 2[R 2 (3]0 |~e v wn]-
== [a o
ST |=[7|E|9]S

25 Mo
26 a
27 b
28 Ni
29 P

30 Pb
Ell 3

&

33| e
34 Sn
35 Sr
36| Ti
37

63&_
<|s|<|=|F

3

e
5o |
Y5

3
44 Total
45

Sample Data Preparation

z AutoSum ~

il ~
OCIear v

2.
3. The estimated modal profile for ea

Oxide Value (%)

Coversion Factor
0.529

c
cr203

]
20

K.
La

87.000
Total Fes (%)
Total FeS2 (%]

Iphid

Mineral Composition Calculator

Sul & Selection (Fes/FeS2)
Adjusted Fe (%)
Adjusted FeO (%
| g [ Fase ]
| RockType |  RockC