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Introduction

The physical properties of non-porous basement rocks are directly related to the mineralogy of those rocks. This report describes MineralMapper3D, a software package developed by Nick Williams (Williams, 2008) at the Predictive Mineral Discovery Cooperative Research Centre (pmd*CRC), Geoscience Australia, which uses the physical properties of minerals to provide bounds on estimates of the abundance of specified minerals in non-porous basement rocks. This approach is applicable to both estimates of density and magnetic susceptibility derived from 3D inversions of gravity and magnetic data as well as physical measurements on specimens or down-hole derived physical properties.

The approach

It can be assumed that basement rocks contain little to no porosity (typically they show < 2% porosity; Fowler et al., 2005). In the case of low porosities, the magnetic susceptibility and density of rocks is primarily controlled by mineralogy (Guéguen and Palciasuskas, 1994).

Although the mineralogy of a rock may be quite complex, only a relatively small subset of common rock-forming minerals have characteristic extreme properties. These will primarily include sulfide and oxide phases. Most silicate and carbonate minerals have densities approximately that of the crustal average of 2670 kg/m3 (Telford et al., 1990) and also are paramagnetic with magnetic susceptibilities less than 1 × 10-3. By assessing departures from this “least-altered” silicate or carbonate host rock, it is possible to predict the likely presence or abundances of those minerals possessing more extreme properties. This can be done in a qualitative sense as described by Chopping and van der Wielen (2009), or it can be done in a quantitative fashion by examining the mathematical relationships between alteration and physical properties. Here we illustrate a software package to provide quantified bounds on the proportion of alteration minerals and host components within a sample.

The relationships between mineral abundance and bulk physical properties can be approximated by a set of three linear equations as described by Hanneson (2003):
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where (i and (i are the magnetic susceptibility and density of the component i, fi is the volume fraction of component i in the sample, n is the number of components in the sample and (sample and (sample are the magnetic susceptibility and density of the sample. 

Essentially, these relationships state that:

1. The magnetic susceptibility of a sample is the volumetric weighted average of the magnetic susceptibilities of each of the minerals or components within the sample;

2. The density of a sample is likewise the volumetric weighted average of the densities of each of the minerals or components within the sample; and,

3. The total volumetric proportion of the minerals or components within the sample totals 100%.

These equations can be solved directly for three or fewer minerals/components (that is, i ≤ 3 in equations 1-3). For more components, an optimisation routine is required to extract a numerical estimate of the required abundance of each candidate mineral; this also requires a set of mineralogical constraints plus an estimate of the host rock ‘unaltered’ properties. This is the approach used by MineralMapper3D as delivered here. The details of the technique, plus validation tests and examples are described by Williams and Dipple (2007), Williams (2008) and Williams and Chopping (2009). The approach used by MineralMapper3D further provides bounds on estimates of mineralogy by solving two objective functions, defined by two separation equations file: in one scenario, the host proportion is minimised and the alteration proportion is maximised. In the other scenario, the alteration proportion is maximised and the host proportion is minimised. In this way, bounds are provided for the proportions of alteration minerals within the samples.

Limitations

There are several limitations of the technique described above, which therefore limits the reliability of any estimates of minerals from physical properties. The biggest limitation comes from the inherent non-uniqueness of possible solutions. For example, consider minerals A and B and a host rock R. If all 3 components have equal magnetic susceptibilities but A has a density greater than rock R and B has a density lower than rock R, then it is impossible to determine from the physical property measurements the proportions of A, B and R. One solution is to include a reasonably reliable model of the host rock geology in the volume of interest. This is possible where: 1) the geology is well known; 2) the geology is simple with large and homogeneous units (Williams and Dipple, 2007); or, 3) where the physical property contrasts between the various host rocks are small and the dominant physical property variations come from chemical alteration rather than lithological variations (see for example Chopping and van der Wielen, 2009). 

As MineralMapper3D can be applied to hand specimen, downhole or inversion‑derived physical properties, uncertainties also come from the uncertainties of physical properties supplied to this routine. In the cases for hand specimen or downhole property measurements, the uncertainties in individual properties are usually low; however, those derived from inversions of gravity and magnetic data may have vast uncertainities in physical properties. This is due inversion results that are limited by the following factors:

· The inherent non-uniqueness of any inversion method but also potential-field modelling (Telford et al., 1990);

· A lack of prior knowledge of ‘true’ physical property distributions;

· Coarseness of cell sizes used for the inverse models;

· The presence of magnetic remnance, especially where the inverse codes can not handle remanently magnetised bodies; and, finally,
· The limited spatial distribution of measurements and its corresponding limitation on the resolution of physical properties of the subsurface.

As the equations presented above are based on a fundamental assumption of zero porosity, any variable porosity will also manifest itself in uncertainties in the estimates of mineralogy. They also are based on an assumption of linearity which is perfectly valid for density and volumetric proportions, but is not valid for magnetite contents above 10-20% by volume (Clark, 1997; Hanneson, 2003).

Finally, the quality of physical property estimates for the inferred silicate or carbonate host rock component, and the uncertainty in those estimates, provides an additional limitation in areas where the underlying host geology is known poorly.

Users Guide

Installation

The MineralMapper3D software package contains the following files:

1. MineralMapper3D.exe: the main executable for the program;
2. MineralMapper3D.pdf: this user guide;
3. MCRInstallerMATLAB_Version_7.9.0.529_R2009b.exe: the MATLAB® Compiler Runtime (MCR) R2009b library, which must be installed for MineralMapper3D to function;
4. minerals.txt: an example minerals database file;
5. equations_maxhost.txt: an example equations file which maximises the host proportions (minimises the alteration component); and,
6. equations_maxore.txt: an example equations file which maximises the alteration proportions (minimises the host component).

The software is written in the MATLAB programming environment developed by MathWorks® (Natick, Massachusetts: http://www.mathworks.com/products/matlab/). So as not to require a MATLAB licence to execute, it is pre-compiled and requires the Matlab Compiler Runtime (MCR) library, version R2009b. The executable to install this is supplied with the MineralMapper3D software package. Installation of the MCR library requires administrative privileges as it will add the MCR directory to the environment variables on your PC. The MCR package must also be installed if a version of MATLAB other than R2009b is installed. Further information about installing the MCR library can be found here: http://bit.ly/hOrp7W.

Once the MCR library is installed, the MineralMapper3D.exe application included in the software package can be executed directly by double-clicking the icon, or by creating a shortcut to the MineralMapper3D application.

Requirements

Use of MineralMapper3D requires two key input components:

1. An ASCII text mineral database file listing densities and magnetic susceptibilities for all minerals of interest; and,
2. An ASCII text equation file that identifies the specific minerals to use for a particular calculation, and parameters associated with solving the calculation.

The mineral database file and data files are required before any calculations can be started; however, the program includes a workflow to build an appropriate equation file. The file formats for input database and equation files, plus data input formats, are described below.

File formats: minerals and equation files

Minerals database

The minerals database is a tab-delimited text file of five columns, with provision for one header row to indicate column names (Table 1). A single minerals database can be used for multiple projects as the equation file specifies which minerals to use in a calculation, i.e. for examining trends for different mineral deposit styles, one would use the same minerals database file containing all minerals required for all mineral deposit styles, but use different equation files for each individual mineral deposit style.

Table 1: File format for the mineral database file.
	COLUMN NUMBER
	CONTENT

	1
	Mineral name or abbreviation

	2
	Minimum density (g/cm3)

	3
	Maximum density (g/cm3)

	4
	Minimum magnetic susceptibility (SI)

	5
	Maximum magnetic susceptibility (SI)


There are no requirements for the labels used for mineral name or abbreviation, so long as each label is unique within the file. The labels used must match the labels specified within the equation file, and will also be used to automatically name the output files. When entering magnetic susceptibility values it may be useful to use standard computer representations of scientific notation, for example, 1.5 ( 10-4 SI could be entered in the file as any of: 0.00015, 1.5e-4, or 
1.5E-4. Finally it may useful to insert comments at the end of each line to indicate the source of particular property estimates. Comments are identified using a ‘%’ symbol prefix; any text following a ‘%’ symbol on a line will be ignored. An example file is included in the package and reproduced below. The database must include a ‘host’ rock label (case insensitive) to indicate the properties of a default barren host rock. Table 2 is an example mineral database file. This is included with this package as ‘minerals.txt’.

Table 2: Example mineral database file, minerals.txt.

	Label
	Min_Den_
g/cc
	Max_Den_
g/cc
	Min_Sus_
SI
	Max_Sus_
SI
	% optional comments

	Host
	2.7
	3
	1.00E-08
	7.00E-03
	% Barren host rock component

	Mgt
	5.1
	5.2
	3
	8
	% MAGNETITE: http://webmineral.com/, Schön (2004) modified to include self-demagnetisation

	Hem
	5.24
	5.3
	1.00E-04
	4.02E-02
	% HEMATITE: Hunt et al. (1995), Schön (2004), Carmichael (1982).

	Cpy
	4.18
	4.22
	2.30E-05
	4.02E-04
	% CHALCOPYRITE: Hunt et al. (1995), Carmichael (1982).

	Py
	5
	5.04
	3.50E-05
	5.27E-03
	% PYRITE: Emerson et al. (1999), Parasnis (1997), Carmichael (1982).

	Pen
	4.6
	5
	5.62E-06
	1.78E-05
	% PENTLANDITE: Emerson et al. (1999)

	PoM1
	4.57
	4.67
	6.88E-01
	7.13E-01
	% PYRRHOTITE - MONOCLINIC: Hunt et al. (1995), Emerson et al. (1999).

	PoM2
	4.57
	4.67
	0.13
	1.3
	% PYRRHOTITE - MONOCLINIC: Hunt et al. (1995), Clark (1997).

	PoM3
	4.57
	4.67
	1.56E-01
	3.39
	% PYRRHOTITE - MONOCLINIC: Hunt et al. (1995).

	PoH1
	4.57
	4.67
	1.05E-03
	2.01E-03
	% PYRRHOTITE - HEXAGONAL: Hunt et al. (1995), Emerson et al. (1999).

	PoH2
	4.57
	4.67
	8.57E-04
	2.34E-03
	% PYRRHOTITE - HEXAGONAL: Hunt et al. (1995).

	Ser
	2.1
	2.3
	1.00E-05
	1.00E-03
	% SERICITE: estimated: paramagnetic, porous

	Serp
	2.5
	2.6
	3.10E-03
	7.50E-02
	% SERPENTINE: Hunt et al. (1995).


Equation file

The equation file (“equations_maxhost.txt” or “equations_maxore.txt”) defines how the mineralogy estimates should be computed and places limits or constraints on the results. The equation file is project-specific and its contents will change depending on the specific set of minerals being solved for. Each line of the file serves a different purpose as defined in Table 3. The easiest way to create a valid equation file is with the equation builder included in the MineralMapper3D program. 

Table 3: File format for the equation file.
	LINE NUMBER
	CONTENT

	1
	List of mineral names to be used in the calculation plus a ‘host’ label. The mineral names must exactly match labels in the minerals database file minerals.txt. The list must include a ‘host’ rock label as all calculations are relative to a host rock.

	2
	Minimum abundance allowed for each mineral, in the order listed above, as a volume fraction (0-1).

	3
	Minimum abundance allowed for each mineral, in the order listed above, as a volume fraction (0-1).

	4
	Text label for the objective function being used. This is used to name output files.

	5
	Objective function coefficients for each mineral in the order listed above. Negative values maximise the abundance of a component; positive values minimise the abundance of a component.

	6
	OPTIONAL: Number of constraint equations to follow. If missing then number = 0.

	7+
	OPTIONAL: If constraints are included (i.e. the value on line 6 is > 0) then each following line provides the coefficients for each mineral, in the order listed above, to be used in a constraint equation. The number of additional lines must match the value on line 6.


There is no header row. As for the minerals database file, any text following a ‘%’ symbol will be ignored as comments. An example equation file, including comments indicating the purpose of each line, is shown below.

	Host
	Cpy
	Py
	Ser
	PoH1
	% List of mineral names

	0.0
	0.0
	0.0
	0.0
	0.0
	% Minimum abundances  (as volume fraction, 0-1)

	1.0
	0.1
	0.1
	0.5
	0.3
	% Maximum abundances  (as volume fraction, 0-1)

	MaxHost
	% Objective function label

	-1
	1
	1
	1
	1
	% Objective function coefficients (> 0: minimise; < 0: maximise)

	1
	% OPTIONAL: Number of constraint equations to follow

	0
	3
	-2
	0
	0
	% OPTIONAL: Constraint equation 1 coefficients (indicates 3(Cpy ≤ 2(Py)


File formats: data files

Two types of data files are used in the computation depending on the operation mode being used: point samples and inversion property models. The formats of each are described below.
Inversion property models
All inversion property model files must be in the UBC-GIF GRAV3D/MAG3D model file format (see the following definition of these formats: http://www.eos.ubc.ca/ubcgif/iag/sftwrdocs/grav3d/elements.htm).

This format is a single text column of values indicating the property values in each cell of the model. A separate file is required for each set of properties: one column file for densities; another column file for magnetic susceptibilities. The cells are arranged such that the first value in the file is the top-most cell in the south-west corner of the model, the second value is from the cell directly below it, and the last value is the value for the bottom-most cell in the north-east corner of the model. The cells are taken first in order of vertical position in a column (from top to bottom), then increasing easting, followed by increasing northing.
No location information is required or assumed in the MineralMapper3D calculation, and the resulting mineral abundance estimates will be reported in exactly the same order as the values occur in the input inversion model files. It is therefore not essential for the cell values to be in the order specified above, just as long as they occur in a single text column and the user knows how to rearrange them into their 3D locations once the computation is complete.

The resulting mineralogy estimates are written to separate column output files in the same order and format as the input models. Each mineral or component is reported as a column within its own file named according to the name of the objective function and the specific mineral component listed. The values are reported as volume % to the precision specified in the input parameters.

If one of the two inversion modes is selected an additional output option is available to write the UBC-GIF format mineralogy models as either a GOCAD Voxet or SGrid. This requires the user to specific a UBC-GIF format mesh definition file which has a format as described on the following webpage:

http://www.eos.ubc.ca/ubcgif/iag/sftwrdocs/grav3d/elements.htm. 

Point sample measurements

The mineral abundance calculation can be performed regardless of the scale of observation, so it is possible to perform the same computation on hand sample or point measurements of density and magnetic susceptibility to get a rough first pass estimate of the mineralogy in a sample. The file format for point sample measurement files is a tab-delimited three column text file as defined in Table 5.
Table 5: File format for point sample measurements data file.

	COLUMN NUMBER
	CONTENT

	1
	Sample number or label

	2
	Measured density (g/cm3)

	3
	Measured magnetic susceptibility (SI)


Known bugs in MineralMapper3D

The MineralMapper3D may perform poorly in a 64-bit environment. The software is compiled using the MatLab 32-bit compiler.
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