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Abstract  

In the marble extractive sector the reserves are referring to the produced tonnage of orthogonal prismatic 

blocks of commercial sizes, rather than to the tonnage of ore with grade above some cut-off value as is the 

case in the mining sector. The aim of this paper is the presentation of a methodology for the estimation of 

white marble reserves. The tools employed for the estimation of marble reserves are drill coring, core logging 

of fracture orientation, fracture frequency, as well as of whiteness. The objective is the discretization of the 

orebody with a three-dimensional array of orthogonal prismatic blocks with attributes the whiteness and 

fracture frequency that is performed by computer aided design software and the block Kriging techniques 

methods. Further, the topic of the estimation of commercial marble block size distribution from 

measurements on oriented drill coring techniques is briefly discussed.  An example case of a white dolomitic 

marble quarry is used to demonstrate these methods.  
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1. Introduction   

  

Decorative stone quarrying sector has some differences compared to other mining sectors. As is well known 

in the former sector the extractive methods that are employed (i.e. combined drilling-diamond wire cutting 

and chain saw cutting with limited use of smooth blasting) to produce squared decorative stone blocks of 

commercial dimensions and prescribed commercial aesthetical quality at a quarry are different from those 

used in the metallic and industrial minerals extractive sector. Further, in contrast to mining where a base-

metal ore is characterized by the grade of valuable mineral, the value of a decorative stone quarry comes from 

the tonnage of right-angled marble block volumes of commercial sizes (i.e. blocks that produce slabs with 

dimensions of their edges of 2.5mx1.7m or more or little less), with a coloration or aesthetical quality that 

suits the market and with minimum structural or aesthetical defects that might affect the market value of the 

blocks. The decision to proceed with the exploitation of a marble orebody is based, as in the case of other 

mining projects, on many factors like market price and demand of the decorative stone at hand, estimated 

reserves and Recovery Ratio (RR) of squared marble blocks, as well as Stripping Ratio (SR), location and 

topography, environmental and social criteria and regulations (for example on the final slope geometry of the 

quarry, pit slope accessibility etc.). A challenge of major importance, that hasn’t been resolved yet, is the 

methodology to estimate the commercial squared marble block volumes and their economic value from 

borehole cores spaced 20 – 50 m apart. The marble ore resource model is then transformed into a marble ore 

reserve model with the consideration of the final open pit layout. Probabilistic analysis is not enough for the 

design and production planning of a surface quarry; the orebody enclosed by the pit limits should be 

discretized into orthogonal prismatic model blocks or panels of constant volume of the order of 50-200m3 and 

to assign a market value to each such marble ore model block or panel.   

 Herein we are concerned only with ores of white marble that represent a major portion of the decorative 

stones that also includes colored marbles, granites and stones (limestones and sandstones among others). 
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The primary aim here is to compose a method for the estimation of white marble reserves. For this purpose 

the marble reserves will be estimated with the block Kriging method [1,2] and classified according to  

International Standards or reporting such as the PERC code [3] or the Australasian Code JORC Code [4] and 

Canadian CIM code [5]. The proposed method is based on: (1) the appropriate characterization of the cores 

obtained from the exploratory boreholes, (2) dedicated CAD software for quarry design and geostatistical analysis (Geovia Surpac™), 3) International Standards for Resources and marble ore Reserves estimation and 
method of reporting, 4) oriented core data, and 5) geometrical probability and Monte-Carlo simulation 

techniques.   

2. Methodology for white marble reserves estimation  

2.1 Characterization of drill cores  

  

The proposed method of classification of white marble ore resources and then estimation of reserves of 

commercial marble block volumes is demonstrated with the aid of a case study. The example case study 

pertains to a white dolomitic marble deposit lying under a relatively flat terrain with some developed 

benches as is shown in the Digital Terrain Model (DTM) of Fig. 1. A set of 16 vertical drillholes spaced at 30-

50m apart have been accomplished in this case study to characterize the marble. The characterized drillholes 

and the DTM of are shown in Fig. 1 created with the commercial cad mine planning software [6].  

  

  
(a)  

  
(b)  

Fig. 1. Visualization of borehole data; (a) distribution of the four categories of “Fracture Frequency” (in m-1) 
along the boreholes and (b) distribution of the four categories of “Whiteness” (in %) along the boreholes.  

  

Joint orientation measurements with a geologic compass on the exposed marble surfaces indicated 

the presence of three joint sets transecting the marble, namely the grain system (or verso in Italian 

terminology) that is parallel to the layering of the marble deposit, the head-grain system (or contro) that has 

the same strike and it is almost orthogonal to the former set, and a secondary system (or secondo) with a 

strike orthogonal to the common strike of the other two families of joints. The poles of fracture planes 

processed with specialized software [7] for the identification of the principal sets are illustrated in the lower-
hemisphere stereographic projection diagram of Fig. 2. In the same figure the great circles of these sets are also 
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displayed. Grain planes are marked with green color, head-grain planes were marked with red color, and 

secondary planes were marked with blue color on the cores inside the wooden boxes (Fig. 3) to facilitate the 

easy and quick measurement of fracture counts per constant length of core of each joint set separately along 

the core. Some cores may be sawed into two halves with a diamond cutting disc and one of the flat surfaces 

being later polished for further observations of color and presence of defects. In this example case the 

recognition of the three joint sets by marcroscopic observation of the rock cores was not too difficult, 

however errors may be made during this process.   

  

  
Fig. 2. Stereographic projection of mapped joints at the lower hemisphere. The three joint sets are the verso or 

grain, the contro or head-grain, and the secondo or secondary joints.  
  

  
Fig. 3. Drill cores in the wooden boxes. All the cracks were identified and colored according the set they belong to. 
Some cores have been sawed in the processing plant along their axial plane for inspection of the color and other 

defects.  
  

In the considered case study there were exposed vertical quarry faces for the measurement of 

sufficient number of fractures orientations with the geological compass and the subsequent delineation of the 

principal joint sets. However, the best method to infer fracture orientations at the exploration stage is the 

application of the oriented core technique using special instrumentation (extension of wireline core barrel, 

cylindrical cell with sensors attached at the tail of the barrel and a twin cylindrical cell at the surface) and a 
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wireline core barrel of appropriate diameter [8]. With this technique that requires inclined boreholes the 

extracted rock cores at the surface are in a first step rotated in order to find and then draw the bottom (or 

top) line along the axis of the rock core in its in situ position (e.g. Fig. 4). The second step is the estimation of 

the beta and alpha angles – with this sequence - of the joints or fractures along the oriented core and the final 

step is the transformation of these angles into dip direction and dip angles, respectively with an appropriate 

method [8].  

  

  
  

Fig. 4. HQ (63.5 mm) marble cores with the top line along core-axis marked on them.  
  

  

The market value of a model block of a white marble depends on the coloration (whiteness) and 

density of cracks that controls the size of the extracted blocks. The degree of marble fracturing can be 

quantified in a fast manner via the Fracture Frequency (FF) that is defined here as the total number of 

fractures per metre (m) of borehole. The characterization of whiteness and FF is performed by a competent 

person (geologist or mining engineer). Then the drill logs are transferred with a proper format into an electronic database (e.g. a spreadsheet in Excel™). The spatial variation of the FF and whiteness parameters of marble along the boreholes created with the cad software after transferring data from Excel™ to Surpac™ is 
shown in Fig’s 1a, b.   For model visualization purposes, and for the scheduling of the sequence of the 

excavation of the panels, four FF classes are considered as is shown in Fig, 5a. The red color at the bottom of 

the scale refers to the faulted brecciated regions or zones that transect the deposit. The other three categories 

in the form of a value and a unit (the unit is the frequency of joints intersected by the boreholes and expressed 

in 1/m), i.e. 0÷1.5 1/m, 1.5÷3 1/m and 3÷6 1/m represent exploitable marble. It is obvious that green colored 

model blocks created in a later stage with Block Kriging, will contain more blocks (i.e. exhibits greater RR and 

with greater dimensions than yellow-colored regions). Also, the blue colored blocks in the model represent 

the highest possible recoverability in terms of commercial block sizes. The FF class will determine the RR of 

the block while the Wht the economic value of the commercial blocks. It is an empirical approach that 

requires the correlation of each FF class with the RR actually produced and measured during quarrying. This 

requires a quality control inspection system during quarry operation. The concept here is to assign to 

whiteness numerical values for subsequent statistical and geostatistical analyses instead of treating it as a 

categorical variable. The percent of whiteness is quantified by an experience person of the quarry (geologist 

or mining engineer) every 1m of the core as was done for FF. For model visualization and hence 

communication purposes and for classification of estimated marble reserves into quality classes, the 

whiteness (Wht) measurements could be categorized into four classes in the manner shown in Table 1. In the 

block model the four categories of defined marble resources according to their whiteness are shown with the 

chromatic scale shown in Fig. 5b.  
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Table 1. The four (4) classes of quality of marble cores according to their whiteness.  

Coloration Class  Whiteness [%]  Description  

I (“Blue color in 

the color scale”)  
>= 90  Snow white  

II (“Green color in 

the color scale”)  
90-70  White-grey (snow white with some  grey veins or “clouds”)  

III (“Yellow color 

in the color 

scale”)  

70-50  Grey-white (more grey thin or wide veins than the white zones in between)  

IV (“Red color in 

the color scale”)  
<50  Grey to dark grey (no commercial value)  

    

                                                                
(a)                                                           (b)  

Fig. 5. Color bars of FF and Wht classes; (a) color bar indicating marble qualities according to their fracturation  
(FF in units of m-1 i.e. total number of fractures per meter of drill core), and (b) color bar indicating marble 

qualities according to their whiteness (Wt) and corresponding range of values in %  

2.2 Block Kriging Model for the estimation of measured marble resources  

  

Production planning is a key phase in estimation of returns on every marble quarrying project. The ore 

body is represented as a three-dimensional array composed of model blocks with orthogonal prismatic shape 

and each block is assigned interpolated values of Wht and FF from neighboring boreholes with the Block 

Kriging technique [1,2]. The following are the steps for the creation of such Block Kriging model:  

• Creation of the DTM by digitizing topographical maps (starting topographical map and the final pit 

limits.  

• Fill the model enclosed by the DTM on the top, lateral and bottom faces of the model with the 

elementary six-sided orthogonal prismatic blocks as is shown in Fig. 6 for the present case study. The 

edges of the top and bottom faces of the blocks are oriented parallel to the planned directions of the 

benches at the quarry. For the calculation of marble reserves, the dimensions of the blocks in the 

model considered here were chosen to be 6 m in height x 3m in depth x 3 m in width, that comply 

with current quarrying practice, i.e. benches with usual height of 6 m (the trend is to increase bench 

sizes to 7m or even to 8m so the third vertical dimension of the blocks should be increased). In the 

former case the volume of each block is 54 m3. Fig. 6 displays the block model created with cad 

software.  

• Creation of the electronic database of the drill logs by inserting data from ExcelTM files.  

• Export data from the database into a string file that will be used for the next steps of basic statistical 

and geostatistical analyses.  

• Descriptive statistics to check the normality of the frequency distributions of the whiteness and FF.  
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• Geostatistical analysis [1,2] by constructing i) the omnidirectional downhole semi-variograms of Wht 

and FF, and ii) horizontal check for anisotropy for the range of the semi-variogram by constructing 

variograms for example every 15 degrees especially for the whiteness in layered marble deposits. It 

is expected that the range of the Wht semi-variograms along the dip and dip-direction of grain planes 

will be much greater than that along the direction normal to the former two directions. For example 

for the considered case study Fig’s 7a and b show that these two marble quality parameters have a 

clear continuity inside the quarry hence we may proceed to the next step to construct the Block 

Kriging model of these two variables. Before proceeding with the block Kriging the experimental 

semivariograms are fitted with exponential models as is shown in Fig’s 7a and b.  

• Assign to the centroid of each block the interpolated value of FF or Wht using appropriate ranges (3 

axes of ellipsoid) and angles (rotations of ellipsoid) estimated previously from the anisotropic 

geostatistical analysis.  

  

  
Fig. 6. Isometric view of the domain used for the creation of the block model with borehole collars.  

  
  

  
(a)  
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(b)  

Fig. 7. Variography analysis of whiteness and FF; (a) Down-the-hole semivariogram of  whiteness (Wht), and (b) 
Down-the-hole semivariogram of  fracture frequency (FF).  

  
    

 Based on the created two Kriging block models for the FF and for Wht one may combine and visualize the 

blocks that have simultaneously a lower FF and a larger whiteness than assigned values for these variables. 

For example Fig. 8 displays in an isometric view the blocks that have FF lower than 6 m-1 and Wht greater or 

equal than 70 % (i.e. white-grey to white).   

  

  
Fig. 8. Isometric view of the commercial marble resources with FF1 < 6 m-1 and Wt>70%.  

  

 The work above is indispensable for the best design of economical open pit excavation limits based on a cut-
off value for the whiteness, Wht, of marble blocks in the model.  

  

2.3 Estimation of the marble reserves   

  

In order to proceed with marble reserves estimation we prescribe the final limits of the potential quarry 

excavation. These limits refer to the area of the quarry at the surface (i.e. the DTM), the number of benches 

and the area of the quarry at the lowest elevation. These limits should circumscribe all the marble blocks that 

according to the cut-off value of Wht. The DTM of the quarry that satisfies the above requirements is shown in 

Fig. 9. In this example, the final open pit quarry “trough” has eight (8) benches of 18 m height (berm interval 

or bench height). This means that at the final stage we assume that three benches of 6 m height will merge 
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into a single one of height 18 m. The final berm widths at each bench equal to 10 m. Finally, the total volume 

enclosed  

 
Fig. 9. Top view of the final open pit quarry trough for marble reserves estimation.   

3. Remarks on the estimation of block area and volume distributions   

  

 The block volume distribution with commercial sizes that may be produced from the quarry cannot be 

inferred from the method presented previously. The method so far, has been used for the estimation of the RR  

based on an empirical approach explained in sub-paragraph 2.1 i.e, by empirically assigning RR values to each 

FF class and the volume of excavations per bench; the SR may be also calculated as the percentage of the 

volume of squared commercial blocks over the total excavation volume per panel or bench.   

 In order to infer the block size distribution the statistical distribution of joint spacings must be found directly 

from measurements of spacings of joints belonging to the same set along the core or what is better for the 

method described here to infer the joint spacings distribution from FF measurements already performed for 

the estimation of marble resources and reserves. In this case the FF histograms for each set are constructed 

and then fitted with an appropriate probability density function (pdf). The joint spacings distribution for each 

joint set is then derived in a second step directly from the fracture counts along the drill cores based on a 

MonteCarlo simulation method or analytically. The block area distribution is then constructed by a Monte-

Carlo simulation method from the pdf’s f(x) and f(y) of spacing values on a plane as is shown in Fig. 10. The 

same procedure could be easily generalized in three dimensions (x,y,z) to infer the block volume size 

distribution. The presentation of this method is out of the scope of the present paper; it will be presented in a 

future publication.  

  

between the current DTM and the DTM of the final pit limits may be calculated to be 6,100,000 m 3 .   In the same  

table the measured marble resources per bench floor level are displayed. These marble  reserves  are   312,552   

m 3   with a mean marble  RR= 5.1 %.  The produced spreadsheet  also  displays the volume of blocks   above the  

prescribed lower values of FF and Wht,   and   the volume of total excavation per bench;   the   distribution of the  

various marble classes according to t heir whitenes s amo ng these total measured reserves per bench  may be   

also displayed   in the  final  data analysis  spreadsheet.   
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Fig. 9. Block area distribution in a plane with two intersecting discontinuity sets.  

4. Concluding remarks  

  

 In this paper the basic steps of a methodology for the estimation of white marble reserves were outlined. The 

two regional variables measured per meter of drill cores are the total FF (i.e. total number of fractures per m 

of drill core) which depicts the recovery of marble blocks with commercial size and the Wht that defines the 

economic value of the commercial blocks. The whiteness of marble is quantified in the scale 0 -100 (black-

snow white) along the drill cores. The FF variable is correlated with the actual recovery rate during quarry 

production. Then the orientation of the main joint sets transecting the marble deposit are found from 

stereographic analysis. The orientation analysis is important (a) for the subsequent exploration of possible 

anisotropy of the range of Wht with directional variograms and (b) orientation of the edges of the top and 

bottom faces of the model blocks. The model blocks are then assigned the attributes of Wht and FF with the 

Block Kriging method based on the best-fitted theoretical semi-variograms on the experimental ones. Based 

on threshold value of Wht the pit limits are prescribed for the estimation of marble reserves and pit’s life 

according to the production rate. The recovery ratio and stripping ratio per bench level and for the whole 

marble deposit circumscribed by the pit limits may then be found. An actual case study was considered to 

illustrate the proposed method. The prediction of volume distribution of the marble blocks cannot be found 

with the proposed method. It could only be achieved with the oriented drill coring technique at the 

exploration stage, probabilistic methods and the Monte-Carlo simulation technique. The topic of inference of 

the block size distribution from FF measurements along oriented drill cores will be the subject of a future 

publication.  
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