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Abstract  
 

Geochemical and Mineralogical Comparison of XRT-XRF Scanning Technology Versus 

Traditional Analysis of Drill Core from the Assarel Porphyry Copper-Gold Deposit 

(Panagyurishte District, Bulgaria) 

Diego Delgado Yáñez 

 
Ongoing, environmental and economic matters related to mining sustainability and its impacts are 

leading to the search for new ways to asses and extract commodities more efficiently. A key aspect in 

the shift to more sustainable mining is the rapid, digital characterization of orebody mineralogy and 

geochemistry to help optimize the extractive process. A novel scanning instrument aligned with this 

goal is the GeoCore X10 system, presently developed by Orexplore AB (Stockholm), which provides 

3D images and geochemical compositions of scanned drill core using integrated XRT/XRF analysis. 

    This study aims to assess this scanning technology on drill core from a porphyry Cu deposit (Assarel 

mine, Bulgaria) with a focus on the geochemical and mineralogical character of a single selected drill 

hole (XM001). Scanning results are compared with results derived from other more standard-type used 

lab techniques such as optical microscopy (transmitted and polarized light microscopy), 

semiquantitative X-rays diffractometry (XRD) and electron microscope probe analysis (EMPA/EDS). 

Observed discrepancies between the different methods are assessed and used to provide feedback to 

improve results for future drill core scanning studies. 

    The mineralogical XRT/XRF output shows that the XM001 includes 53 minerals, which is refined 

based on the other investigative methods. The minerals include quartz, plagioclases, chlorite, K-

feldspars, muscovite, pyrite, magnetite, chalcopyrite, rutile, zircon, and other possible minerals such as 

gypsum, pyrrhotite, siderite, goethite and bornite, among others. On the other hand, the main chemical 

elements recognized by all methods used are, in decreasing order: O, Si, Al, K, Mg, Fe, Ca and S, which 

represent an estimated of ca. 98 wt % of the core. The most relevant trace element defined is Cu and it 

was possible to define relevant (potentially) economic accumulations of Cu along XM001 considering 

values > 2 000 ppm. Comparison of microscopy, XRD and EMPA/EDS results for 10 samples collected 

from XM001 with XRT/XRF scanning results at the same indicate discrepancies of ± 10-20 wt % for 

the main chemical elements (O, Si, Al, K, Mg, Fe, Ca, S and Cu). 

    Overall, the GeoCore X10 scanning instrument provided geochemical and mineralogical output data 

from XM001 that is consistent with other more traditional analytical techniques. However, it is 

suggested scanning results need to be refined, especially the mineral list, which includes mineral phases 

such as barite, yttrialite and ‘Co-olivine’ which are not occurring. This happens as elements such Ba, 

Y and Co more likely occur as substituents in other minerals rather than forming independent phases. 

To treat the geochemical results, it is needed to establish an initial criterion to understand how to analyze 

such highly detailed scanned information. Here, it is proposed to divide the drill core according to 

geological features such as lithological, alteration and/or mineralization variations and treat the different 

zones separately.  
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Popular scientific summary  
 

Geochemical and Mineralogical Comparison of XRT-XRF Scanning Technology Versus 

Traditional Analysis of Drill Core from the Assarel Porphyry Copper-Gold Deposit 

(Panagyurishte District, Bulgaria) 

Diego Delgado Yáñez 

 
Nowadays it becomes of special interest in mining industry to find new ways to extract commodities 

more efficiently. One of these approaches is the digital characterization of the rock composition 

containing the main ore. Aligned to this, a new technology was developed by Orexplore AB 

(Stockholm), which permits to scan pieces (of drill cores) from mine sites and get 3D images, allowing 

also to get information on both geochemical and mineralogical composition of the samples. 

    The present work aims to understand how the results of this new technology relates to more 

traditional labs techniques used in geosciences, as for example optical microscopy. Differences of these 

two approaches would help to improve the results derived by the new scanning instrument, 

commercially known as GeoCore X10. 

    The results according to the scanning technology includes an initial list of 53 best-fit minerals such 

as quartz, plagioclase, chlorite, K-feldspars, muscovite, pyrite, magnetite, chalcopyrite, rutile and 

zircon, which are actually occurring as those mineral phases were observed by the other methods. Other 

minerals such as gypsum, pyrrhotite, siderite, goethite and bornite are likely to happened according to 

the geological context, although they were not observed by the other mineralogical methods uses. The 

main chemical elements present in these samples according to the same instrument are: O, Si, Al, K, 

Mg, Fe, Ca and S and in minor quantity, copper (Cu) accumulations were identified. GeoCore X10 

allowed to determine which zones are (potentially) economic viable according to their measured 

concentrations, considering values > 2 000 ppm as criteria to stablish potential economic accumulations 

of Cu. The integration of the more traditional lab techniques used (optical microscopy, x-rays 

diffractometry and electron microprobe analysis) show discrepancies of +10-20 wt % for the main 

chemical elements and Cu compared to GeoCore X10 results. 

    In general, it is possible to conclude that the scanning results regarding geochemistry and mineralogy 

are consistent with the output given by the other more traditional analytical techniques.  However, it is 

suggested that the original list of 52 best-fit minerals according to the scanning results need to be 

refined. This applies for mineralogy related to chemical elements found in small quantities in main 

mineral phases such as barite and yttrialite, which contains Ba and Y respectively. The software related 

to GeoCore X10 interpreted that these chemical elements were forming independent mineral phases 

rather than be contained in the main minerals of the list. Regarding the geochemical results, more 

research is needed to stablish a standard criterion to proceed to analyze the highly detailed scanned 

information provided by GeoCore X10. Here, it is proposed to divide the rock samples along the drill 

core in zones, according to difference in geological characteristics. Then, it would be needed to treat 

the geochemical output date separately zone by zone.  

  

Keywords: Assarel porphyry copper, GeoCore X10, Sustainable mining, XRT/XRF, mineral 

characterization, geochemical characterization, X-MINE Project 
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1 Introduction 

1.1 Background and study context 

Historically, the mining industry has a large influence on economies, society and the 

environment in many countries around the world. In general, mining is considered an economic 

driver at local, regional and country levels, promoting investment in infrastructure, boosting 

economic growth and acting as a source of employment, et cetera (Dubiński, 2013). 

Conversely, the mining industry has been associated with negative environmental effects 

including high water consumption, the generation of acid mine drainage and the release of 

heavy metals into the near-mine environment (Jain, 2015).  

    Understanding the crucial role mining plays as the fundamental source in providing a 

primary supply of metals and minerals to satisfy the world’s demand for industrial critical 

resources and more environmentally friendly technologies, arises the need to set more 

sustainable regulations of this sector (Ranängen & Lindman, 2017). This seems to be the best 

way to safeguard the societal demand for raw materials without compromising future economic 

growth. 

    The latter issues mentioned are leading to make this extractive sector more sustainable, 

which also helps to optimize the business (Dehran et al., 2018). These authors remark how 

digital information applied to ore tracking, ore processing controls and mobile machinery 

tracking can enhance mining productivity while resources steadily decrease. Nanda (2019) 

suggests that the implementation of both digitalization and automation (linked to the ‘fourth 

industrial revolution’) can help to maximize operations, improve safety for workers and 

provide real-time data to make the decision-making process less uncertain. 

    In this context, the Horizon 2020 funded X-MINE project (www.xmine.eu) is a joint effort 

among several research institutions, government organizations and industrial partners to 

characterize and sort ores in a more efficient way with a broad goal to increase the extractive 

potential of different types of mineral deposits in Europe from exploration to extraction. The 

project is focused on testing new ore sensing and sorting technologies at four different mine 

sites located in Sweden, Greece, Cyprus and Bulgaria. This thesis work falls within X-MINE 

and will focus on the Assarel mine site in Bulgaria.  

    Specifically, the present thesis will assess GeoCore X10 core scanner using a single drill 

hole from the ore body at Assarel. The scanning technology has and is being developed by 

Orexplore AB, a Swedish-Australian mining technology company based in Kista, Stockholm 
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(Sweden).  GeoCore X10 analysis produces geological information from drill cores via 15-60 

minutes of scanning.  The resultant 3D reconstruction is digitalized and stored utilizing 

Insight®, a software that allows further visualization of 3D structural arrangements, rock 

density and sample composition. Detailed information on the principles behind this innovation 

will be described in Chapter 3.8. 

 

1.2 Study aims 

1.2.1 Research question(s) 

The central issue that motivates the present thesis is a proof-of-concept study to assess whether 

GeoCore X10 scanning results correlate with drill core analysis using other petrographic, 

geochemical and mineralogical studies. Several related questions addressed in this study 

include: (1) What factors cause differences in results (if any) using the different analytical 

methods? (2) Is it possible to update or refine the mineralogical data for Assarel mine? (3) Can 

the current work help to improve Orexplore’s scanning technology, particularly when applied 

to porphyry deposits? (4) Can any particularly valuable metal, unidentified in previous studies, 

be detected using the drill core scanning method? 

 

1.2.2 General and specific objectives 

The main objective of this study was to compare the results from ‘traditional’ whole-rock 

geochemical and mineralogical analyses of mineralized drill core from the Assarel deposit 

(Bulgaria), with results from the combined XRT/XRF GeoCore X10 technique. Other related 

objectives include:  

    [1] Characterize the rock-forming mineral assemblages by optical electronic microscopy and 

evaluate how variations in the mineral composition affects the chemical output from the 

GeoCore X10. 

    [2] To characterize the main ore mineralogy in selected drill core samples. 

    [3] Evaluate the presence of critical and other trace elements of potential economic interest 

and link these with the observed mineralogy. 

    [4] Understand the reasons behind possible discrepancies in results obtained from the 

different methods. 

    [5] Propose actions to improve Orexplore’s scanning technology 
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2 Geology and mineralogy 

2.1   Assarel mine 

2.1.1 Geological setting 

The Assarel mine is a Cu  Au porphyry deposit (Hikov et al., 2010) located ca. 7 km NW of 

the city of Panagyurishte in the Pazardzhik Oblast, Bulgaria (Figure 1).  The mine is operated 

by Assarel-Medet JSC, which also owns the presently closed Medet Cu mine, another porphyry 

Cu deposit located to the north of Assarel. The Assarel mine started production in the 1970’s 

and its pre-mining resource has been estimated to be ca. 350 Mt of ore with an average Cu 

grade of 0.44 wt % (Peytcheva et al., 2007). 

 

 

Figure 1.  Location of the Assarel Mine in the area of central Srednogorie mountains, Pazardzhik Oblast 

(Bulgaria). Modified from Google Earth. 
 

    Both the Assarel and Medet porphyry deposits occur within the Panagyurishte ore district 

which forms part of the larger Late Cretaceous Apuseni-Banat-Timok-Srednogorie (ABTS) 

magmatic and metallogenic belt (e.g. Gallhoffer et al.,2015; Richards, 2015 ), also referred to 

in literature as the Banat-Srednogorie Zone or Banatite Belt (Popov et al., 2003). Besides 

porphyry copper mineralization, the ABTS metallogenic belt also includes Cu-rich massive 

sulphides, Au-bearing polymetallic veins, and Pb-Zn mineralization related to barite deposits 

as well as Mn deposits (Popov et al., 2003).  

 



 

 4 

    The ABTS belt formed during northward convergence and subduction of the Tethyan 

oceanic plate beneath the continental European plates between 92 to 78 My (Hikov, 2013). 

Tethyan subduction generated calc-alkaline to alkaline igneous granitoid complexes in the Late 

Cretaceous, which are related to the formation of porphyry-type ore deposits such as that at 

Assarel (Popov et al., 2003; Hikov, 2013).  

 

2.1.2 District and deposit geology 

The oldest rocks in the Panagyurishte Region belong to a Paleozoic basement complex, 

composed mainly of metamorphic gneissic rocks, amphibolites and slates (Hikov, 2013) with 

formational ages between ca. 408-317 Ma (Nedialkov et al., 2007). This high-grade 

metamorphic unit was intruded by gabbroid and granitoid plutons during the Carboniferous 

(Hikov, 2013; Nedialkov et al., 2007). A Mesozoic cover lies unconformably on the Paleozoic 

basement and comprises Triassic sedimentary rocks represented by limestones, sandstones and 

conglomerates, oriented in a WNW-ESE strike (Nedialkov et al., 2007). Other Mesozoic rocks 

comprise Upper Cretaceous volcanic rocks and porphyritic bodies, both making up an 

interpreted paleo-volcanic complex centered on Assarel (Hikov, 2013; Strashimirov et al., 

2003). The central area of this stratovolcano consists of a neck of mainly andesitic volcanic 

rocks, while elsewhere andesitic pyroclastic deposits also occur (Strashimirov et al., 2003). 

Nedialkov et al. (2007) report both sedimentary and volcanic units are oriented WNW-ESE 

and form anticlinal folds due to subsequent compressional events. The Mesozoic volcanic units 

are intruded by relatively small porphyritic bodies dated between 89.90 to 89.13 Ma (Hikov, 

2010) and are genetically linked to Cu ± Au mineralization in the area. The porphyritic bodies 

have been divided in three main types (Hikov, 2013):  

    [1] Quartz-diorite to quartz-monzodiorite porphyries 

    [2] Quartz-diorite, quartz-monzonite to granodiorite porphyries, and 

    [3] Granite porphyries. 

    At the Assarel deposit, dioritic to granodioritic hypabyssal bodies intersect the open pit, form 

two apophyses connected at depth and are variably affected by hydrothermal alteration 

(Strashimirov et al., 2003).  Figure 2 shows the main lithological units found in the Assarel 

area as well as the principal NW-SE-trending faults that transect the mine.  
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Figure 2. N-S profile through the Assarel mine displaying the main lithological units and fault 

systems in the area. Modified from Strashimirov et al.  (2002). 
 

 

2.1.3 Mineralogy and alteration 

Metallic mineralogy at Assarel is dominated by chalcopyrite, pyrite and lesser bornite (Popov, 

2016). Within the main hypabyssal porphyritic bodies, the most common mineral assemblages 

are centered on apical zones and include quartz-magnetite-hematite, quartz-pyrite-chalcopyrite 

and quartz galena-sphalerite assemblages (Popov 2016, Strashimirov et al., 2003).  

    Oxidation of primary ore minerals such as chalcopyrite and bornite has led to the formation 

of secondary sulphide minerals like chalcocite and covellite that are restricted to depths from 

surface between 100-150 m (Popov, 2016). An oxide-ore zone in the uppermost mine levels 

characterized by the occurrence of malachite, azurite and chalcanthite has also been noted 

(Popov, 2016). Hikov et al. (2010) and Strashimirov et al. (2003) reported mineral assemblages 

related to high sulfidation epithermal processes that include alunite, enargite, goldfieldite, 

colusite, sulvanite, aikinite, wittichenite, hessite, tetradymite, and rarely, native gold (see Table 

1). Additionally, Cioacā et al. (2018) report micro-inclusions of gold-silver alloys and less 

commonly Bi and/or Se-Te bearing minerals such as aguilarite, naumannite, empressite, 

bismuthinite and clausthalite within pyrite and chalcopyrite crystals related to epithermal 

zones. Other minerals found in the deposit includes idaite, hessite and sorosite. A compilation 

of minerals that have been reported from Assarel are listed in Table 1 below.    

 

 

 

 

m.a.s.l. 
 

 Legend 
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      Table 1. List of minerals reported in different studies of the Assarel Cu mine, and their ideal formulae. 

Mineral Chemical formula Reference 

Aguilarite Ag4SeS Cioacā et al. (2018) 

Aikinite PbCuBiS3 Strashimirov et al. (2003) 

Albite NaAlSi3O8 Strashimirov et al. (2003) 

Anhydrite CaSO4 Hikov et al. (2010) 

Alunite KAl3(SO4)2(OH)6 Hikov et al. (2010) 

 Native gold Au Strashimirov et al. (2003) 

Azurite Cu3(CO3)2(OH)2 Popov et al. (2003) 

Bismuthinite Bi2S3 Cioacā et al. (2018) 

Bornite Cu5FeS4 Popov et al. (2003), Strashimirov et al. (2003) 

Chalcanthite CuS O4•5(H2O) Popov et al. (2003) 

Chalcopyrite CuFeS2 Popov et al. (2003), Strashimirov et al. (2003) 

Chalcosite Cu2S Popov et al. (2003) 

“Chlorite” (Fe,Mg)5Al(AlSi3O10)(O, OH)8 Strashimirov et al. (2003) 

Clausthalite PbSe Cioacā et al. (2018) 

Colusite Cu12-13V(As,Sb,Sn,Ge)3S16 Strashimirov et al. (2003) 

Covellite CuS Popov et al. (2003) 

Empressite AgTe Cioacā et al. (2018) 

Galena PbS Popov et al. (2003), Strashimirov et al. (2003) 

Gypsum CaSO4*2H2O Hikov et al. (2010) 

Goldfieldite Cu12(Te,Sb,As)4S13 Strashimirov et al. (2003) 

Hematite Fe2O3 Popov et al. (2003), Strashimirov et al. (2003) 

Hessite Ag2Te Strashimirov et al. (2003) 

Idaite Cu5FeS6 Cioacā et al. (2018) 

Illite (K,H)(Al,Mg,Fe)2(Si,Al)4O10[(OH)2,(H2O)] Strashimirov et al. (2003) 

Kaolinite Al2Si2O5(OH)4 Strashimirov et al. (2003) 

K-feldspar KAlSi3O8 Strashimirov et al. (2003) 

Magnetite Fe3O4 Popov et al. (2003), Strashimirov et al. (2003) 

Malachite Cu2(CO3)(OH)2 Popov et al. (2003) 

Naumannite Ag2Se Cioacā et al. (2018) 

Pyrite FeS2 Popov et al. (2003), Strashimirov et al. (2003) 

Pyrophyllite Al2Si4O10(OH)2 Strashimirov et al. (2003) 

Quartz SiO2 Popov et al. (2003), Strashimirov et al. (2003) 

Sphalerite ZnS Popov et al. (2003), Strashimirov et al. (2003) 

Sorosite Cu(Sn,Sb) Cioacā et al. (2018) 

Sulvanite Cu3VS4 Strashimirov et al. (2003) 

Tetradymite Bi2Te2S Strashimirov et al. (2003) 

Wittichenite Cu3BiS3 Strashimirov et al. (2003) 
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    The spatial distribution of the various mineral assemblages at Assarel is represented by 

Figure 3, whilst the detailed mineralogical information of the different alteration zones derived 

from Strashimirov et al. (2003) is described subsequently.  

 

 

Figure 3. Main alteration types recognized at the Assarel mine shown along a N-S profile. Modified from 

Strashimirov et al. (2002). 
 

    Propylitization represents a neutral to high-pH zone that includes epidote, chlorite, albite, 

K-feldspar and illite as most characteristic mineralogy and it affects mainly Upper Cretaceous 

volcanites and hypabyssal bodies. The assemblage chlorite-epidote indicates that this alteration 

zone is formed at mesothermal conditions, i.e. 200-300 C (Corbett & Leach, 1995). At 

propylitic contacts zones, transitions to propylitic-sericitic and propylitic-argillic alteration 

occur and are characterized by chlorite-kaolinite-albite-illite-quartz-pyrite and chlorite-illite-

quartz-pyrite, respectively. 

    Sericitic (phyllic) alteration is mostly restricted to the upper parts of the deposit and 

overprints porphyritic bodies, volcanic rocks and the Paleozoic basement. It includes the 

assemblage illite-quartz-pyrite. Phyllic alteration also forms part of transitional zones 

denominated by sericitic-advanced argillic alteration, which includes pyrophyllite or kaolinite 

in addition to the sericitic alteration. According to Corbett & Leach (1995), the phyllic zone is 

related to mesothermal to magmatic conditions (200-500 C) and acidic conditions with pH 4-

6.  
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    Advance argillic alteration represents the most acidic and lowest temperature conditions at 

Assarel with pH < 4 and formational temperatures from 50-200 C (Corbett & Leach, 1995). 

Advance argillic zone can be found in the uppermost parts of the porphyric and volcanic rocks 

of the area, and can be divided into two main subzones (Strashimirov et al., 2003): 

    - Acid-chlorite: Generally, it obliterates the original porphyritic textures and it is 

characterized by the occurrence of pyrophyllite + quartz-pyrite.  

    - Acid-sulphate: Mainly recognized by the presence of alunite, which is accompanied by 

quartz and less commonly pyrophyllite, pyrite, kaolinite and hematite. 
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3 Methodology 

The present work is based on the description, analysis and comparison of drill core samples 

from the XM001 drill hole, one of four oriented drill holes that have been drilled at the Assarel 

mine as part of the X-MINE project. This drill hole is located at the bottom of the Assarel open 

pit (level 675 m), has an approximately vertical orientation, a total length of 260.4 m, and a 

recovery of ca. 65 %. The following subsections describe the steps undertaken to perform the 

work.   

 

3.1  Drill core logging 

Macroscopic drill core logging was performed at approximately 1:100-scale with geological 

features such as lithology, structures, mineralization and alteration mapped over ca. 1 m 

intervals. Locally along XM001, however, logging over ca. 1 m intervals could not be 

performed due to low recovery zones and erroneous drill core depth labeling. 

    Vein densities (no. per metre) were also determined and in the case of mineralization, an 

approximation of sulphide content was also estimated (in vol. %; see Appendix 1).  Regarding 

alteration styles, a dominant alteration is always mapped, which usually occurs with a 

secondary alteration type. A special focus is put on estimating potassic alteration contents, as 

initially it was considered that this feature can be linked to the sulphide content (Appendix 1). 

    Lithological units and alteration types for XM001 were used to construct a graphical column 

for the drill hole (Appendix 2) which was subsequently used to assess and evaluate locations 

to take samples for further analysis. Overall, the logging information acts as base to define 

different lithological-alteration zones and subzones along the drill core. The output data 

provided by GeoCore X10 was analyzed according to these different sections previously 

established. 

 

3.2  Drill core sampling 

11 representative samples of the main lithological units, alteration patterns, veins and other 

features for XM001 were collected from the drill core after logging.  

    The samples were used for destructive analysis (XRD, thin sections preparation and EMPA) 

and were collected from non-scannable parts of the drill core (e.g. non-cylindrical core pieces) 

located within broader zones containing geologically similar, scannable core pieces. Table 2 

summarizes the most important characteristics of the samples.  
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Table 2. Thin sections derived from drill core XM001. 

Sample Depth (m) Brief description 

XM-1A 16.5 Dioritic porphyry (DPO), mainly propylitic and high S content (estimated 3-

5 %). 

XM-1B 17.1 DPO, mainly propylitic and low K-alteration. High S content (estimated 3-5 

%). 

XM-2 28.75 Dioritic porphyry (DPO), mainly propylitic. Less intense K-alteration content 

compared to XM-1A and XM-1B. 

XM-3 76.2 Quartz ± fluorite vein crosscutting DPO. 

XM-4 8.9 DPO mainly propylitic, with high K-alteration and low S content. 

XM-5 115.4 Relatively fresh dioritic porphyry 

XM-6 140.95 Quartz-chalcopyrite veins crosscutting DPO. 

XM-7 163.9 Granodioritic porphyry (GRDP) mainly propylitic and subordinated phyllic 

alteration. 

XM-8 182.75 Quartz veins crosscutting dioritic porphyry  

XM-9 ca. 211 GRDP mainly phyllic and subordinated argillic alteration. 

XM-10 ca. 220 Dioritic porphyry with moderate to intense argillic alteration. 

 

3.3  Drill core XRT-XRF scanning 

Concurrently with the previous step, scannable drill core intervals were analyzed using a 

GeoCore X10 instrument (M1 machine) at Orexplore in Kista. A “scannable interval” is 

considered to be any cylindrical, coherent and intact drill core piece with a constant diameter 

and being relatively fracture free. Typically, such core pieces varied from ca. 10 – 25 cm in 

length. 

    Scannable, ca. 1 m-long intervals were placed in an oriented manner into drill core holder 

tubes (Fig. 4) and scanned for ca. 15 minutes. Originally, the core section between 12.5-40.0 

m depth was scanned using plastic tubes and that information was used to understand if the 

zones/subzones defined have enough geochemical differences to treat them separately. 

Subsequently, carbon fiber tubes were used to scan the whole drill core as this procedure yields 

better results for lighter elements (including K, Al, Si and P).  

    Regarding the geochemical output, overall averages and correlations among elements are 

calculated initially (Appendix 3), while afterwards the drill core is (sub)divided in different 

zones and subzones according the following criteria: 

    [1] Trend breaks using data separated by 1 m (punctual measurements used rather than 

considering averages of the whole 1 m section). 
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    [2] Lithological and alteration changes observed while mapping. 

    [3] Visually estimated contents of both sulphides and K alteration. 

    Elemental correlations were calculated for the various subdivisions established along the 

drill hole as well as specifically correlation among the major and trace elements. Mineralogy 

was tabulated versus depth and the probability of occurrence was determined integrating both 

geochemical results from scanning in each zone together with geological criteria. 

    The detected mineralogy (Appendix 4) was divided based on attenuation coefficient 

(detailed in Section 3.8.1) to visualize them separately with Insight® (Table 3). Some phases 

included in the software show internal codes as they have specific formulae within a series, 

this category includes: smectite 366 (Ca0,33Mg2Si4O10(OH)2(H2O)), biotite 184 

(KFe+2
3(AlSi3)O10(OH)2), chamosite 114 (Mg6Si4O18) , chamosite 115  (Al6Si4O18) and 

chamosite 117 (Mg6Al5O18). 

 

Table 3. Division of groups of minerals based on attenuation coefficient (μ) for visualization purposed in Insight 

®. 

Colour Attenuation coefficient 

(𝛍) 

Minerals in the category 

 0.00-0.95 Smectite 366, clinochlore, quartz. 

 

 0.95-1.50 Orthoclase, biotite 184, ‘selenite’, muscovite, anorthite, calcite, 

anhydrite. 

 2.00-3.00 Biotite 183, chamosite 114, chamosite, 117, chamosite 115, 

rutile, siderite. 

 3.50-4.00 Goethite, pyrite, pyrrhotite. 

 

 4.00-7.00 Chalcopyrite, hematite, magnetite, sphalerite, covellite, bornite, 

chalcocite, cuprite. 

 7.00-12.00 Molybdenite, native copper, barite. 

 

 

3.4  Polarized light microscopy 

Microscopy of nine samples from XM001 was performed to characterize the petrographic 

features of the drill hole and assess mineralization and alteration styles. Microscopy was 

performed using both transmitted and reflected polarized light using a Nikon Eclipse E600 

POL microscope equipped with 2.5, 5, 10, 20 and 40x objectives. Images of the different thin 

sections were captured using the software NIS-Elements F 2.20 (see Appendix 5).  

 

3.5  XRD analysis 

Representative sample material (ca. 1 cm3) for the 11 samples collected from XM001 were 

sent to the Geological Institute of Romania- Laboratory of Mineralogy for whole rock X-ray 
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diffractometry (XRD) analysis. To acquire semi-quantitative results, the resulting XRD raw 

files were further analyzed via the Rietveld refinement method (Appendix 6). This method 

results are mainly affected by expanded uncertainties derived from, mainly affected by micro-

absorption (Döbelin, 2015). The same author states that this source of error can affect the 

concentration results between 1.0-3.5 et %.  

     XRD results were compared to the same samples previously studied by microscopy and 

results derived from GeoCore X10 scanning in the same intervals.  

  

3.6  EMPA/EDS analysis 

Three polished thin sections (XM-1B, XM-7 and XM-10) were selected to get a representative 

chemical composition of the main minerals observed under the microscope, using the EMPA 

Jeol JXA-8530F instrument at the Department of Earth Sciences, Uppsala University. First the 

sections were coated with a thin carbon layer and the chemical composition of each phase were 

used to compared it with the results of all previous analysis (see Appendix 7). For this study, 

the instrument was not calibrated, which can lead to relative errors between 2-5 % (Newbury 

& Ritchie, 2012). According to the same authors, the main source of errors are sample 

preparation and issues relate to the software such as: misidentification of major peaks, 

background subtraction and correction of overlapping peaks.  

 

3.7  Data reduction and comparative analysis 

Mineralogical/chemical data from the scanning was separated by zones and subzones and 

classified according to the likelihood of occurrence. Highly probable minerals include those 

phases identified by other lab techniques. Moderately probable minerals are those which are 

not directly recognized by other methods, but usually are associated to the highly probable 

mineral phases. Finally, unlikely minerals are those formed by trace elements or occurring 

commonly in other geological contexts. 

    Geochemical data-sets from GeoCore X10 are exported from the Insight® to Excel’s 

compatible format to aid tabulation and analysis. The average composition of the whole core 

was considered as well as the averages of the different chemical elements by zones and 

subzones. Elements as C and H were not considered as these are too light to get confident data 

and particularly for C, because the tubes used for the scanning are made of carbon. Correlations 

with depth according to Pearson method were calculated for chemical elements with < 50 % 

of null values in each (sub)zone, while correlation indexes > 0.70 are highlighted as this value 
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is in the upper zone of moderate to good correlation (Udovičić et al., 2007). Highlighted 

correlation indexes are found in Appendix 3. 

    Cu-enriched regions/intervals were also defined, based on Cu concentrations > 2 000 ppm 

as (potentially) economically interesting, while values > 3 500 ppm Cu are emphasized as 

extremely high. 

    Finally, XRD and EMPA-EDS data was used to calculate the geochemical composition and 

density of those particular volumes. Such concentrations are compared with the geochemical 

results obtained by GeoCore X10 at those same depths as well as the calculated density versus 

the estimated and measured densities acquired from the scanning.  

 

3.8  Theoretical background of the used technologies 

3.8.1 GeoCore X10 scanning technology 

Additionally, Chapter 3 includes a theoretical description about the fundaments behind both 

the GeoCore X10 instrument and electron microprobe analysis.  

The drill core scanning instrument developed by Orexplore AB (Figure 4) integrates both X-

ray fluorescence (XRF) and X-ray tomography (XRT) analysis to obtain a 3D chemical and 

mineralogical-geological visualization of drill cores through a non-destructive and fast 

scanning method (e.g. Bergqvist et al., 2019).   

     Scanning times for the instrument typically vary from ca. 25 and 60 min per meter of drill 

core, with the latter providing higher spatial resolution 3D XRT images. Later on, the 

possibility to scan at 10 min/m was added and currently this scenario gets only tomographic 

data, but it is expected that XRF data will be added soon.  

    Scanning data is processed based on the listed elements included in Insight® (+65 chemical 

elements) with varying detection limits and a detailed catalogue of more than 600 minerals. 

These lists can be customized depending on the type of deposit or mineralization being 

scanned, and the mineralogy is differentiated according to the attenuation coefficient of each 

phase. In some cases, these values are too close; making the mineralogical differentiation 

challenging. The chemical elements are divided into measured (M) and inferred (I). This last 

category is an output derived from the list of best-fitted minerals and would depend on the 

accuracy of the identified mineral phases by the GeoCore X10 software.  
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Figure 4. View of the GeoCore X10 drill core scanning instrument, showing the most relevant 

operational components of the device. Modified from Orexplore AB official website.  
 

    The GeoCore X10 reconstructs XRT images with a 3D resolution of 200 x 200 x 200 m 

and it is possible to scan drill core samples with a maximum diameter of 50.50 mm (NQ2) and  

up to 1.005 mm long. Besides density and geochemical/mineralogical composition, the 3D 

visualization provides important information on texture, particle size and structural 

orientations.  

    Below, both XRF and XRT theoretical principles on which the GeoCore X10 technology is 

based on are reviewed. 

 

    A) X-ray fluorescence (XRF) spectrometry 

    XRF is a physical phenomenon where secondary X-ray radiation is produced when atoms 

are excited by an incident radiation (Beckhoff et al., 2007). This radiation-matter interaction 

provokes that electrons are ejected from the inner shells of the atoms due to photoelectric 

absorption (Margui & Van Grieken, 2013), which can occur if the energy of the incident 

photons is greater than the K-shell binding energy (Nayak & Badiger, 2006). If that happens, 

excited atoms become unstable and ionize, an effect that can be contrarested if an outer electron 

jumps to the position previously occupied by an ejected electron from the K-shell or the 

rearrangement of electrons occurs via Auger effect (Margui & Van Grieken, 2013). 
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    As it is possible to relate the frequency of the incident radiation and the atomic number of a 

certain element due to the Moseley’s law (Equation 1) this physical effect can be used to 

identify qualitative and quantitatively elemental compositions of a sample (Jenkins, 1995).  

 

𝟏/𝛌 = 𝐤(𝐳 − 𝛔)𝟐 

Equation 1. Moseley’s law, where 𝛌: wavelength of emission, k, 𝛔: constants and z: atomic number. 

 

    Application of XRF techniques can be used in a wide range of fields, including 

environmental studies, geology, mining, metallurgy, archaeology and forensic sciences 

(Beckhoff et al., 2007).    

    An XRF measurement system consists of four main components (Margui & Van Grieken, 

2013):  

    [1] Excitation source: X-ray tubes are used to generate an incident radiation into the sample. 

A current is applied in a filament (cathode) usually made of W, which leads to the emission of 

electrons. Those subatomic particles are accelerated as high voltage is applied and hit a Mo, 

Rh, Pb or W anode. This latter leads to the generation of X-ray emissions via the 

bremsstrahlung process that eventually will reach the sample. Commonly, this technology 

works with X-ray sources in the range of 0.6-40 kVp. 

    [2] Specimen presentation system: Circular chambers hosting the samples. For whole rock 

analysis, vacuum can be used to help the identification of light elements.  

    [3] Detection system: An X-ray detector converts the secondary radiation from a sample 

into electrical pulses. Multichannels analyzers allow for the identification of elements 

separately and the peaks generated, which depending on the type of sampling; are proportional 

to their concentration. The most important characteristics of the detector is an ability to 

differentiate between energy levels and its overall efficiency (proportion of ionized radiation 

actually measured). The three main types of detectors are: gas-filled, scintillation and solid-

state. 

    [4] Data collection and signal processing system: The signals processed in the detector 

must be subsequently analyzed in a computer. First, software is used to qualitatively identify 

elements and afterwards, several corrections are necessary to obtain a quantitative analysis. 

This may include the removal of scattered peaks, noise subtractions and overlapping 

(deconvolution). 

 

     B) X-ray tomography 
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    When X-ray beams interact with a material, three kinds of interaction can occur: 

photoelectric absorption, elastic scattering or inelastic scattering (Iniewski, 2009). Thus, the 

intensity of the incident beam is greater before passing through the material and its interaction 

with solid matter and consequent variation in intensity is governed by the Beer-Lambert law, 

as shown in Equation 2 (Iniewski, 2009): 

 

I(z) = I(0)e−μz 

Equation 2. Beer-Lambert law, where 𝐈(𝐳): x-rays intensity on the other side of the material,  𝐈(𝟎): incident x-ray 

intensity, 𝛍: attenuation coefficient and z: material thickness. 

 

    Based on Equation 2, X-ray intensity depends on certain properties of the material such as 

its thickness and attenuation coefficient (Schram, 2001). The latter parameter depends on the 

mass attenuation coefficient, which is a specific property of the material related to its density 

(Equation 3; Schram, 2001):  

 

 

μ = (
μ

ρ
) ρ 

Equation 3. Linear attenuation coefficient, where 𝛍: linear attenuation coefficient,  
𝛍

𝛒
:mass attenuation coefficient 

(cm2/g), which is a material constant and 𝛒: density (g/ cm3). 

 

    In the case of a homogeneous composite material, it is possible to redefine Equation 3 by 

including the proportion of each chemical element constituting the material (Equation 4): 

μ𝑚𝑖𝑥 = ∑(
μ

ρ
)𝑖  ρ𝑖

𝑖

 

Equation 4. Linear attenuation coefficient for a composite material of different chemical elements, characterized 

by a unique thickness.   

 

    XRT imaging techniques developed from 2D radiography used in medical diagnosis 

(Schram, 2001) and afterwards evolved to reconstruct 3D images that integrated 2D slices 

taken at multiple angles to get high resolution 3D images (Maire & Withers, 2014). This 3D 

technology is referred as computed tomography (CT) and the X-rays used are generated with 

the same principles described for XRF spectrometry (Section 2.2.2 above, although the tension 

over the X-ray tubes is often higher than 40 kVp). In the case of CT imaging, two types of 

mechanisms are used to convert X-ray intensity to a digital signal (Schram, 2001): 
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    [1] Indirect conversion: Uses scintillators to transform X-ray photons to visible light which 

is detected using e.g. CMOS techniques. 

    [2] Direct conversion: Detectors that can directly converts X-ray photons into electrical 

signals, which are amplified and digitalized.  

    3D tomography images derived from 2D cross-sections, have pixels with 3D analogue 

known as ‘voxels’ (Schram, 2001).  

    Finally, XRT technology was recently integrated with XRF analysis to obtain 3D 

distributions of chemical elements in a volume, which requires complicated algorithms and 

large computer memory capacity, involving a lot of computations. Details on the initial 

approach of such a technique are found in Di et al. (2017).  

 

3.8.2 Electron microprobe analysis 

Electron microprobe analysis (EMPA), also referred to in the literature as the electron probe 

micro-analyzer (EPMA), is based on the interaction of a certain sample and an incident electron 

beam (Chatterjee, 2012). EMPA is used to obtain quantitative chemical information of solid 

materials, typically at micrometer scales. Besides its application for mineralogical and 

geological purposes, this technique is also used in other fields such as metallurgy, ceramics, 

biology and medicine (Buschow et al., 2001). 

    The physical principles behind EMPA are the same already explained in the section 

dedicated to XRF spectrometry in the present chapter. The interaction of electrons and the 

specimen in a microvolumetric space generates four different phenomena that allows to 

chemically characterize the sample: back-scattered electron (BSE), secondary electrons (SE), 

characteristics X-rays and cathodoluminescence (CL), aspects described in Chatterjee (2012): 

    BSE occurs when the incident beam angle is > 90 and there is no energy loss (elastic 

scattering). A greater proportion of incident beam electrons are backscattered if both the 

concentration and atomic number of a certain compound are higher (Equation 6): 

 

 =


𝐵𝑆𝐸


𝐵

= 𝑗𝐶𝑗𝑗
 

Equation 6. Back-scatter coefficient (), where: 
𝐁𝐒𝐄

, 
𝐁

,: number of  beams electrons backscattered and 

number of incident beams electrons, respectively; 𝒋: notation for constituent elements, 𝑪𝒋: concentration j in 

the compound and 
𝒋
: back-scatter coefficient of j (Extracted from Chatterjee, 2012). 

 

    SE are electrons escaping from the sample due to the energy derived from the beam 

electrons, a process that does not depend on the atomic number of the specimen but on the 
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energy of the incident beam. The secondary X-rays radiation produced in EPMA analysis is 

the same phenomenon explained in XRF spectrometry, but in electron microprobe the energy 

ranges commonly measured oscillate between 0.12-10 keV. The internal rearrangement of 

electrons in the sample when this is bombarded by beam electrons produces photons released 

at characteristic wavelengths, phenomenon called cathodoluminescence, which is divided in 

fluorescence and phosphorescence depending on the persistence time after the electron 

bombarding ceased (Garlick, 1949 in Pagel et al., 2000). 

    An EMPA operation system (Figure 5) has an electron gun which generates the incident 

beam, consisted in a heated filament when a voltage between 5-30 kV is applied between two 

electrodes (Buschow et al., 2001).  

    

 

Figure 5. Main components of an Electro Probe Micro 

Analyzer. Extracted from Jeol (2020). 
 

    The condenser lens makes the incident beam convergent before reaching the sample and an 

optical microscope is integrated in the system to allow the beam reaches the sample focused 

and also make the X-rays get onto the detector (Chatterjee, 2012).  

     There are three types of detectors in EMPA instruments: electron, cathodoluminescence and 

X-ray detectors. The first type allows to differentiate the signals derived from both 
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backscattered and secondary electrons due to their different energy ranges. A 

cathodoluminescence detector can be used to get high-resolution images of impurities within a 

crystal and it is widely, examples of such applications can be found in Boggs & Krinsley 

(2006). 

    X-ray detectors are classified as energy dispersive spectrometer (EDS) and wavelength 

dispersive spectrometer (WDS). Most of the EMPA equipments used nowadays include up to 

five WDS and one complementary EDS detector. 

    An EDS commonly incorporates a lithium-drifted silicon detector, which receives an electric 

current that is directly proportional to the energy of the X-rays reaching the detector (Love, 

2002). This is coupled to a multichannel analyzer (MCA) to generate X-rays spectrograms 

derived from the detected electric pulses, resulting in a quick tool to get the chemical 

composition of a microregion (Love, 2002; Chatterjee, 2012). Some disadvantages of EDS 

mentioned by Love (2002) and Buschow et al. (2001) is the poor spectral resolution, especially 

for light elements (Z >4) and overlapping spectral peaks.   

    In contrast to EDS systems, WDS detectors consist of an analyzing crystal (lithium chloride) 

to preferentially diffract a specific incident wavelength and a proportional counter. The latter 

instrument counts and amplifies the electric pulses received by ionization of a gas filling a tube 

with a W wire (Chatterjee, 2012). Compared to EDS, WDS detectors have better spectral 

resolution, which makes them superior for detecting traces elements (< 0.1 wt %), but data 

acquisition results slower (Love, 2002). The use of a WDS-equipped system implies 

meticulous sample preparation (electrical isolation and carbon coating), standard calibration 

and spectrum corrections (Chatterjee, 2012). 
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4 Results 

4.1  Geological, alteration and mineralization characteristics of XM001 

Drill core logging indicates the predominant lithology of XM001 is a dioritic porphyry (DOP), 

with subordinate granitoid porphyry (GDPO) occurring as thinner, intercalated lenses. 

Contacts between these two units are generally short (< 20 cm) and gradational. The DOP unit 

contains plagioclase phenocrysts that are commonly altered to chlorite, epidote, or clay 

minerals (Figure 6). Locally, the primary porphyritic matrix is unrecognizable and obliterated 

by propylitic (chlorite-epidote) and/or potassic (K-feldspar ± biotite) alteration.  

 

 

Figure 6. Original DOP porphyritic texture at ca. 155 m depth, where it is possible to observe the groundmass 

altered by both propylite and potassic alteration.  

 

    Furthermore, zones ranging from 0.30-0.80 m width by vein quartz are found. Thus, these 

veins are considered as a separately lithological unit although they do not strictly represent a 

lithology but hydrothermal veins crosscutting the drill core typically at high angles (> 70°) to 

the drill core axis. Commonly, quartz veins display ‘dogtooth’ textures and locally contain 
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chalcopyrite, chlorite and fluorite. Figure 7 shows examples of different quartz veins 

crosscutting the main lithologies.  

 

 
Figure 7. Different quartz veins along XM001. A) Two parallel quartz veins at ca. 23.0 m 

depth. It presents chloritic borders and cut DOP with high K alteration. B) Quartz-fluorite 

veins dipping at 45 and cutting thicker quartz-chlorite veins (75.5 m depth). C) Quartz 

veins hosting sulphides, mainly pyrite, at 18.06 m depth. D) Same vein types as B), but at 

ca. 70.0 m depth. 
 

    In terms of hydrothermal alteration, five different alterations types were found in XM001. 

These are (in decreasing order of abundance): 



 

 22 

     [1] Propylitic alteration: Consists mainly of chlorite ± epidote ± calcite and commonly 

obliterates the original porphyritic texture, giving a characteristic greenish tone to the 

samples. Propylitic alteration is also associated with quartz veins or associated with quartz.  

    [2] Potassic alteration: It is characterized mainly by potassic feldspars typically exhibiting a 

pinkish color overprinting the DOP groundmass, but also occurs associated with thin veinlets. 

It can include biotite at the borders and may be associated with magnetite.  

    [3] Silicic alteration: Quartz veins and quartz-rich breccia zones.  

    [4] Phyllic alteration: Quartz-sericite ± pyrite mineral association. It is restricted to zones no 

thicker than 3 m.  

    [5] Argillic alteration: It occurs as patches of poorly competent and fractured rock 

comprising quartz, kaolinite and other indistinguishable clay minerals (Figure 8).  

 

 

 
Figure 8. Moderate to intense argillic alteration occurring at ca. 220 m depth.  

 

    The main metallic minerals found are pyrite and chalcopyrite, with an estimated content 

normally ranging from 1-2 vol. %. These sulphides typically occur disseminated in the host 

rock, filling cavities and in thin veinlets. Exceptionally, some zones are enriched in 

chalcopyrite, exhibiting concentrations up to ca. 7 vol. %. Although it is hard to establish an 

accurate proportion content of both phases, the pyrite content is overall slightly higher 

compared to chalcopyrite.  
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    Detailed mapped information on sulphides as well as K alteration is given in Appendix 1. 

For subsequent data analysis of the scanned samples, the drill core has been divided in several 

zones according to both lithological and alteration patterns change in depth. Additionally, 

variations in sulphide contents and K alteration were used to subdivide those regions and get 

more detailed geochemical and mineralogical information.  

 

4.2 Drill core XTR-XRF scanning results 

Considering the variable lithological and alteration zones along the drill hole, it was necessary 

to establish how to make the most of the detailed scanning information provided by Insight®. 

Thus, two different approaches were tested: 

    1) Measurable breaks in elemental trends: Using major elements (e.g. Fe, K) and Cu 

concentrations with depth, to establish possible geochemically differentiated subdivisions 

within each zone based on abundance variability.  

    This approach relies on two key aspects that are important when assessing the acquired 

scanning information. Firstly, to determine if the points used to plot elemental concentration 

vs depth are averages of the concentration in a certain region or if one single spatial point would 

be used to represent that region. For practical purposes, the second option was chosen in this 

work as it is faster and less tedious to take direct point data from Insight® at regular intervals. 

    Then, it is necessary to determine the distance of the regular intervals (x).  Thus, chemical 

information from scanning separated by intervals of 0.10; 0.20; 0.50 and 1.00 m were plotted. 

When scanning interval are < 1.00 m, concentration data tends to form clouds and it is not 

possible to graphically establish breaks in each element’s variation with depth. 

    2) Use of mapped features: Besides the lithological and alteration criteria, it is possible to 

use other characteristic(s) to subdivide the drill core. Since sulphide content and K alteration 

were mapped in a semi-quantitative manner (Appendix 2), both these features are considered. 

For this approach, classification criteria were established to reflect variations in sulphide 

content and K alteration (Table 4). 

    Using the second approach to subdivide the drill core (i.e. mapped sulfide and/or alteration 

breaks), it is required to verify if the differences are enough to consider those subdivisions 

separately for further analysis. 

    As an example, Zone 2 (12.50-27.25 m) is considered to validate these methods. This zone 

comprises DOP overprinted by propylitic and subordinate potassic alteration. According to the 

average sulphide and K alteration contents obtained by XRF scanning (using plastic tube 
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holders; see Section 3.3 above), 6 subzones are identifiable containing average concentrations 

of Fe, K, S and Cu that corroborate geochemical differences among them (Figure 9). 

 

Table 4. Different ranges of sulphides and potassic alteration according to their estimated concentration derived 

from drill core mapping.  

Sulphide 

concentration % 

Notation K-alteration 

concentration % 

Notation 

0.00-1.00 Low 0.00-5.00 Low 

1.00-3.00 Medium 5.00-10.00 Medium 

3.00-5.00 High 15.00-30.00 High 

 

 
Figure 9. Concentrations of elements used to differentiate Zone 1 according to the estimated logged 

sulphide content and K alteration.  

 

    These differences were considered significant enough to proceed with the analysis of the 

drill core utilizing that approach for the following zones. Details on each zone depth and their 

corresponding subdivisions are tabulated in Appendix 2.  

 

4.2.1 Geochemical analysis 

This technique provides inferred and measured chemical elements and instead of oxides, the 

information is divided by element with oxygen presented separately (as opposed to element-

oxide contents). For XM001, the whole drill core dataset shows the concentrations of 36 

different elements, with O being the main component with an average concentration of 49.78 
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wt %. Other major elements, in decreasing concentration are: Si (28.60 wt %), Al (4.51 wt %), 

K (4.21 wt %), Mg (3.30 wt %), Fe (2.84 wt %), Ca (2.55 wt %) and S (2.05 wt %). Both H 

and C were inferred and show averages of ca. 0.50 % each. In the present work, no H nor C 

concentrations will be considered as both elements are too light for being reliably detected by 

the scanning device. Overall, the various lithological zones for XM001, the different zones do 

not differ when considering major element geochemistry from the scan data (Figure 10), 

although a measurable variation in K and S abundances is noted (discussed further below). 

 

 
Figure 10. A) Concentrations of major elements (excluding C and H) based on GeoCore X10 XRF scanning 

results for 11 zones along drill hole XM001 established by lithological-alteration mapping. The depth of each 

zone is presented in Appendix 1 and 2.B) Same results expressed in log base 10 to differentiate better small 

discrepancies of concentrations. 
 

    Since Ti and Na have average concentrations < 1.00 wt %, these data are presented in ppm 

(i.e. g/tonne) in the current work. Ti has an average abundance of 3 052 ppm while average Na 

concentration is 2 890 ppm. The whole core also exhibits important traces elements, 

particularly Cu (1 717 ppm) as it is the main commodity extracted in Assarel, followed by Ba, 

Co and Mn (898, 370 and 280 ppm average; respectively). Other notable trace elements with 

average concentrations <150 ppm are Sr, Zr and Rb (Appendix 3). Furthermore, Table 5 

summarizes statistical parameter such as minimum, maximum, average and standard deviation 

for the filtered chemical elements by zone. 

    The complete information about the average elemental concentrations measured and inferred 

of each zone and their respective subzones are tabulated in Appendix 3. This Appendix also 

illustrates the whole Pearson correlation values among different elements. Below, the detailed 

geochemical information by zones and their respective subdivisions is described: 
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Table 5. Minimum value, maximum .value, average (x̄) and standard deviation (σ) of the filtered chemical 

elements by zone. * represents that the element concentration is expressed in ppm, while the rest of elements are 

represented in wt %. 

 

 

    Zone 1 (12.50-27.25 m; dioritic porphyry with propylitic alteration):   

Besides O (x̄ = 49.36 wt %), the first zones contains 7 elements with concentrations > 1 %: Si 

(x̄ = 28.96 wt %),  Al (x̄ = 4.29 wt %), K (x̄ = 3.64 wt %), Fe (x̄ = 3.45 wt %),  Mg (x̄ = 2.88 

wt %), S (x̄ = 2.87 wt %) and Ca (x̄ = 2.82 wt %). The main trace elements according to 

GeoCore X10 for Zone 1 are Na (x̄ = 2 647ppm), Ti (x̄ = 1 671 ppm), Cu (x̄ = 1 382 ppm) Ba 

(x̄ = 751 ppm) and Mn (x̄ = 416 ppm). Table 6 summarizes the general geochemical content of 

Zone 1.  

    For Zone 1, three subzones (1A, 1B and 1F) could be scanned due to the variable quality of 

the drill core. In general, these internal divisions do not seem to have significant geochemical 

differences for the major elements (Figure 11). Exceptions are the higher concentration of Mg 

Min. Max. x ̄ σ Min. Max. x ̄ σ Min. Max. x ̄ σ Min. Max. x ̄ σ

Al 0.00 18.03 4.09 1.46 0.00 17.04 4.37 1.62 0.00 11.69 4.33 1.55 0.00 9.19 4.34 1.45

Ba* 0.00 1915 695 392 0.0 2801 940 473 0 1933 668 415 0 1982 746 368

Ca 0.00 7.32 2.75 0.97 0.00 12.65 2.59 1.11 0.00 5.95 2.44 0.88 0.00 7.08 2.41 0.87

Cu* 0.00 7348 1331 884 0 8762 1687 1174 0 8818 1688 1108 0 8287 1648 1082

Fe 0.00 7.95 3.48 1.39 0.00 7.88 2.89 1.25 0.00 9.79 3.11 1.52 0.00 7.40 2.85 1.19

K 0.00 8.81 3.36 2.18 0.00 10.38 4.70 2.48 0.00 9.22 3.53 2.16 0.00 9.63 4.31 2.46

Mg 0.00 8.68 2.92 1.40 0.00 13.23 3.14 1.66 0.00 13.67 3.45 2.02 0.00 8.74 2.86 1.28

Mn 0.00 0.27 0.04 0.04 0.00 0.61 0.05 0.04 0.00 0.24 0.04 0.03 0.00 0.19 0.04 0.03

Na 0.00 1.01 0.27 0.16 0.00 0.96 0.33 0.16 0.00 0.99 0.28 0.16 0.00 0.86 0.28 0.16

S 0.00 8.93 2.61 2.12 0.00 7.45 1.07 1.19 0.00 10.05 2.43 2.16 0.00 9.54 1.66 1.43

Si 0.00 36.36 27.35 6.54 0.00 37.57 25.94 7.27 0.00 36.95 27.23 6.29 0.00 36.35 27.42 6.85

Ti 0.00 1.09 0.17 0.22 0.00 1.32 0.31 0.27 0.00 1.63 0.01 0.01 0.00 1.55 0.36 0.26

Zone 6 Zone 7 Zone 8 Zone 9

Min. Max. x ̄ σ Min. Max. x ̄ σ Min. Max. x ̄ σ Min. Max. x ̄ σ

Al 0.00 14.40 4.49 1.64 0.00 7.85 4.18 1.50 0.00 8.52 4.67 1.47 0.00 14.03 3.73 1.46

Ba* 0.00 2471 778 453 0 1443 579 332 0 4627 1009 870 0 3912 533 459

Ca 0.00 7.91 2.37 0.94 0.00 8.76 2.52 0.83 0.00 6.80 2.42 1.15 0.00 8.21 2.28 0.98

Cu* 0.00 9543 1509 1104 0 32704 2504 2733 0 6274 2229 1331 0 7408 1743 1145

Fe 0.00 9.60 2.69 1.26 0.00 11.47 3.58 1.61 0.00 8.62 2.54 1.31 0.00 8.06 2.69 1.32

K 0.00 10.24 4.21 2.60 0.00 9.39 3.52 2.30 0.00 9.63 4.24 2.27 0.00 8.06 2.91 2.06

Mg 0.00 10.11 3.00 1.59 0.00 8.06 2.85 1.49 0.00 9.80 3.92 1.88 0.00 9.82 3.81 1.74

Mn 0.00 0.35 0.04 0.03 0.00 0.19 0.04 0.03 0.00 0.22 0.02 0.03 0.00 0.13 0.03 0.03

Na 0.00 53.18 47.29 10.86 0.00 53.06 47.29 9.50 0.00 56.49 48.24 9.55 0.00 55.17 48.12 10.90

S 0.00 8.32 1.75 1.64 0.00 14.63 2.77 2.53 0.00 7.40 1.47 1.35 0.00 6.01 1.77 1.47

Si 0.00 37.08 27.30 7.08 0.00 36.59 27.74 6.47 0.00 35.70 26.72 6.27 0.00 36.90 27.90 7.48

Ti 0.00 0.03 0.34 0.01 0.00 1.35 0.22 0.23 0.00 1.35 0.21 0.20 0.00 1.34 0.01 0.00

Zone 10 Zone 11

Min. Max. x ̄ σ Min. Max. x ̄ σ

Al 0.00 9.97 4.15 1.46 0.00 8.68 4.25 2.22

Ba* 0.00 5426 1937 1275 0 10125 3833 2149

Ca 0.00 8.43 2.84 1.33 0.00 10.26 3.43 1.85

Cu* 0.00 5474 1522 950 0 4644 618 766

Fe 0.00 6.58 2.31 1.56 0.00 4.24 1.73 0.85

K 0.00 9.35 5.41 2.15 0.00 11.08 5.26 3.10

Mg 0.00 8.03 4.09 1.65 0.00 10.95 4.72 2.27

Mn 0.00 0.12 0.03 0.03 0.00 0.14 0.04 0.03

Na 0.00 55.11 48.70 11.38 0.00 56.40 49.49 10.38

S 0.00 3.93 0.29 0.60 0.00 7.53 0.54 1.26

Si 0.00 36.82 23.87 6.22 0.00 30.35 23.13 5.25

Ti 0.00 2.03 0.35 0.26 0.00 0.90 0.33 0.19

Zone 1 Zone 3 Zone 4 Zone 5
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in Subzone 1A (x̄ = 3.95 wt %) compared to average values of < 2.80 wt % found in the other 

subzones and the low Cu content (x̄ = 999 ppm) in the same subzone (1B and 1F exhibit average 

Cu > 1 450 ppm).  

 

Table 6. Filtered chemical elements and their 

concentrations in Zone 1. 

 

 

    Subzone 1F shows the highest concentrations of both S and Cu (x̄ = 3.26 wt % and 1 948 

ppm respectively). Another difference is the contrast between Ba averages in Subzones 1A and 

1B (x̄ = 750-850 ppm) compared to x̄ = 68 ppm found in Subzone 1F. 

    Throughout Zone 1, three main regions are highlighted due to their individual values > 2 

000 ppm Cu. The first one occurs at 13.56 to 13.85 m and has an average of 2 315 ppm. A 

second region of similar characteristics exists at 14.36 to 14.94 m and its Cu concentration is 

x̄ = 2 059 ppm. Finally, the most promising Cu-enriched region comprises a 37 cm-wide 

interval (26.77 to 27.14 m depth) with a content of x̄ = 2 526 ppm Cu, including the maximum 

Cu content of Zone 1 (> 5 200 ppm).  

    In general, Zone 1 has two correlation indexes > 0.70 that are considered for analytical 

purposes. Thus, in decreasing order, the most important correlation indexes are: O-Si (0.87) 

and Ba-K (0.83).  For Subzone 1A, element correlations are Ba-Rb (0.82), K-Ti (0.78), K-Rb 

(0.71) and Ba-Ti (0.71). For Subzone 1B, element correlation > 0.70 are O-Si (0.89), Ba-K 

(0.82) and K-Sr (0.72). For Subzone 1F the high element correlations are O-Si (0.89), Ba-K 

(0.83), K-Sr (0.75), K-Zr (0.72), K-Rb (0.71) and Al-K (0.70).  
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Figure 11. A) Comparison of 1A, 1B and 1F according to their main elements 

concentrations, where it is not possible to visualize a big difference B) Same 

comparison, but just considering S, K (as these subdivisions were determined by 

sulphides and potassic alteration contents) and Cu, Ba (traces). 

 

    Zone 2 (27.25-37.00 m dioritic porphyry with propylitic alteration):   

    Due to the fractured nature of this interval, no geochemical results for this zone were 

obtained using the XRT/XRF scanning method.  

 

    Zone 3 (37.00-54.20 m dioritic porphyry with propylitic alteration):   

    An overview of Zone 3 shows that 50.03 % is represented by O, while the rest is mainly 

distributed as Si (x̄ = 27.80 %),K (x̄ = 5.09 %), Al (x̄ = 4.62 %), Mg (x̄ = 3.18 %), Fe (x̄ = 2.97 

%), Ca (x̄ = 2.67 %) and S (x̄ = 1.17 %). Other notable elements are Na and Ti (averages ca. 3 
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000 ppm, for both), while the trace element concentrations are the following: Cu (x̄ = 1 715 

ppm), Ba (x̄ = 1 022 ppm), Co (x̄ = 587 ppm) and < 200 ppm of Sr, Zr and Rb. In contrast to 

Zone 1, Zone 3 shows more geochemical variation among its three subzones. In particular, 

Subzone B is enriched in both Mg an S compared to Subzones 3A and 3C. In contrast, Subzone 

3B is depleted in K, Ca and Cu. Its K average is 1,83 % versus the other zones that show K 

averages > 5.00 %. For Cu, Subzone 3B has an average below of 700 ppm while Subzones 3A 

and 3B have Cu average concentrations of 1 765 and 678 ppm respectively. Table 7 

summarizes the general geochemical content of Zone 3. 

 

Table 7. Filtered chemical elements and their 

concentrations in Zone 3.  

 
 

    According to the criteria used in Zone 1, there are 6 regions with anomalous Cu contents: at 

37.52-37.90 m there is an average of 2 363 ppm of Cu, while deeper there is a thicker zone of 

almost 1.00 m (from 38.36 to 39.46 m) with x̄ = 2 452 ppm of Cu. 3A also presents other three 

regions with Cu content > 2 000 ppm: from 40.00 to 44.42 m (x̄ = 2 573 ppm of Cu), from 

48.06 to 49.72 (x̄ = 2 779 ppm of Cu), which locally it is possible to find exceptional Cu 

concentrations between 6 800-7 000 ppm (Figure 12).  

    Furthermore, Zone 3A includes a thin band of ca. 15 cm between 47.37-47.53 m depth with 

an average Cu content of 2 774 ppm. Subzone 3B shows no significant Cu concentrations and 

Subzone 3C includes a 0,40 m-wide interval at 53.21-53.62 m depth with an average Cu content 

of 3 041 ppm, with a maximum concentration of 8 700 ppm. 
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Figure 12. Anomalous Cu-enriched region in Subzone 3A displayed in Insight® software. At 

the right side, the scale of greys visually represents concentrations for each element: the darker 

the color, the higher the concentration; thus, white means absence of a certain element at a 

specific depth. Modified from Insight ® 
 

    Regarding correlation indexes, Zone 3 shows five values > 0.70: O-Si (0.87), Ba-K (0.79), 

Al-K (0.76), Ca-Fe (0.70) and Ca-Sr (0.70). Particularly, Subzone 3A has the same correlation 

values for those pairs, except Ca-Fe. 3B concentrates most of the correlations in Zone 3, the 

list comprises 27 correlated pairs of elements. Notable indexes (> 0.85) includes in decreasing 

order: Ba-K (0.92), Al-Na (0.90), K-Sr (0.88), Al-K (0.87), Ba-Ti (0.87), O-Si (0.86) and Cu-

K (0.85). Besides this latter correlation, Cu is also associated with Al, Ba, Sr and Zr (correlation 

indexes of 0.81, 0.72, 0.80 and 0,.7; respectively). Finally, 3C includes the pairs Al-Ca (0.71), 

Ba-K (0.75), Ca-Sr (0.73) and O-Si (0.88). 

    Zone 4 (58.00-82.00 m; dioritic porphyry with propylitic alteration and silicic veins 

crosscutting):  

    As stated at the beginning of Section 4.2.1 , the average concentrations of Zone 4 do not 

differ that much compared to the previous zones.98.15 wt % of this area comprises O (x̄ = 
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49.47 wt %), Si (x̄ = 28.52 wt %), Al (x̄ = 4.50 wt %), K (x̄ = 3.69 wt %),  Mg (x̄ = 3.48 wt %), 

Fe (x̄ = 3.23 wt %), S (x̄ = 2.71 wt %) and Ca ( x̄ = 2.53 wt %). Besides Na and Ti (ca. 2 8000 

pm in average for each element), the main traces in this zone are Cu (x̄ = 1 758 ppm), Ba (x̄ = 

702 ppm), Co (x̄ = 389 ppm), Mn (x̄ = 371 ppm) and Sr (x̄ =109 ppm). 

    The main geochemical difference among the subzones in Zone 4 are S and Fe contents: the 

extremes show average concentrations of 2.40-2.80 %, while Subzone 4B has 1.80 % and 4C 

the highest S average in Zone 4 (4.35 %). Fe presents intercalated values of averages starting 

from 3.69 % changing to ca. 2.80 %. Meanwhile, Cu seems to be homogeneous along Zone 4, 

with the highest average concentration in 4B (x̄ = 2 162 ppm). The differences of S, Fe and Cu 

in depth are shown in Figure 13.  

    Several intervals in Zone 4 contain Cu concentrations > 2 000 ppm. For example, Subzone 

4A includes three parts highlighted by their high copper content: 58.37-58.50 with 2 459 ppm 

Cu, 59.17-59.61 containing 2 693 ppm Cu and the thicker section in this subzone includes 1 

713 ppm at 60.04-62.74 m depth (Figure 14). 4B accumulates copper in 2 different thick layers, 

the first one corresponds to 2 319 ppm Cu at 63.28-66.87 m depth while the second one is 

thinner (68.22-69.68) but reaches higher Cu-peaks (ca. 6 900 ppm) and an average 

concentration of 3 109 ppm Cu. Finally, in 4C stands out a singular 1.20 m thick layer of 2 333 

ppm Cu at 73.09-74.24 m depth.  

 

 
Figure 13. Differentiation of four subzones (4A – 4D) in Zone 4 according to their S, Fe and Cu 

contents. These elements are related to the main sulphides present along the drill core. 

 



 

 32 

 
Figure 14. Cu-enriched region between 60.04-63.72 m depth. The XRT/XRF technology recognizes some 

disseminated sulphides and sulphide veins as the one highlighted in the image at 62.59-62.66 m depth. Both 

parallel structures are dipping at 67.32°. Extracted from Insight®. 

 

    In general, Zone 4 shows three pairs of elements correlated, which are also individually 

present in every subzone: O-Si (0.88), Ba-K (0.79), Ca-Fe (0.71). Decomposing by subzone, 

4A includes moreover Al-K (0.72) and K-Zr (0.71); while along 4B there is a significative 

correlation between Ba-Ti (0.71). Meanwhile, within 4C there are six additional correlated 

pairs with values > 0.70, these include Ba-Rb (0.79), K-Rb (0.77), Ca-Fe (0.76), Ba-Zr (0.73), 

Fe-S (0.73) and K-Sr (0.71). In the case of 4D, the correlated pairs Ba-Sr (0.75) and Ca-Sr 

(0.71) are highlighted.  

    Zone 5 (82.00-112.30 m; dioritic porphyry with propylitic alteration):  

    98.89 wt % of this zone is composed of O (x̄ = 49.76 wt %), Si (x̄ = 28.95 wt %), K (x̄ = 

4.55 wt %), Al (x̄ = 4.54 wt %), Mg (x̄ = 2.94 wt %), Fe (x̄ = 2.88 wt %), Ca (x̄ = 2.47 wt %) 

and S (x̄ = 1.8 wt %). Besides Ti (x̄ = 3 798 ppm) and Na (x̄ = 2 854 ppm) found here, other 

traces includes Cu (x̄ = 1 692 ppm), Ba (x̄ = 794 ppm), Co (x̄ = 462 ppm), Mn (x̄ = 412) and 

Sr (x̄ = 146 ppm).  
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    Although this section was divided in three by mapped features (Appendix 2), geochemically 

the subdivisions do not exhibit big differences. There is just a slight change between S 

concentration in 5A (2.08 %) compared to values < 1,80 in both Subzones 5B and 5C.  

    At least eight intervals within Zone 5 have Cu values > 2 000 ppm. Four occur in Subzone 

5A: at 82.37-83.32; 83.55-83.65; 86.22-86.56 and 89.45-90.48 m depth. These regions have 

respective Cu average values of 2 509, 2 311, 3 327 and 2 352 ppm. The first two Cu-enriched 

layers are considered separately, but it is also possible to evaluated them together as they are 

pretty close from each other. If this second approach is done, then the Cu content decreases 

below 2 000 ppm.  One layer with high Cu values is found between Subzones 5A and 5B, 

specifically at 91.13-92.48 m depth and it reaches an average of 2 083 ppm Cu. The rest of the 

Cu-enriched regions are in Subzone 5C, as for example at 100.17-102.02 (x̄ = 2 329 ppm Cu) 

and 111.77-112.24 (x̄ = 2 199 ppm Cu), but the most Cu-enriched one occurs at 104.43-107.28 

as its average is the highest in the whole zone (x̄ = 3 616) and most of its content is between 3 

500-8 200 ppm Cu. 

    Five correlation pairs are highlighted for Zone 5, this list includes: O-Si (0.88), Ba-K (0.79), 

Al-K (0.77), Ba-Sr (0.70) and Ca-Fe (0.70). Table 8 summarizes the highlighted correlations 

pair for Zone 5 and its Subzones 5A,5B and 5C. 

 

Table 8. Correlation pairs filtered for Zone 5A and its respective 

Subzones 5A, 5B and 5C.  

 

Correlation pair Zone 5 5A 5B 5C

Al-K 0.77 0.70 0.78 0.80

Ba-K 0.79 0.73 0.75 0.85

O-Si 0.88 0.87 0.89 0.88

Ba-Sr 0.70 0.74

Ca-Fe 0.70

Ba-Rb 0.72 0.72

Al-Ba 0.72 0.71

Fe-Na 0.71

Al-Ba 0.72

Ba-Sr 0.74

Ba-Zr 0.71

Ba-Sr 0.74

Ba-Zr 0.71

K-Rb 0.71

K-Sr 0.75

K-Ti 0.72

K-Zr 0.74
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    Three out of these five pairs are found individually in each subdivision (Al-K, Ba-K and O-

Si). Specifically, Subzone 5A shows 3 main correlations already described for the whole zone: 

Al-K, Ba-K and O-Si, which ranges from values between 0.70 to 0.87. 5B includes other three 

highly correlated pairs of elements: Al-Ba (0.72), Ba-Rb (0.72) and Fe-Na (0.71), while in 5C 

several correlations are highlighted. Some of them includes correlations between barium, 

potassium and other elements, for example: Al-Ba (0.71), Ba-Rb (0.72), Ba-Sr (0.74), Ba-Zr 

(0.71), K-Rb (0.71), K-Sr (0.75), K-Ti (0.72) and K-Zr (0.74). 

    Zone 6 (112.30-140.00 m; dioritic porphyry with propylitic alteration):  

    This zone mainly comprises O (x̄ = 49.64 %), with the other 48.38 % comprising Si (x̄ = 

28.96 %), K (x̄ = 4.54 %), Al (x̄ = 4.75 %), Mg (x̄ = 3.01 %), Fe (x̄ = 2.76 %), Ca (x̄ = 2.45 %) 

and S (x̄ = 1.92 %). Comparing with Zone 5m the geochemistry of major elements of Zones 5 

and 6 are almost identical (Figure 15). Nonetheless, both zones will be analyzed separately in 

order to apply the same classification criteria along the whole core.  

    Furthermore, comparing among the five different subzones in Zone 6 (i.e.: 6A, 6B, 6C, 6D, 

6E), there are not relevant geochemical differences to back up this separation. The most 

important trace elements are Ti and Na (averages of 3 504 and 2 682 ppm respectively), 

followed by Cu (1 596 ppm), Ba (837 ppm), Mn (375 ppm), Co (262 ppm) and Sr (144 ppm). 

The Cu content in the different subzones is relatively homogenous, ranging from 1 352 ppm in 

6D to 1 869 ppm in 6B. 

 

 
Figure 15. Comparison of elements > 1.00 wt % + Na for Zones 5 and 6. The graph shows that both zones are 

geochemically almost identical.  

 

    Eight regions are identified here as potential interesting Cu accumulations. As previously 

was mentioned that there are no significant geochemical differences among the subzones, the 

Cu-rich regions will be just described in terms of depth and Cu content here (Table 9). Zone 6 

starts with a thin layer of 10 cm with an average Cu content of 2 828 ppm (at 112.35-112.47 
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m), then deep down just two Cu layers are described due to their thickness and Cu content. 

First, at 122.50-123.10 m depth there is an average of 3 377 ppm, with punctual concentrations 

> 6 000 ppm. Then, at 124.63-125.30 m depth is found a layer of 3 005 ppm Cu with a peak of 

4 979 ppm Cu. 

Table 9. Detailed Cu-enriched regions found in Zone 6. 

From (m) To (m) Cu content 

(ppm) 

Subzone 

112.35 112.47 2 828 6A 

113.66 114.03 2 419 6A 

122.50 123.10 3 377 6A 

124.62 125.30 3 005 6A 

126.23 126.81 2 521 6B 

127.53 128.68 2 770 6C 

131.88 132.29 2 551 6D 

139.07 139.87 2.589 6E 

 

    Finally, Zone 6 exhibits eight pairs of highly correlated chemical elements, including: O-Si 

(0.89), Ba-K (0.82), Ba-Zr (0.74), Ba-Rb (0.73), K-Ti (0.73), K-Rb (0.72), Al-K (0.71) and K-

Zr (0.70). All of them, excepting the last one, are almost found individually in each subzone. 

For example, O-Si ranges between 0.87-0.92; Ba-K from 0.71 to 0.89 and Ba-Zr between 0.70-

0.79.  

    Zone 7 (140.50-152.50 m; dioritic porphyry and exclusively propylitic alteration):  

    O represents 48.92 % in Zone 7, while the rest of the analyzed elements > 1.00 wt % are, in 

decreasing order: Si (x̄ = 29.19 wt %), Al (x̄ = 4.21 wt %), Fe (x̄ = 3.78 wt %), K (x̄ = 3.83 wt 

%), S (x̄ = 3.28 wt %), Ca (x̄ = 2.58 wt %) and Mg (x̄ = 2.96 wt %). Table 10 summarizes the 

general filtered elements in Zone 7. Particularly, the concentrations of both S and K allows to 

geochemically differentiate Subzones 7A and 7B. S drops from 4.19 wt % in 7A to 2.32 wt % 

in 7B, while K increases from 2.79 to 4.00 wt %. 
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Table 10. Filtered chemical elements and their concentrations in Zone 7. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

    Here, the main traces are Na (x̄ = 2 252 ppm) and Ti (x̄ = 1 793) which comparatively 

decreases its content compared to zones 5 and 6. On the other hand, there is more Cu 

concentration in Zone 7 (x̄ = 2 766 ppm) compared to the immediate previous zones. Other 

important traces here are Ba (x̄ = 589 ppm), Co (x̄ = 531 ppm) and Sr ( x̄ = 106 ppm).  

    Regarding Cu contents, three main intervals are highlighted in Zone 7: two thin layers at 

140.05-140.15 m depth (x̄ = 2 470 ppm Cu) and 140.56-140.70 (x̄ = 4 113 ppm Cu) in Subzone 

7A and a thicker one between Subzones 7A and 7B. Similar to expressed in Figure 14, the first 

Cu-enriched thin layer at ca. 140 m depth is mainly related to sulphide veins (Figure 16). 

Particularly, this later layer is situated between 141.18-144.43 m and has 2 831 ppm Cu, with 

punctual locations reaching even 1.80 to 2.10 % of Cu (Figure 17).  

    There are not so many significant correlation pairs in this zone, generally just O-Si (0.86) 

and Al-K (0.70), while specifically 7A includes O-Si (0.83) and Cu-Fe (0.72). Finally, Subzone 

7B has three highly correlated elements: O-Si (0.90), Al-K (0.75) and Ba-K (0.73). 

Element Unit Type of element Zone 7 

    /depth (m) 140.50-152.50 

O (%) Inferred 48.93 

Na g/t) Inferred 2 253 

Mg (%) Inferred 2.96 

Al (%) Inferred 4.21 

Si (%) Inferred 29.19 

S (%) Measured 3.29 

K (%) Measured 3.38 

Ca (%) Measured 2.58 

Mn g/t Measured 424 

Fe (%) Measured 3,74 

Cu g/t Measured 2 766 

Br g/t Measured 20 

Rb g/t Measured 32 

Sr g/t Measured 106 

Zr g/t Measured 59 

Tl g/t Measured 0 

Ba g/t Measured 589 
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Figure 16. Two parallel Cu-enriched layers at 140,50-140,15 m depth, dipping at 40.70°. Extracted from 

Insight®. 

 

    Zone 8 (152.50-165.00 m; granodioritic porphyry with propylitic alteration):  

Zone 8 has no subdivisions as its mapped features are homogenous along the zone, thus its 

composition is defined by O (x̄ = 50.08 %), Si (x̄ = 28.15 %), Al (4.83 %), K (x̄ = 4.49 %), Mg 

(x̄ = 4.05 %), Fe (x̄ = 2.49 %), Ca (x̄ = 2.39 %) and S (x̄ = 1.54 %). Average abundances of Na 

and Ti are 2 973 ppm and 2 039 ppm, respectively. Cu has an average concentration of 2 226 

ppm. Other important trace elements are Ba (x̄ = 1 050 ppm), Co (x̄ = 221 ppm), Mn (x̄ = 211 

ppm) and Sr (x̄ = 136 ppm).  

    Cu concentration variability highlight three main intervals in Zone 8: two thin layers at 

154.47-154.67 m and 154.95-156.63 m with average Cu contents of 3 108 and 2 670 ppm, 

respectively. At the end of Zone 8, a relatively wide interval between 157.11-164.5 m depth 

has an average Cu content is 2 941 ppm. Some values in this region can reach between 5 000 

to 6 000 ppm Cu and Cu content it is the most economically important metal of Zone 8.  

    For Zone 8, six highly correlated pairs of elements are recognized. These are (in decreasing 

order): O-Si (0.85), Ca-Sr (0.79), Ca-Cu (0.78), Cu-Sr (0.76), Ca-Fe (0.71) and Ba-Cu (0.70).  

 

 



 

 38 

 
Figure 17. Limit of zones 8 and 9, where it is possible to identify that the last Cu-enriched region in Zone 

8 continues in Zone 9, reaching an average of ca. 2 200 ppm and a ppm of 5 393 ppm Cu. Modified from 

Insight ®.  
 

    Zone 9 (165,00-201,00 m; dioritic porphyry with propylitic alteration and silicic veins 

crosscutting):  

    For Zone 9, inferred O reaches an average of 50,49 wt %, followed by main elements Si (x̄ 

= 20.87 wt %), Mg (x̄ = 3.87 wt %), Al (x̄ = 3.85 wt %), K (x̄ = 3.05 wt %), Fe (x̄ = 2.70 wt 

%), Ca (x̄ = 2.31 wt %) and S (x̄ = 1.93 wt %). The mapped features allowed to divide Zone 9 

into three subzones (9A, 9B and 9C), but only the first two were scanned. Those show some 

differences in both S and K content: Subzone 9A has average S and K concentrations of 1.71 

% and 3.24 %, respectively.  Subzone 9B has average S and K concentrations of 2.86 % and 

2.30 %, respectively.  

    The three main trace elements in Zone 9 are Ti (x̄ = 3088 ppm), Na (x̄ = 2 806 ppm) and Cu 

(x̄ = 1 798 ppm). Other trace elements with measured values >100 ppm are Ba (x̄ = 542 ppm), 

Co (x̄ = 358 ppm), Mn (x̄ = 277 ppm) and Sr (x̄ = 106 ppm). 

    Three regions contain potentially economically viable Cu contents. Subzone 9A hosts two 

of them at 169.31-174.03 and 184,50-188,23 (Figure 18) with average Cu concentrations of 2 
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219 and 2 380 ppm, respectively. The first Cu-enriched region identified in Zone 9 corresponds 

to the extension of the last Cu-enriched layer in Zone 8, as expressed in Figure 17.   

    Subzone 9B has a ca. 0.60 m interval enriched in Cu with an average concentration of 2 142 

ppm at 197.86-198.483 m depth. All of these Cu-enriched regions show Cu values between 3 

500-3 700 ppm. 

    In general, Zone 9 has three important correlated pairs of elements: O-Si (0.83), Ca-Sr (0.72) 

and Ca-Fe (0.71). Particularly, Subzone 9A also exhibits high correlations of K-Zr (0.70) and 

Mn-Ti (0.70), whilst Subzone 9B has eight pairs of elements highly correlated. Besides O-Si 

(0.91) and Ca-Fe (0.79), considerable ones are Cu-K (0.87), Ba-K (0.82) and and K-Rb (0.71). 

 

 
Figure 18. Cu-enriched region between 184.50-188.23 m depth. At ca. 185.00 m depth disseminated sulphides 

are highlighted. That mineralization style is more predominant in Zone 9, contrasting to the more spread out 

sulphide veins in previous zones, which is represented in figures 14 and 16. Extracted   from Insight®. 
 

    Zone 10 (201.00-23.,00 m; possible fault zone with mixed lithology and alterations):  

    Originally, two subdivisions were but it was not possible to scan any piece of Subzone 10A. 

Zone 10 is mainly composed of O (x̄ = 51.11 wt %), Si (x̄ = 25.54 wt %), K (x̄ = 5.59 wt %), 

Al (x̄ = 4.35 wt %), Mg (x̄ = 4.12 wt %), Ca (x̄ = 2.91 wt %) and Fe (x̄ = 2.60 wt %).  
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    In Zone 10, S abundances decrease below 1.00 wt %, having an average concentration of 3 

825 ppm. Other elements with average concentrations less than 1.00 % are: Na (x̄ = 4 807 

ppm), Ti (x̄ = 3 943 ppm), Ba (x̄ = 2 004 ppm), Cu (x̄ = 1 695 ppm), Co (x̄ = 354 ppm), Mn (x̄ 

= 326 ppm) Sr (x̄ = 240 ppm) and Zr ( x̄ = 40 ppm).  

    Based on the scanning results, Zone 10 is not particularly enriched in Cu, although a ca. 0.6 

m thick interval (219.10-219.75 m depth) has an average Cu concentration of 2 082 ppm and a 

maximum value of 5 474 ppm. 

    Six main correlations are highlighted for Zone 10, in decreasing order of correlation indexes: 

O-Si (0.88), Al-K (0.86), Mg-Na (0.82), Ca-Sr (0.79), Fe-Mn (0.75) and Fe-Ti (0.74).  

    Zone 11 (238,00-260,00 m dioritic porphyry with both propylitic and phyllic):  

    Around 96.00 wt % of  the deepest zone of XM001 is composed of O (x̄ = 51.56 wt %), Si 

(x̄ = 24.21 wt %), K (x̄ = 5.44 wt %), Mg (x̄ = 46.98 wt %), Al (x̄ = 4.42 wt %), Ca (x̄ = 3.46 

wt %) and Fe (x̄ = 1.75 wt %). Other elements include S (x̄ = 5 253 ppm), Na (x̄ = 4 711 ppm), 

Ba (x̄ = 4 012 ppm) and Ti (x̄ = 3 452 ppm). In the case of Ba, its content is two times higher 

than in Zone 10 and attains a maximum average value in Zone 11 (10 125 ppm). 

    Below 0.10 wt % there are traces of Cu (x̄ = 652 ppm), representing the most depleted zone 

in Cu of the whole section, Mn (x̄ = 396 ppm), Sr (x̄ = 255 ppm), Zr (x̄ = 195 ppm) and Rb (x̄ 

= 111 ppm). Intervals with Cu contents of potential economic interest are mainly concentrated 

in a thin layer between 252.30-252.56 m depth, which has an average of 2 028 ppm Cu and its 

highest Cu peak is 4 644 ppm. This drop-off of Cu content can be related to the predominance 

of advanced argillic alteration in detriment of both propylitic and potassic. 

    Statistically significative elemental correlations in Zone 11 also occur, most linking elements 

such as Ca, Sr, Rb and Sr. The main correlated pairs of elements in Zone 11 are: Al-K (0.82), 

Rb-Zr (0.82), Ca-Rb (0.80), O-Si (0.80), Mg-Na (0.73), Ca-Ti (0,71), Ca-Zr (0.71) and Sr-Zr 

(0.70).  

 

4.2.2 Mineralogy 

In total, the best fit mineral data from the GeoCore X10 includes a list of 53 minerals along the 

drill core. This data is tabulated in depth in terms of presence and absence as the device doesn’t 

show any type of mineral proportion, such information is found in Appendix 4. The mineral 

compositions described in this section are derived from the formulae provided by GeoCore 

X10. It is necessary to remark as well that the mineral list provided by the scanning device use 

an internal nomenclature for individual members of different mineral groups, which are 
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presently not adjusted to the scientific nomenclature recommendations of the International 

Mineralogical Association. In the case of pyrrhotite, the one provided by the scanning device 

will be utilized in this section. Overall, used mineral formulae in the instrument may vary 

significantly from scientifically accepted species. 

    The mineralogical output is given in section ranging from 0.10 to 2.00 m and the information 

was treated using the same zones previously defined (Zone 1 to Zone 11). Overall, eight out of 

the 53 minerals are found in every single batch of scanned samples. These are (in alphabetically 

ordered): goethite (FeO[OH]), hematite (Fe2O3), montmorillonite 365 

(Na0,33Mg2Si4O10[OH2][H2O]), quartz (SiO2) , rubicline (RbAlSi3O8) , rutile (TiO2), smectite 

366 (Ca0,33Mg2Si4O10[OH]2[H2O] and zircon (ZrSiO4). The probability of having actual 

presence of such minerals is high except for rubicline, a rubidium feldspar only occurring in a 

few LCT-type pegmatites globally. 

    Other mineral phases found along XM001 include: anhydrite (CaSO4), anorthite 

(CaAl2Si2O8), barite (BaSO4), calcite (CaCO3), celestine (SrSO4), chamosite 117 (Mg6Al5O18), 

clinochlore (Mg5Al[AlSi3]O10(OH)8), native copper (Cu), cuprite (Cu2O), orthoclase 

(KAlSi3O8), pyrite (FeS2), pyrolusite (MnO2), pyrrhotite (Fe7S8), siderite (FeCO3), and 

sodiumbromide (NaBr). Most of this mineralogy is likely to occur except for barite, 

sodiumbromide and celestine. The reasons behind this filtering are the considerations of Br 

derived from contamination of the carbon-fiber tubes and because Ba and Sr are likely 

substituents in major mineral phases. Also, cuprite as well as native copper are excluded as 

those minerals are formed in different redox-pH conditions. The way the different minerals are 

represented in Insight ® is illustrated in Figure 19. 

    The rest of the identified minerals according to this method range from regular occurrence 

to singular determinations. The list includes, alphabetically ordered: argutite (GeO2), 

arsenopyrite (FeAsS), biotite 183 (KMg3AlSi3O10[OH]2), biotite 184 (KF3[AlSi3]O10[OH]2), 

bornite (Cu5FeS4), cassiterite (SnO2), chalcocite (Cu2S), chalcopyrite (CuFeS2), chamosite 113 

(Fe6Si4O18), chamosite 144 (Mg6Si4O18), chamosite 115 (Al6SiO18), chromite (FeCr2O4), 

columbite-(Fe) (FeNb2O6), covellite (CuS), greenockite (CdS), hydroxylapatite 

(Ca5[PO4]3[OH]), indite (FeIn2S4), molybdenite (MoS2), Co-olivine (Co2SiO4), patronite 

(VS4), palladium (Pd), rhodium (Rh), ruthenium (Ru), ‘selenite’ (CaSO4[H2O]) corresponding 

to gypsum sensu stricto, selenium (Se), native silver (Ag) and yttrialite (Y2Si2O7). From this 

list, native elements as the above mentioned platinoids and selenium are not considered. Other 

discarded minerals are those containing major elements such as Co, Cd, Y, Sn, which most 
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likely have low occurrence probability due to geological context, these include: argutite, 

cassiterite, columbite-(Fe), greenockite, indite, Co-olivine and patronite. 

 

 

 
Figure 19. XRT image at 157.61-157.70 m depth, which includes a sulphide vein (most likely pyrite and 

chalcopyrite) dipping at 57.12 with undefined micas and/or K-feldspars and a matrix of rock forming minerals 

as plagioclases, quartz and K-feldspar. Modified from Insight®. 
 

    Details of different zones are roughly shown, as the output data does not bring any mineral 

concentration; thus, the analysis is explained just by the presence or absence of the different 

phases along the drill). The following results neglects all the discarded mineralogy mentioned 

above. 

    Complementary, some observed features while mapping are compared to the 3D scanned 

images (figures 20 and 21). The scanned drill core images displayed in Insight® could not 

initially differentiate the occurrence of pyrite veinlets and magnetite-hematite, but this is 

possible to overcome adding the local concentrations of Fe and S, which is also backed-up with 
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direct observations. Additionally, in some areas as at 118.50 m depth it was observed veins 

constituted by pyrite in the center and quartz at the borders, but the software does not 

distinguished quartz but exclusively the sulphurs in veins. 

 

 

 
Figure 20 (Previous page).  Comparison of mapped features related to the 

DOP at different depths, as the core photographed was not scanned.  A) Quartz 

veins related to thin magnetite veinlets and a potassic altered matrix at 23.40 

m depth. B) Almost vertical magnetite veinlets within a mixed chloritic and 

potassic matrix at 16.25 m depth. Nearby this scanned section, quartz veins 

were not clearly identified by Insight® although they were recognized while 

mapping.  

 

    Each scanned core pieces of Zone 1 contains anhydrite, bornite, calcite, chlorite group 

members, goethite, hematite, smectite group members, orthoclase, pyrite, pyrrhotite, quartz, 

rutile and zircon. Zones 2 and 3 presents the same characteristics, although in Zone 3 a lack of 

chlorite and anorthite is also absent. Such phases reappear in Zone 4, while muscovite 

disappears. Another characteristic of Zone 4 is the widespread presence of chalcopyrite and 

both magnesian and ferric biotite. Zones 5 and 6 show the same characteristics as Zone 1, 

although less biotite is noted. 

    The interval between Zone 7 and Zone 1are generally pretty similar to Zones 5 and 6, 

excepting Zones 7 and 8 that have ubiquitous sphalerite. Zones 9,10 and 11 do not show much 
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differences among them. Furthermore, Zones 9,10 and 10 do not host Fe and Mg-biotite in all 

the scanned sections; contrary to Zones 7 and 8. 

 

 
Figure 21. Comparison of mapped features related to the DOP at different 

depths, as the core photographed was not scanned.  A) Quartz veins including 

pyrite in the center of the structure, surrounded by a matrix highly altered to 

chlorite and K-feldspars at 188.50 m depth. B) Pyrite±chalcopyrite veins dipping 

at ca. 30° within a mixed chloritic and potassic matrix at 188.25 m depth. As in 

Figure 18, quartz veins were not clearly identified by Insight® although they 

were recognized while mapping.  
 

4.3  Polarized light microscopy 

The description of the different thin section by both transmitted and reflected light allowed for 

the petrographic characterization of the three lithological units previously mapped: diorite 

porphyry (DPO), granodiorite porphyry (GDPO) and quartz veins. A summary is given in this 

section while more detailed descriptions are also included in Appendix 5. 

    In general, the zones defined as DPO with chloritic (propylitic) and potassic alteration have 

a relative homogeneous composition. The main phenocrysts are plagioclase and amphiboles 

(Figure 22) ranging from 40.00-65.00 vol. % and 4.00-20.00 %, respectively, and having a 

medium-grain size (1-2 mm).  
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Figure 22. Photomicrograph of polished thin section, showing the characteristic DOP at 115.4 m depth (sample 

XM-5), showing plagioclase and amphiboles as phenocrysts, both fully altered to clay minerals ± sericite and 

chlorite respectively.  

 

    Typically, plagioclase is highly altered to sericite, clay minerals and carbonate while 

amphiboles are almost always fully chloritized with subordinate epidote alteration also present 

(Figure 23). DPO porphyry matrix is characterized by broadly equal amounts of fine-grained 

anhedral crystals of both quartz and K-feldspar, corresponding in total to 30.00-40.00 vol. % 

of the sample. Particularly, K-feldspars are extensively altered to clay minerals and sericite. 

 

 
Figure 23. Photomicrograph of polished thin section, showing original amphibole texture partially preserved 

within DPO (sample XM-1B at 28.75 m depth).  

 

    Deeper zones previously characterized as DPO altered to phyllic and argillic phases are 

represented by the sample XM-10 (Figure 24). The recognition of the original texture is hard 

to determine as the sample is intensely replaced by sericite and clay minerals (50.00 vol. % of 

the sample), while 45.00 vol. % is constituted by fine-grained anhedral quartz.  

    The granodiorite porphyry (GDPO) has three main mineral phases: plagioclase, K-feldspar 

and quartz (Figure 25). The main phenocrysts are medium-grain plagioclases (1.00-2.00 mm) 
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highly altered to clays, sericite and carbonates and they constitute 10.00-20.00 vol. % of the 

sample, while the matrix is a mix of anhedral crystals of quartz and highly altered K-feldspar 

with contents oscillating from 20.00-40.00 vol. % and 30.00-45.00 vol. %, respectively. 

 

 
Figure 24. Photomicrograph of polished thin section, representing DPO totally altered to phyllic and argillic 

phases comprising sericite, clay minerals, quartz and opaque sulphides (sample XM-10 at ca. 220 m).  

 

 
Figure 25. Photomicrograph of polished thin section, representing the granodioritic porphyry (GDPO) with 

plagioclase as main phenocryst and matrix of quartz+K-feldspar (sample XM-9 at ca. 210 m). 

 

    It is also possible to observe oriented arrangements of sericite, following the same direction 

as the metallic mineralogy, which is mainly pyrite. A few chloritized amphiboles are 

recognized, but those don’t exceed 5.00 vol. % of the sample. 

    The latter units are cut by veins mainly formed by subhedral quartz, which is thicker than 

the quartz contained in the matrixes of both porphyries (Figure 26). These veins have spaces 

filled with pyrite, K-feldspar (highly altered to clays and sericite) and chloritized amphiboles.  

    On the other hand, the thin section study by reflected polarized light allowed the 

determination of that at least four main ore minerals along the drill core.  

 



 

 47 

 
Figure 26. Photomicrograph of polished thin section, showing a vein cutting DPO. This vein is mainly comprised 

of inequigranular quartz crystals and spaces filled by amphiboles, K-feldspar and pyrite (sample XM-1A at 16,45 

m). 

 

    Pyrite is the main sulphide with an average content of 1,00 vol. %, followed by chalcopyrite 

(0.50 % on average). It is common to observe chalcopyrite replacing pyrite at the borders and 

also as inclusions in larger pyrite crystals. These sulphides are found within DPO and GDPO 

but also related to quartz veins filling fractures. Example of different mineralizations are 

illustrated in Figure 27. 

 

 
Figure 27. Photomicrograph in reflected planed-polarized light A) Chalcopyrite replacing magnetite crystals, also 

some pyrite is possible to observe (sample XM-5 at 115.4 m depth). B) Inclusions of chalcopyrite in a larger pyrite 

crystal (sample XM-10 at ca. 220 m).  

 

    Most of the samples have in general also around 0.50 % of magnetite with some relicts of 

hematite. In some cases, there is also a transition of magnetite to chalcopyrite.  

 

4.4  XRD results 

Partly more detailed mineralogical information is obtained by XRD analysis (see Appendix 6). 

For example, plagioclase in the DPO unit is identified as predominantly albite, while the K-
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feldspars in samples XM-1A, XM-1B, XM-2, XM-5, XM-6, and XM-7 are distinguished as 

microcline and orthoclase. The respective diffractograms of each bulk sample are included in 

Appendix 6. According to XRD whole rock analysis by means of semi-quanitative Rietveld 

refinement, DPO contains between 10-30 wt % of quartz, around 20 wt % of K-feldspars and 

10.00-35.00 wt % of plagioclase. Amphibole is not recognized but its alteration product, 

clinochlore-Fe and clinozoisite, which combined represent ca. 15-30 % of DPO. Muscovite is 

also recognized (instead of the original feldspar) and just a single sample shows sulphides in 

it, specifically XM-1A with 2.5 wt % of pyrite. The deepest part of XM001 (Zones 10 and 11) 

as comprising abundant phyllic ± argillic alteration is exclusively characterized with quartz 

and muscovite (ca. 35 and 65 % respectively). 

    In contrast to DPO, the GDPO unit contains a greater proportion of quartz (30 -35 wt %) and 

K-feldspars (ca. 25 wt %), while plagioclase and clinochlore-Fe decrease to around 10 wt % 

each. Due to the highly pervasive phyllic and argillic alteration of this unit, sample XM-9 

contains 35 wt % quartz and 65 wt % muscovite. Additionally, XM-7 has less than 3 wt % 

pyrite and no other metallic minerals are determined via XRD.  

    The rest of the samples (XM-3, XM-6 and XM-7) represent quartz veins cutting the different 

subvolcanic units, XM-3 is exclusively containing quartz, while XM-6 and XM-7 do not 

significatively differ in terms of mineralogical composition compared to the samples that 

represent DPO and GDPO. Table 11 summarizes the mineral compositions determined by 

XRD for each sample.  

 

Table 11.  Minerals determined for the different samples took along the drillcore XM-01. Sample 1A, 1B, 2, 4, 5 

and 10 represents DPO, samples 7 and 9 GDPO while 3,6 and 8 are mainly quartz veins. 

 

Mineral/Sample XM-

1A 

XM-

1B 

XM-

2 

XM-

3 

XM-

4 

XM-

5 

XM-

6 

XM-

7 

XM-

8 

XM-

9 

XM-

10 

Quartz 66 30 13 100 32 12 32 32 24 36 37 

Clinochlore-Fe 14 20 30 - 44 17 22 13 6 - - 

Pyrite 2 - - - - - 3 3 - - - 

Microcline 9 25 10 - - 10 9 18 - - - 

Albite-Ca 8 25 36 - 12 35 15 12 51 - - 

Orthoclase - - 12 -  13 24 10 - - - 

Clinozoisite - - - - 22 - - - - - - 

Muscovite - - - - - 14 - 12 19 64 63 
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4.5  EMPA/EDS  

3 out of the 9 samples studied by optical microscopy description were also to be analyzed by 

EMPA/EDS: XM-1B, XM-7 and XM-10. The complete list of results acquired by this 

technique are found in Appendix 7.   

    The first sample was used to understand the chemical composition of the main mineral 

phases constituting the DPO unit including albite, amphibole and feldspar (Figure 28).  

 

 

Figure 28. Back-scattered electron (BSE) image showing K-feldspar phenocrysts (and associated 

minerals) of DPO analyzed by EPMA/EDS. The image also shows the matrix formed by quartz and 

K-feldspar, albite within the phenocryst, ore minerals as chalcopyrite and magnetite and accessory 

minerals as titanite, rutile and monazite.  

 

    The results of XM-1B expressed as oxides (Table 11) show that plagioclase contains ca. 

10.00 wt % Na2O and ca. 0.50 wt % K2O and is thus classified as albite. Amphiboles exhibit a 

high content of FeO (ca. 15.00 wt %) and minor MgO and Cl (0.50 and 1.00 wt %, 

respectively), giving a corresponding composition close to Fe-hornblende (ferrohornblende). 

Two K-feldspar crystals have compositions intermediate between orthoclase and microcline. 

In sample XM-1B, K-feldspar shows a similarity to sanidine (in terms of K2O/Na2O ratios), 

but the presence of sanidine is considered unlikely in the DPO unit as this K-feldspar variety 
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is typically more characteristic of more alkaline igneous rocks. According to the EMPA/EDS 

results, K-feldspar contains around 0.70 wt % BaO (Table 12). 

     

Table 12. Detailed composition of the main mineral phases analyzed by EPMA/EDS in sample XM-1B. 

Mineral SiO2 

(%) 

Al2O3 

(%) 

K2O 

(%) 

FeO 

(%) 

MgO 

(%) 

CaO 

(%) 

Na2O 

(%) 

REE2O3 

(%) 

TiO2 

(%) 

P2O5 

(%) 

Cl 

(%) 

F 

(%) 

BaO 

(%) 

Albite 7.92 

 

13.10 

 

0,48 

 

   11.5 

 

      

Ferro-

hornblende 

10.66 

 

10.66 

 

 16,.1 

 

0.46 

 

     1.02 

 

  

Fluorapatite      6.59 

 

   18.00 

 

 13.00 

 

 

Clinochlore 32.62 

 

32.62 

 

 23.06 

 

3.77 

 

        

Orthoclase 73.72 

 

73.72 

 

12.38 

 
   0.50 

 
     0.74 

 

Monazite        58.33 

 

 41.68 

 

   

Titanite 32.30 

 

2.53 

 

 1.22 

 

0.85 

 

32.86 

 

  30.24 

 

    

Rutile    0.82 

 

    99.18 

 

    

 

    Furthermore, the analyses of XM-1B allow to differentiate the compositions of original 

amphiboles and chlorite, their main alteration, as well as accessory minerals as titanite 

(sphene), rutile, fluorapatite and monazite. Compared to the main amphibole, chlorite has less 

than 50.00 wt % of Fe-hornblende SiO2 and the sum of FeO and MgO approximates to 50 % 

of its composition. 

    Regarding the accessory minerals, these show typical compositions if compared to an on-

line database used to classify mineralogy (www.webmineral.com) and such phases are mainly 

responsible for the whole rock content of Ti, P and rare earth elements (REE). Table 13 

summarizes the chemical composition of the main minerals analyzed in XM-1B.  

    The ore mineralogy found in XM-1B and XM-7 were also analyzed. This group comprises 

the same minerals as found by optical microscopy: pyrite, chalcopyrite, magnetite and 

hematite. Cu content in chalcopyrite ranges from ca. 25-35 wt % and the crystals tend to 

incorporate pyrite as inclusions (Figure 29A). Magnetite displays hematite replacement along 

crystal borders and along fractures (Figure 29B). 

    The composition of a K-feldspar with similar characteristics as the ones found in XM-1B, 

was measured in XM-7 and besides Ba, it contained around 3 wt % of Rb2O+SrO as traces 

(Appendix 7). ‘Biotite’ contains relatively high amounts of MgO (10.48 wt %), probably due 

to chloritization, and traces of titanium (0.12 % wt TiO2). Additionally, some titanite included 

in chalcopyrite was analyzed, which composition is very similar to the one determined in 
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sample XM-1B. Table 13 summarizes the chemical composition of the sulphides analyzed in 

both XM-1B and XM-7. 

 

 

Figure 29. A) Back-scattered electron (BSE) imagine showing a coarse chalcopyrite crystal containing inclusions 

of pyrite, titanite and quartz (sample XM-7). B) Back-scattered electron (BSE) imagine showing magnetite being 

partially replaced by hematite and hosting tiny crystals of pyrite (sample XM-1B). 

 

Table 13. Compositions of chalcopyrite and pyrite found in samples XM-1B and XM-7. 

Mineral Sample Cu 

(%) 

Fe 

(%) 

S 

(%) 

F 

(%) 

Chalcopyrite XM-1B 36.19 18.75 45.05 0.00 

Chalcopyrite XM-7 25.4 25.62 48.98 0.00 

Pyrite XM-7 0.00 32.98 62.56 4.46 

 

    Finally, sample XM-10 includes two types of micas (biotite and muscovite), quartz, pyrite 

and accessory minerals such as rutile and fluorapatite (Figure 30). At this depth, biotite has less 

content of FeO and MgO (< 5.00 wt % combined), while its structure incorporates Na2O. Lesser 

FeO and MgO content in biotite is consistent with the lack of chlorite in this zone. It is possible 

that the high Na-content in muscovite derives from high formation temperature (Alva-Jimenez 

et al., 2020). 

    In sample XM-10, the main ore mineral is pyrite containing ca. 34.61 wt % Fe, while the 

rest is S. In general, it has inclusions of quartz and pyrite, while other minerals fill fractures. 

Evidence of biotite, fluorapatite and rutile is also found in XM-10. Table 14 summarizes the 

chemical composition of analyzed biotite, muscovite and apatite in sample XM-10. 
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Figure 30. Back-scattered electron (BSE) imagine of XM-10, which contains mainly muscovite and 

quartz, but also sulphides as pyrite±chalcopyrite    and some accessory minerals such as rutile and 

apatite. 

 

Table 14. Summary of chemical composition of crystals analyzed in XM-10.  

Mineral SiO2 

(%) 

Al2O3 

(%) 

K2O 

(%) 

FeO 

(%) 

MgO 

(%) 

CaO 

(%) 

Na2O 

(%) 

TiO2 

(%) 

P2O5 

(%) 

Cl 

(%) 

F 

(%) 

BaO 

(%) 

Biotite 61.32 

 

24.95 

 

8.39 

 
2.44 2.31  0.14 

 
0.48     

Muscovite 63.45 

 

25.69 

 

8.55  1.96 
 

 0.36   1.02 

 

  

Apatite      64.07 

 
  1.61 

 
 17.00 
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5 Discussion and recommendations 

5.1 Prior to scanning 

This thesis presents a first attempt to compare the novel XRT-XRF technique developed by 

Orexplore AB in drill core samples from a porphyry deposit with other more traditional 

methods such as microscopy, XRD and EMPA/EMS. An initial consideration was how many 

meters of XM001 were possible to scan, considering drill core from porphyry systems - 

particularly from highly mineralized zones such as that intersected by XM001 - tend to be 

intensely altered and fractured giving low recovery values thus making scanning difficult. 

Empirically, if we assume that a meter of drill core represents an actual meter in depth, then 

for XM001 around 210 m were scanned, which corresponds to ca. 80 % of recovery. However, 

this assumption is unrealistic as approximately 65 % of the material was recovered from the 

drill hole, thus ca. 50% of the original 260 m hole depth was scanned (i.e. ca. 130 m in total).  

    Based on initial geological mapping of XM001, the observed mineralogy is relatively 

simple, although visual recognition with the naked eye has a limited spatial resolution 

compared to GeoCore X10 technology.  But this geological input is extremely valuable prior 

to scanning as the scanning instrument requires internal validation to determine which mineral 

phases are present. This tool allows to define which minerals are too similar, represented by a 

‘distance value’. If a ‘distance values ranges between 0.00-0.05, the software will arbitrary 

select one phase and discard automatically the others. Figure 31 shows an example of scheme 

where silicates as different types of chlorites and other silicates are separated according to 

similarity values (numbers adjacent to lines that connect pairs of minerals). 

    Geological mapping of XM001 highlighted relative lithological and mineralogical 

homogeneity along the drill hole, except for deeper zones affected by intense phyllic (sericitic) 

alteration (as represented in Figure 10). In these deeper regions, higher abundances of micas 

and quartz are expected according to the geological mapping compared to more dominant 

chlorite group minerals observed in the shallowest parts of the drill hole (i.e. relatively 

pervasive, moderate to intense propylitic alteration).  
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      Figure 31. Scheme that allows to differentiate among different minerals by the software according to a ‘distance   

value’. This value depends on the attenuation coefficient and chemical composition of a certain mineral. For 

example, albite-228 and chamosite-124 has a ‘distance value’ of 0.01, which means that the software will 

arbitrary chose one of these two phases. Same applies for any pairs with ‘distance values’ between 0.01-0.05.  

Scheme provided by Orexplore AB. 

 

5.2 XRT-XRF Scanning 

5.2.1 Working with acquired XRT-XRF scanning data 

Another challenge presented by the scanning results relates to maximizing the highly detailed 

textural, structural and geochemical information provided by the GeoCore X10 scanning 

method. A practical solution based on this work is to subdivide the scanned information into 

various zones based on mapped features such as lithology, alteration and mineralization. 

Additionally, those zones can be further subdivided according to further characteristics that 

may be related to ore mineral distributions (i.e. sulphide abundances for XM001) and/or 

alteration type. 

    This approach may have limitations, however, as it is based on macroscopic studies and may 

be biased by the person logging the drill core. Also, geological features considered relevant for 

a specific drill core should depend on the deposit and commodity types, and the purpose of the 

study. Alternatively, it may be appropriate to work directly with the geochemical output data 

and establish zones according to breaks in geochemical trends along the drill core. This 

approach should also be defined on a case-by-case basis. 
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    The present work used one of the alternatives proposed in the previous Chapter (Section 4.2) 

to treat the information derived by Orexplore’s technology. This approach is just one way to 

proceed and it should not be considered as a recommendation to proceed in the same way for 

future studies. Indeed, it is recommended to perform future works that focus exclusively on 

how to deal with the detailed information provided by GeoCore X10 once there is enough 

scanned information of different type of deposits, several drill cores in a same deposit/district, 

etcetera. This would orient earth science professionals to be able to practically work analyzing 

this novel technique and to be able to make different works comparable.  

 

5.2.2 Geochemistry data handling 

Elemental analysis of the different sections scanned are relatively consistent with the expected 

geochemistry of the observed minerals. Thus, the whole drill core shows relatively 

homogenous concentrations of O, Si, Al, K, Mg, Fe, Ca and S as the major detected elements. 

    GeoCore X10 successfully scanned Cu abundances that coincided with drill core intervals 

displaying macroscopic Cu-sulphide mineralization. One example of this is the ca. 1 m-wide 

interval at 157.61-157.70 m depth in Zone 8 (see Figure 17). In the present work Cu-enriched 

regions with average concentrations >2 000 ppm were considered to be as potentially 

economical relevant, which are localized and described in detailed (Section 4.2.1). As this 

information can be exported to Excel, it is possible to adjust and redefine the minimum 

economically significant concentration according to market conditions at any time; constituting 

an advantage for extractive planification in the short, mid and even long-term. It is 

recommended to restrict high-resolution scanning to any (potential) interesting commodity to 

maximize its extraction.  

    Scanned geochemical results for XM001 also show that Co concentrations could be 

considered potentially economically attractive as a by-product, especially considering the 

relevance this metal has for different high-tech applications (Nansai et al., 2014; Jaffe, 2017). 

Unfortunately, the Co content is not present in > 50 % of the scanned hard rock sections and 

thus, it was not possible to analyze it statistically. Furthermore, no valid mineralogical 

information of phases hosting Co was determined by GeoCore X10 nor by the other lab 

techniques used (see Section 5.2.3 below), although previous studies using the same XRF/XRT 

instrument found that pyrite hosts substituted Co (e.g. Andersson et al., 2020). 

    For drill hole XM001, it was possible to establish a number of geochemically correlated 

element pairs based on the XRF scanning results. A brief discussion of the potential 

mineralogical controls of these correlations is presented below. Overall, five main correlations 
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are broadly present alongside the drill hole within each mapped zone (1 to 11). These are (in 

decreasing other of importance): 

    O-Si: This paring likely reflects the main silicate components of the samples. 

    Ba-K: In general, Ba exhibits anomalous contents along XM001 as a trace. Mineralogically, 

the most likely explanation is that Ba replaces K mainly in K-felspars, biotite and likely 

plagioclases (Guo & Green, 1989; Yavuz et al., 2002). Indeed, EMPA/EDS results after 

scanning showed that this alkaline earth metal is included in those phases (See Appendix 7). 

Other locally occurring correlation pairs (K-Sr, Ba-Sr, K-Rb, Rb-Sr and Ca-Sr) indicate similar 

control by feldspar and/or other silicate mineralogy. 

    Ca-Sr: This correlation is included in the group of elemental pairs containing Ba, K and Rb 

and may reflect Sr substitution in feldspar (plagioclase and K-feldspar). Other minerals 

containing Ca can host Sr, for example hornblende and clinozoisite. 

    Al-K: This correlation may reflect potassic alteration, particularly the variable presence of 

K-feldspar and biotite along the drill hole. In zones 4, 6, 7 and 8 (Appendix 2) the high Al-K 

correlations coincide with regions of more occurrence of magnesic and ferric biotite, as it is 

displayed in the figures of Appendix 4.   

    Ca-Fe: No mineralogical significance is presently assigned to this correlation pair. Although 

epidote group minerals may contain both elements, it is presently not possible to support that 

idea based on the mineralogical list provided by the scanning results.  

    Finally, the geochemical output was used to compare differences among major elements of 

the predefined zones. Although zones 5 and 6 were identified as almost geochemically 

identical, these zones were treated separately. But it is suggested that an iterative process can 

be added in future research using the scanning technology to validate macroscopic observed 

difference along a certain drill core or interval and to provide quantitative data to geoscientists 

to improve macroscopic estimations.  

 

5.2.3 Mineralogy data handling 

One feature of the mineralogical output from the GeoCore X10 is the inability to analyze spatial 

abundance information, thus restricting it to evaluating the presence or absence of individual 

mineral species within a scanned interval. In general, however, scanning results are relatively 

consistent for the major identified minerals, which is corroborated by the present optical 

microscopy, XRD whole rock and EMPA/EDS analyses.  
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A key aspect that must be improved in the scanning method is the treatment of trace elements 

as substituents within major mineral phases. This shortcoming led to the erroneous 

interpretation of the presence of minerals such as barite, celestine, rubicline, selenite and 

yttrialite. The analysis of correlations pairs would help to discard the appearance of such 

identifications. Currently, the GeoCore X10 output uses ‘fixed’ end-member mineral 

compositions, which commonly do not occur due to various substitution mechanisms to 

different elements in a given mineral structures of natural phases.  

    In the present study, two specific phases were included in the list provided by Orexplore’s 

system: hematite and ‘selenite’ (as mentioned above). Based on drill core logging, hematite is 

likely to be present, but magnetite is more abundant, and it was not detected while scanning. 

Instead of ‘selenite’, the system should be corrected to interpret that mineral as gypsum. This 

latter phase is likely to occur, although its actual occurrence was not confirmed in the drill core. 

Both cases can be improved in future works adjusting the output results to the mineralogy 

previously defined while mapping the core samples.  

    Traditionally XRD analysis for the argillic fraction allows to correctly identify specific 

phyllosilicate mineral phases, but this procedure requires special sample preparation, (Środoń, 

2006). Thus, it is recommended to consider such an approach in the development of mineral 

list according the different phyllosilicate groups, which would also help to simplify the 

validation schemes prior to scanning. Additionally, it is important to note that the terminology 

used in GeoCore X10 output is informal considering mineral nomenclature guidance provided 

by the International Mineralogical Association (Schertl et al., 2019). Likewise, scanning results 

did not recognize the presence of any member of the Amphibole Supergroup, which were more 

easily identified by the other methods. This can be explained by the high alteration of mineral, 

particularly being replaced by chlorite and epidote; thus, the scanning recognized just such 

phases in detriment of amphibole. Taking such considerations, Figure 32 represents a 

simplified list of minerals provided by GeoCore X10, integrating also their respective 

likelihood of occurrence along XM001. This latter aspect is also supported by the mineralogical 

results of the other lab analysis performed in this study. 
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Figure 32 (continued on next page).  
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Figure 32 (Continued). Simplified list of scanned minerals with their respective corrected formulae. This list also 

integrates likelihood of occurrence: in dark green, phases described by other techniques; yellow represent probable 

phases and orange stands for very unlikely minerals and/or occurring in little concentrations as most are related to 

traces found in XM001. In depth, green represents the present of a certain mineral while black applies for absence. 

 

5.3 GeoCore X10 scanning versus traditional lab techniques 

The optical microscopy and XRD samples (Appendix 5 and 6) were used to calculate 

corresponding elemental compositions and sample densities, based on their mineral contents 

and selecting a ‘standard’ geochemical composition (see Table 11) for those phases based on 

the EMPA/EMS results. Later on, these calculated compositions and densities are compared to 

the scanned information at those same depths (Table 15). The calculations related to optical 

microscopy and XRD derives from non-scanned sections, while the XRT/XRF results derives 

directly from the scanning process. Thus, this attempt should be considered as an approach on 

how to compare geochemical data from GeoCore X10 and other more traditional lab 

techniques. 

    In order to have comparable results, the microscopic description and XRD results considers 

O separately. The comparisons included in Table A are also tabulated in terms of the percentual 

differences of the scanning results and the optical microscopy considering XRD data as a 

reference value (Table 16).  
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Table 15. Comparison of element by element percentages for optical microscopy (OM), XRD and GeoCore X10 

geochemical results and density for the selected sampled from drill hole XM001. Elements with (*) are expressed 

in ppm. 
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Table 16. Relative differences (in %) of the scanned results and optical microscopy (OM) using XRD 

geochemical calculations per element as a reference value. A positive value implies overestimation while a 

negative value represents underestimation. 

 
 

Technique Si Al K Fe Mg Ca Na Cu* S Ba* O ESTIMATED MEASURED

OM 8.81 -47.64 -55.41 -29.52 -65.49 - 1.27 - 9.75 -65.49 -0.78 2.05 -

XRD 0.00 0.00 0.00 0.00 0.00 - 0.00 - 0.00 0.00 0.00 0.00 -

Geocore -16.20 128.87 189.37 -42.36 175.76 - -71.46 - 134.78 380.63 -4.10 -1.50 -8.59

Technique Si Al K Fe Mg Ca Na Cu* S Ba* O ESTIMATED MEASURED

OM -3.22 35.53 -48.87 95.79 -11.15 - 336.30 - - 31.97 -13.54 4.32 -

XRD 0.00 0.00 0.00 0.00 0.00 - 0.00 - - 0.00 0.00 0.00 -

Geocore -19.11 -90.85 -100.00 -58.70 211.41 - -13.29 - - 287.14 7.98 -18.42 -5.02

Technique Si Al K Fe Mg Ca Na Cu* S Ba* O ESTIMATED MEASURED

OM 16.44 -19.73 -57.72 -55.53 -63.75 - 39.47 - - -50.88 0.88 0.56 -

XRD 0.00 0.00 0.00 0.00 0.00 - 0.00 - - 0.00 0.00 0.00 -

Geocore - - - - - - - - - - - - -

Technique Si Al K Fe Mg Ca Na Cu* S Ba* O ESTIMATED MEASURED

OM - - - - - - - - - - - -

XRD 0.00 - - - - - - - - - 0.00 0.00 -

Geocore -43.35 - - - - - - - - - -13.80 14.50 3.05

Technique Si Al K Fe Mg Ca Na Cu* S Ba* O ESTIMATED MEASURED

OM 29.78 30.48 2294.83 -45.93 -55.42 - 221.54 - - -55.42 -10.42 20.54 -

XRD 0.00 0.00 0.00 0.00 0.00 - 0.00 - - 0.00 0.00 0.00 -

Geocore 20.70 44.61 10665.96 -9.40 -55.06 - -20.61 - - -58.61 -20.89 25.52 22.60

Technique Si Al K Fe Mg Ca Na Cu* S Ba* O ESTIMATED MEASURED

OM 5.10 -11.84 -61.37 -11.89 -27.50 - 39.47 - - -1.77 0.34 18.93 -

XRD 0.00 0.00 0.00 0.00 0.00 - 0.00 - - 0.00 0.00 0.00 -

Geocore -15.28 -9.17 394.44 -13.59 -31.72 - -81.29 - - 27.15 -6.09 9.66 14.10

Technique Si Al K Fe Mg Ca Na Cu* S Ba* O ESTIMATED MEASURED

OM 9.50 1.43 192.57 76.50 -12.46 - -100.00 - 1.80 30.03 -11.99 15.56 -

XRD 0.00 0.00 0.00 0.00 0.00 - 0.00 - 0.00 0.00 0.00 0.00 -

Geocore 1.59 -15.18 142.79 22.38 -33.65 - -83.53 - 346.97 -22.44 -15.02 15.10 10.61

Technique Si Al K Fe Mg Ca Na Cu* S Ba* O ESTIMATED MEASURED

OM 0.08 2.99 65.18 66.36 -61.39 - -100.00 - 536.78 -61.39 -11.10 30.55 -

XRD 0.00 0.00 0.00 0.00 0.00 - 0.00 - 0.00 0.00 0.00 0.00 -

Geocore -15.00 74.80 219.39 -11.44 193.58 - -85.47 - >100.000 726.91 -17.00 12.94 9.10

Technique Si Al K Fe Mg Ca Na Cu* S Ba* O ESTIMATED MEASURED

OM -100.00 -100.00 -100.00 -100.00 -100.00 - -100.00 - - -100.00 -100.00 -100.00 -

XRD 0.00 0.00 0.00 0.00 0.00 - 0.00 - - 0.00 0.00 0.00 -

Geocore -40.65 -66.21 232.48 -40.74 -43.17 - -78.52 - - -26.00 73.33 -34.01 -43.01

OM Si Al K Fe Mg Ca Na Cu* S Ba* O ESTIMATED MEASURED

MD 18.75 -73.86 -49.60 - - - - - - - 0.35 -1.91 -

XRD 0.00 0.00 0.00 - - - - - - - 0.00 0.00 -

Geocore -14.46 -54.18 115.43 - - - - - - - -6.26 -12.66 -13.03

Technique Si Al K Fe Mg Ca Na Cu* S Ba* O ESTIMATED MEASURED

OM 8.91 -18.07 -12.37 - - - - - - - -4.30 7.00 -

XRD 0.00 0.00 0.00 - - - - - - - 0.00 0.00 -

Geocore -24.19 -63.76 70.39 - - - - - - - -5.22 -14.79 -10.42
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3
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3
)

Density (g/cm
3
)

XM-1A (16.5 m) DPO. mainly propylitic and high S contet.

XM-1B (17.1 m) DPO. mainly propylitic and low K-alteration.

XM-2 (28.75 m):DPO. mainly propylitic. less K-alteration compared to XM-1A and XM-1B.

XM-3 (76.2 m): Quartz veins crosscutting DPO.

XM-4 (85.9 m) :DPO mainly propylitic. with high K-alteration and low S content.

XM-5 (115.4 m): Relatively fresh DPO.

XM-6 (140.95 m): Quartz-chalcopyrite veins crosscutting DPO.

XM-7 (163.9 m): GDPO. mainly propylytic ± phyllic.

XM-8 (182.75 m): Quartz veins crosscutting DPO.

XM-9 (ca. 211 m): GRDP with phyllic alteration  ± argillic.

XM-10 (ca. 220 m): DPO with argillic alteration.
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  The comparisons summarized in tables 15 and 16 needs to be considered as an approach on 

how to assess the difference between the geochemical scanning results from GeoCore X10 

versus other techniques. It is important to understand that the mineral ponderation by optical 

microscopy corresponds to an estimation and thus, will depend on who is describing the 

samples. Additionally, as explained in sections 3.5 and 3.6, both XRD and EMPA/EDS 

analysis performed in this work have several sources of errors. In the case of XRD, it is 

recommended to analyze the sample samples in different laboratories as suggested by Döbelin 

(2015). To get more accurate geochemical results, it is recommended to complement the 

EMPA/EDS analysis with EMPA/WDS.  

    From the last table, it is possible to observe that the inferred O values obtained by scanning   

tends to be underestimated in most of the samples (difference of ca. -5.00 to -20.00 %) with Si 

and Fe underestimated by about -15.00 % and between -10.00 to -15.00 % respectively. 

Additionally, Al and Mg in general are overestimated, doubling their concentrations according 

to the scan compared to XRD; but in other samples as XM-4, XM-5 and XM-8, however both 

Al and Mg are underestimated. These may reflect the differing analytical conditions for the 

GeoCore X10 and the lab analysis, for example the no use of vacuum can lead to contamination 

of suspended particles and as the core is scanned as a whole, the results would be more focused 

on the core surface rather than the inner part. This latter approach is also valid for the 

mineralogical results, as phases with high attenuation coefficients at the outer parts of the 

samples can absorb signals coming from the center of the core. This latter is avoided in whole-

rock XRD analysis, as the samples are milled to expose the surfaces as much as possible. A 

shortcoming of this comparison relates to the poor recognition of small abundance of e.g. 

sulphides by XRD in this case, which does not allow to validate S and Cu concentrations in 

most of the samples.  

    Additionally, Table 16 shows high discrepancies between K content measured by 

GeoCoreX10 and the recalculated compositions for XRD (for example, in sample XM-4). In 

this case, it possible that the XRD did not properly recognize the mineral phase hosting K due 

to its low concentration in the sample, which was better differentiated by optical microscopy.  

    Besides a numerical representation of the GeoCore X10 performance compared to other 

methods, another purpose of these comparisons is to suggest that the scanning process could 

include sampling of core pieces with distinctive characteristics (as different lithologies and 

alteration/mineralization styles) to calibrate the equipment and constantly train it to improve 

the scanning results. Of course, this suggestion not just imply the use of the same methods used 

in the present work, but it could also be open other techniques (e.g. lab-based powder XRF 
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analysis). Also, the selection of a certain chemical composition for certain minerals belonging 

to a solid substitution series (e.g. plagioclases) could alter the results and thus, the comparison. 

This seems to be the case in the present work, as the specific plagioclase composition differs 

between among techniques: GeoCore X10 considers plagioclases as anorthite while XRD and 

EMPA/EDS suggests compositions closer to pure albite. 
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6 Conclusions 

From a geological perspective, the investigated drill core XM001 comprises two main 

lithological units (DOP and GDPO), variably affected by propylitic (chloritic) and potassic 

alteration, with local silicic, phyllic and argillic alteration zones also occurring. The drill hole 

is variably mineralized also (e.g. disseminated Cu-sulfides and quartz-chalcopyrite ± pyrite 

veins and veinlets).  

    Based on the integrated XRT/XRF scanning technique and despite local lithological and 

alteration variation with depth, XM001 is overall geochemically quite homogeneous along its 

length. O is the main chemical component (ca. 50 wt % of the total), followed by Si (28,6 %), 

and Al, K, Mg, Fe, Ca and S ranging from 2-5 wt %. Based on its economic importance, Cu is 

the main trace element detected by the GeoCore X10, reaching an average concentration of 

around 1 700 ppm.  

    The scanning technique produced an initial list of 53 best fit mineral phases or XM001 drill 

core, which was later refined using results derived from the macroscopic description, semi-

quantitative whole rock XRD analysis and EMPA/EDS in situ mineral chemical analyses of 

ten selected samples from the same drill core. The updated mineral list includes directly 

observed phases such as quartz, plagioclase, biotite, K-feldspar, ‘chlorite’, muscovite, pyrite, 

magnetite, chalcopyrite, hematite and accessory minerals zircon and rutile. There is more 

uncertainty about the presence of arsenopyrite, bornite, goethite, pyrrhotite and siderite. 

Amphiboles were not recognized during the scanning process, but their main suggested 

alterations products (‘chlorite’ and epidote group members). This mineral phase was better 

characterized by the other used techniques and it is possible to state that its composition is close 

to a ferro-hornblende. 

    Comparing the GeoCore X10 technology and the other laboratory techniques traditionally 

used to characterize rock samples, it can be concluded that the novel technique developed by 

Orexplore AB gave an excellent approach on the geochemical and mineralogical content of the 

cores, but this could and should be refined. In particular, any refinement should help to discard 

unlikely minerals according to the geological context and also simplify the choice of minerals 

that form part of a same mineral group (as examples: biotite, chlorite and smectite group 

members). A particular focus must be put on minor and trace elements such as Ba, Y, Co and 

others that were used by GeoCore X10 to define main mineral phases rather than include them 

as substituents in the structure of more common minerals, thus the new technology must still 

improve its handling of element substitutions in minerals.  
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    The geochemical comparison of the scanning results versus microscopic descriptions. XRD 

and EMPA/EDS analysis shows that the GeoCore X10 output is relatively consistent compared 

to the other techniques. Such integration of results would be helpful to calibrate the combined  

XRT/XRF geochemical results internally for a specific type of deposit or drill core.  

    The GeoCore X10 provides an excellent alternative to detailed core logging and visual 

estimations of Cu concentrations. Although the Insight® images couldn’t precise if the Cu-

sulphides found as grains and veins are exclusively chalcopyrite, the technology can specify 

with high resolution the concentration of the commodity in a certain area and how it is spatially 

related compared to other sulphides such as pyrite and the non-metallic gangue. Larger core 

sections were scanned oriented, which allow to detailly specify structural issues related to the 

main vein styles. The small core pieces not oriented would not affect a further (micro)structural 

analysis as those pieces don’t include entire veins cutting the drill core. 

    Another important aspect to remark is that currently there is no uniform methodology to 

divide the detailed GeoCore X10’s output along a drill core to treat the data grouped. This 

information is valuable to understand geochemical and mineralogical variances in different 

lithologies, alteration zones, etc. Based on this study, it is proposed to log the drill core in detail 

prior scanning and use that information to establish different zones along the drill core, but 

other alternative methodologies should be studied.  

    At the same time, the interaction between a geologist (user) and the GeoCore X10 (device) 

can provide a beneficial feedback for both sides, allowing to improve overall results in the 

future while characterizing drill cores. As one of the main limitations of this new analysis 

technique is the capacity to oriented scan of small core pieces, this complementary information 

provided by the user can help the machine to fill geochemical and mineralogical gaps of non-

scanned cores. This approach would be relevant specifically for drill core from porphyry 

deposits as it commonly has a low recovery and the cores tend to break, although in the current 

study these aspects were not relevant to have a complete characterization of the material. 
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APPENDIX 1: Mapped sulphide and K-alteration % 

Variations in these parameters are used to defined subzones within previously defined 

lithological-alteration zones. 

From To 
No. of 

sulphide 

veins 

Total 

veins 

vol. % 

min 

Total 

veins 

vol. % 

max 

Total 

vol. % 

sulfide 

min 

Total vol. 

% sulfide 

max 

% 

potassic 

alt min 

% 

potassic 

alt max 

  Zone  

8.00 9.00 15 10 15 1 2 10 15 

1 

A 11.00 12.25 10 10 15 3 5 8 12 

12.50 13.50 10 5 7 3 5 3 8 

13.50 14.50 12 8 10 2 3 10 15 

B 14.50 15.50 9 5 8 1 2 15 20 

15.50 16.50 8 3 5 1 2 8 12 

16.50 17.50 15 8 10 3 5 8 12 
C 

17.50 18.50 15 10 15 5 7 10 15 

20.50 21.50 12 15 20 2 3 15 20 

D 21.50 22.50 10 5 7 2 3 15 20 

22.50 23.50 8 5 5 1 2 10 15 

23.50 24.50 5 3 5 0.5 1 8 12 
E 

25.50 26.50 8 8 10 2 3 5 10 

26.50 27.50 9 10 15 3 3 3 5 F 

27.50 28.50 6 5 8 1 2 3 8 2  

38.00 39.00 5 5 8 2 3 8 12 

3 

A 

39.00 40.00 3 3 5 1 1 3 8 

46.00 47.00 5 5 8 1 1 5 10 

47.00 48.00 12 5 8 1 2 8 12 

48.00 49.00 7 3 5 0.5 1 8 12 

49.00 50.00 5 5 8 0.5 1 3 8 

50.00 51.00 9 3 5 1 1 5 10 

51.00 52.00 8 5 5 3 5 3 5 B 

52.00 53.00 9 8 10 0.5 1 5 10 

C 53.00 54.00 10 3 5 2 3 8 12 

54.00 55.00 6 5 8 1 2 8 12 

59.00 60.00 14 8 10 2 3 10 15 

4 

A 
62.00 63.00 10 5 5 2 3 5 10 

63.00 64.00 10 5 8 1 2 3 8 

B 

64.00 65.00 9 3 5 3 4 3 5 

65.00 66.00 7 5 8 1 2 3 5 

66.00 67.00 6 2 3 1 1 3 8 

67.00 68.00 8 5 8 0.5 1 3 8 

68.00 69.00 10 8 10 1 2 3 5 
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69.00 70.00 7 5 8 1 2 3 5 

72.00 73.00 12 3 5 2 3 8 12 

C 73.00 74.00 8 8 8 2 3 3 8 

74.00 75.00 10 25 30 1 2 3 8 

75.00 76.00 8 15 20 2 3 5 10 

D 76.00 77.00 5 5 8 2 3 8 12 

77.00 78.00 4 3 5 0.5 1 5 10 

86.50 87.50 4 5 8 0.5 1 25 30 

5 

A 

87.50 88.50 5 5 8 0.5 1 15 20 

88.50 89.50 12 8 10 2 3 10 15 

89.50 90.50 11 3 5 1 2 5 8 

90.50 91.50 7 25 30 1 2 20 25 

94.00 95.00 8 5 7 1 2 15 20 

95.00 96.00 12 5 8 2 3 10 15 

B 
96.00 97.00 5 3 5 0.5 1 5 8 

97.00 98.00 7 10 12 1 2 3 5 

98.00 99.00 11 8 10 1 2 5 8 

99.00 100.00 12 8 10 2 3 25 30 

C 

100.00 101.00 8 5 8 1 2 25 30 

102.00 103.00 12 3 5 1 2 20 25 

103.00 104.00 10 5 8 0.5 1 10 15 

106.50 107.50 15 20 25 2 4 15 20 

109.00 110.00 12 10 12 2 3 15 20 

110.00 111.00 16 20 25 3 4 35 40 

111.00 112.00 12 8 10 2 3 20 25 

112.00 113.00 10 10 15 1 2 15 20 

113.00 114.00 8 3 5 1 2 10 15 

6 

A 

114.00 115.00 7 3 5 0.5 1 5 10 

115.00 116.00 12 5 8 1 2 8 10 

116.00 117.00 13 15 20 1 2 8 10 

117.00 118.00 13 25 30 1 2 10 15 

118.00 119.00 11 8 10 2 3 15 20 

119.00 120.00 9 10 12 1 2 8 10 

122.50 123.50 10 5 8 1 2 10 12 

123.50 124.50 11 25 30 2 3 8 10 

124.50 125.50 8 10 12 2 3 5 8 

125.50 126.50 7 5 8 1 2 3 5 
B 

126.50 127.50 6 3 5 0.5 1 3 5 

127.50 128.50 10 5 8 1 2 5 8 

C 
128.50 129.50 16 10 12 2 3 10 15 

129.50 130.50 10 3 5 1 2 8 10 

130.50 131.50 12 5 8 1 2 10 12 

131.50 132.50 6 5 5 0.5 1 2 3 D 
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136.50 137.50 4 5 8 0.5 1 2 3 

137.50 138.50 9 5 8 2 3 5 8 

E 138.50 139.50 11 20 25 2 3 8 10 

139.50 140.50 8 5 8 1 2 5 8 

140.50 141.50 15 15 20 5 7 5 8 

7 

A 
141.50 142.50 23 8 10 4 5 5 8 

142.50 143.50 10 15 15 2 3 3 5 

b 
143.50 144.50 10 8 10 1 2 10 15 

144.50 145.50 10 3 5 1 2 5 7 

145.50 146.50 8 5 8 1 2 8 10 

154.00 155.00 12 12 15 2 3 5 8 

8  
156.50 157.50 12 8 10 2 3 8 10 

157.50 158.50 7 8 10 2 3 10 12 

164.50 165.50 6 5 8 2 3 5 8 

168.00 169.00 7 5 7 1 2 5 8 

9 

A 

177.00 178.00 6 3 5 0.5 1 3 5 

183.50 184.50 2 3 5 0.1 0.5 2 3 

184.50 185.50 4 8 8 0.5 1 8 10 

192.50 193.50 3 3 5 0.5 1 8 10 

194.50 195.50 5 5 8 0.5 1 8 10 

195.50 196.50 6 5 8 0.5 1 8 10 

197.50 198.50 7 30 40 1 2 15 20 B 

198.50 199.50 4 3 5 0.5 1 3 5 
C 

202.00 203.00 1 2 3 0.5 1 3 5 

216.50 217.50 3 3 5 0.1 0.5 0 0 

10 

A 

218.50 219.50 3 3 5 0.1 0.5 2 3 

221.00 222.00 2 2 3 0.1 0.5 3 5 

222.00 223.00 4 3 5 1 2 3 5 

223.00 224.00 3 2 3 1 2 1 2 

224.00 225.00 3 2 3 0.5 1 5 8 

235.50 236.50 1 0 0 0.1 0.5 0 0 
B 

237.50 238.50 1 3 3 1 2 0 0 

240.50 241.50 0 0 0 0.1 0.5 0 0 

11  

241.50 242.50 5 3 5 0.5 1 0 0 

250.50 251.50 1 1 2 0.5 1 1 1 

251.50 252.50 2 1 2 0.5 1 0 0 

257.50 258.50 8 5 8 2 3 0 0 

                                            

Colour coding 

Category Sulphide % K-alteration % 

Low 0 - 1 0 - 5 

Medium 1 - 3 5 - 10 

High 3 - 5 15 - 30 
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APPENDIX 2: XM001 column 

XM-1: 0-130 m depth. 
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XM-1: 130-260 m depth. 
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APPENDIX 3: Geochemical results from GeoCore X10 

General: 

 

Average elemental concentrations of the hole drill core XM001. 
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Zone 1: 

 

Average elemental concentrations of Zone 1 and its subzones. 

 

 
 

 

 

 

 

 



 

 77 

Correlation pairs > 0.70 in Zone 1 and its subzones 

 

Zone1 1A 1B 1F 

Ba-K 0.83 Ba-K 0.89 Ba-K 0.82 Al-K 0.70 

C-H 0.81 Ba-Rb 0.82 C-H 0.82 Ba-K 0.83 

C-Na 0.70 Ba-Ti 0.71 C-Na 0.71 C-H 0.83 

H-Na 0.84 C-H 0.79 H-Na 0.86 C-K 0.73 

O-Si 0.87 C-K 0.70 K-Sr 0.72 C-Na 0.78 

   C-Ti 0.70 O-Si 0.89 C-Sr 0.70 

   H-Na 0.76    H-K 0.71 

   K-Rb 0.71    H-Na 0.89 

   K-Ti 0.78    K-Rb 0.71 

   O-Si 0.79    K-Sr 0.75 

          K-Zr 0.72 

            O-Si 0.89 
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Zones 3 and 4: 

 

Average elemental concentrations of Zone 3, Zone 4 and their respective subzones. 
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Correlation pairs > 0.70 in zones 3 and 4 and their subzones 

 

3A 3B 3C 

Al-K 0.77 Al-Na 0.90 C-Sr 0.74 Al-Ca 0.71 

Ba-K 0.79 Al-Cu 0.81 Ca-Fe 0.84 Ba-K 0.75 

C-Ca 0.82 Al-Fe 0.72 Ca-Sr 0.80 C-Ca 0.83 

C-H 0.71 Al-K 0.87 Cu-K 0.85 Ca-Sr 0.73 

C-Na 0.71 Al-Sr 0.81 Cu-Sr 0.80 Fe-H 0.71 

C-Sr 0.71 Al-Ti 0.76 Cu-Zr 0.77 H-Na 0.80 

H-Mg 0.70 Al-Zr 0.79 Fe-H 0.71 O-Si 0.88 

H-Na 0.91 Ba-Cu 0.72 H-Na 0.91     

O-Si 0.87 Ba-K 0.92 K-Mn 0.78     

    Ba-Rb 0.74 K-Sr 0.88     

    Ba-Sr 0.84 K-Ti 0.77     

    Ba-Ti 0.87 K-Zr 0.77     

    Ba-Zr 0.74 Mn-Sr 0.72     

    C-Ca 0.90 O-Si 0.86     

    C-Fe 0.83 Rb-Ti 0.74     

    C-K 0.76 Sr-Zr 0.71     

    C-Mn 0.73         

 

 

Zone 4 4A 4B 4C 4D 

Ba-K 0.79 Al-K 0.72 Ba-K 0.79 Ba-K 0.84 Ba-K 0.79 

C-H 0.74 Ba-K 0.79 Ba-Ti 0.71 Ba-Rb 0.79 Ba-Sr 0.75 

C-K 0.70 Ca-Fe 0.71 C-H 0.73 Ba-Zr 0.73 C-H 0.78 

Ca-Fe 0.71 H-Na 0.82 C-K 0.79 C-H 0.80 C-K 0.73 

H-Na 0.82 K-Zr 0.71 Ca-Fe 0.72 C-Na 0.72 C-Ti 0.72 

O-Si 0.88 O-Si 0.89 H-Na 0.78 Ca-Fe 0.76 Ca-Fe 0.71 

       O-SI 0.90 Fe-S 0.73 Ca-Sr 0.71 

           H-Na 0.86 H-Na 0.81 

           K-Rb 0.77 O-Si 0.86 

           K-Sr 0.71     

           K-Zr 0.73     

            O-Si 0.91     
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Zone 5: 

 

Average elemental concentrations of Zone 5 and its subzones. 
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Correlation pairs > 0.70 in zones 3 and 4 and their subzones 

 

 

Zone 5 5A 5B 5C 

Al-K 0.77 Al-K 0.70 Al-Ba 0.72 Al-Ba 0.71 

Ba-K 0.79 Ba-K 0.73 Al-K 0.78 Al-K 0.80 

Ba-Sr 0.70 C-H 0.82 Ba-K 0.75 Ba-K 0.85 

C-Ca 0.71 C-K 0.78 Ba-Rb 0.72 Ba-Rb 0.72 

C-H 0.79 C-Na 0.72 C-Ca 0.80 Ba-Sr 0.74 

C-K 0.75 H-Na 0.86 C-Fe 0.70 Ba-Zr 0.71 

C-Na 0.71 O-Si 0.87 C-H 0.79 C-Ca 0.72 

Ca-Fe 0.70     C-Na 0.73 C-H 0.76 

H-Na 0.87     Fe-H 0.74 C-K 0.74 

O-Si 0.88     Fe-Na 0.71 C-Na 0.70 

       H-Na 0.87 Ca-Fe 0.73 

       O-Si 0.89 H-Na 0.87 

          K-Rb 0.71 

          K-Sr 0.75 

          K-Ti 0.72 

          K-Zr 0.74 

          O-SI 0.88 

            Sr-Zr 0.74 
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Zone 6: 

 

Average elemental concentrations of Zone 6 and its subzones. 
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Correlation pairs > 0.70 in Zone 6 and its subzones 

 

Zone 6 6A 6B 6C 6D  6E 

Al-K 0.71 Al-K 0.75 Al-Ba 0.71 Al-Ba 0.74 Ba-K 0.76 Ba-K 0.71 

Ba-K 0.82 Ba-K 0.80 Al-K 0.78 Al-K 0.78 Ba-Sr 0.73 Ba-Rb 0.74 

Ba-Rb 0.73 Ba-Rb 0.73 Al-O 0.73 Ba-K 0.85 C-Fe 0.74 Ba-Zr 0.70 

Ba-Zr 0.74 Ba-Zr 0.70 Ba-K 0.89 Ba-Rb 0.79 C-H 0.79 C-Fe 0.75 

C-Ca 0.70 C-Ca 0.74 Ba-Rb 0.79 Ba-Sr 0.78 C-K 0.77 C-H 0.78 

C-H 0.76 C-H 0.74 Ba-Sr 0.71 Ba-Ti 0.72 C-Mn 0.72 C-Na 0.73 

C-K 0.72 C-K 0.72 Ba-Zr 0.70 Ba-Zr 0.79 Ca-Fe 0.72 Ca-Fe 0.83 

H-Na 0.84 H-Na 0.79 C-Ca 0.73 C-H 0.79 H-Na 0.84 Fe-Mn 0.78 

K-Rb 0.72 K-Rb 0.71 C-Fe 0.76 C-K 0.76 K-Ti 0.71 Fe-Sr 0.72 

K-Ti 0.73 K-Ti 0.70 C-H 0.91 H-Na 0.82 O-Si 0.92 H-Na 0.89 

K-Zr 0.70 O-Si 0.87 C-Na 0.90 K-Rb 0.75  K-Rb 0.73 

O-Si 0.89     Ca-Fe 0.75 K-Sr 0.78    K-Sr 0.70 

        Fe-H 0.82 K-Ti 0.75  K-Ti 0.71 

        Fe-Mg 0.74 K-Zr 0.72  Mn-Ti 0.70 

        Fe-Na 0.78 O-Si 0.90     O-Si 0.91 

        H-Mg 0.83 Rb-Sr 0.71        
        H-Na 0.97 Rb-Zr 0.71        
        K-Na 0.70 Sr-Zr 0.71        
        K-Rb 0.83            
        K-Sr 0.75            
        K-Ti 0.72            
        Mg-Na 0.77            
        Na-Ti 0.70            
        O-Si 0.89             
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Zones 7,8 and 9: 

 

Average elemental concentrations of Zone 7, Zone 8, Zone 9 their respective subzones. 
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Correlation pairs > 0.70 in zones 7,8 and 9 and their respective subzones 

 

Zone 7 Zone 7A Zone 7B 

Al-K 0.70 C-H 0.88 Al-K 0.75 

C-H 0.85 C-Na 0.83 Ba-K 0.73 

C-Na 0.79 Cu-Fe 0.72 C-H 0.77 

H-Na 0.91 H-Na 0.91 C-K 0.69 

O-Si 0.86 O-Si 0.83 C-Na 0.73 

       H-Na 0.90 

        O-Si 0.90 

 

Zone 8 

Ba-Cu 0.70 

C-Ca 0.84 

C-Cu 0.78 

C-Sr 0.80 

Ca-Cu 0.78 

Ca-Fe 0.71 

Ca-Sr 0.79 

Cu-Sr 0.76 

H-Na 0.82 

O-Si 0.85 

 

Zone 9 9A 9B 

C-Ca 0.77 C-Ca 0.79 Al-H 0.70 

C-H 0.75 C-Fe 0.72 Ba-Cu 0.70 

C-K 0.76 C-H 0.73 C-Cu 0.80 

C-Sr 0.79 C-K 0.76 C-H 0.84 

Ca-Fe 0.71 C-Sr 0.78 C-K 0.77 

Ca-Sr 0.72 Ca-Fe 0.71 C-Sr 0.79 

H-Na 0.89 Ca-Sr 0.73 Ca-Fe 0.79 

O-Si 0.83 H-Na 0.90 Ca-H 0.74 

    K-Zr 0.70 Cu-H 0.71 

      Cu-K 0.87 

      Cu-Rb 0.70 

      Fe-H 0.70 

        H-Na 0.71 

        H-Sr 0.82 

        K-Rb 0.71 

        O-Si 0.91 
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Zones 10 and 11: 

 

Average elemental concentrations of Zone 10, its subzones and Zone 11 
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Correlation pairs > 0.70 in zones 10 and 11 and their respective subzones 

 

Zone 10 

Al-K 0.86 

C-Ca 0.96 

C-Sr 0.79 

Ca-Sr 0.79 

Fe-Mn 0.75 

Fe-Ti 0.74 

H-Mg 0.90 

H-Na 0.92 

Mg-Na 0.82 

O-Si 0.88 

 

Zone 11 

Al-K 0.82 

C-Ca 0.89 

C-Mn 0.77 

C-Rb 0.85 

C-Sr 0.87 

C-Ti 0.70 

C-Zr 0.78 

Ca-Rb 0.80 

Ca-Sr 0.89 

Ca-Ti 0.71 

Ca-Zr 0.71 

H-Mg 0.84 

H-Na 0.90 

Mg-Na 0.73 

Mn-Rb 0.82 

O-Si 0.80 

Rb-Sr 0.71 

Rb-Zr 0.82 

Sr-Zr 0.70 
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APPENDIX 4: Mineralogical results from GeoCore X10 

List of 52 minerals recognized by GeoCore X10, green represents presence along the drill core 

while black is absence. The red line corresponds to the divisions by zones determined in 

Appendix 1.  
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APPENDIX 5: Optical microscopy descriptions 
General sample description 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

SAMPLE: XM-1A  (16.45 m) 

 
Mineralogy % Alteration Observations 

Qz 80  As coarser anhedral crystals in 

veins and also within the DPO 

matrix 

Plagioclase 8 Clays±sericite (high) Main DPO phenocrysts 

Amphiboles 4 Chlorite±epidote (high)  

K-feldspars 4 Clays Filling spaces in DPO matrix 

Pyrite 2   

Chalcopyrite 1  Sometimes replacing pyrite 

Magnetite 1   

Hematite -  Traces replaced by magnetite 

General description: DPO formed by medium-grain size plagioclase and amphiboles 

phenocrysts and a matrix of small quartz±K-feldspar, in general highly altered to propylite. 

Anhedral Quartz veins containing pyrite and some K-feldspar cut the main lithology.  

Plane-polarized light Crossed-polarized light 
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SAMPLE: XM-1B  (17.10 m) 

 
Mineralogy % Alteration Observations 

Plagioclase 65 Sericite, chlorite, epidote 

(high) 

Main DPO phenocrysts 

Quartz 14  Anhedral small crystals in matrix 

and also as main component in 

veins cutting the DPO 

Amphiboles 14 Chlorite±epidote (high) As phenocrysts 

K-feldspars 5 Clays Filling spaces in DPO matrix 

Magnetite 2   

Pyrite 1   

Chalcopyrite 0.5   

Hematite -  Included in magnetite 

Biotite? - Chlorite±epidote (high) Totally altered 

General description: DPO formed by medium-grain size plagioclase and amphiboles 

phenocrysts and a matrix of small quartz±K-feldspar, in general highly altered to propylite. 

Anhedral Quartz veins containing pyrite and some K-feldspar cut the main lithology. Compared 

to XM-01A, the plagioclase phenocrysts are bigger (1-2 mm). 

Plane-polarized light Crossed-polarized light 
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SAMPLE: XM-2  (28.75 m) 

 
Mineralogy % Alteration Observations 

Plagioclase 50 Sericite, chlorite, epidote 

(high) 

Main DPO phenocrysts 

Quartz 20  Anhedral small crystals in matrix 

and also as main component in 

veins cutting the DPO 

K-feldspars 15 Clays (high)  

Amphiboles 4 Chlorite±epidote (high) As phenocrysts 

Biotite? 1 Chlorite±epidote (high) Totally altered 

Magnetite 0.5   

Pyrite 0.5   

Chalcopyrite 0.2   

Hematite -  Included in magnetite 

General description:  Same as XM-1B. 

Plane-polarized light Crossed-polarized light 
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SAMPLE: XM-4  (85.90 m) 

 
Mineralogy % Alteration Observations 

Plagioclase 40 Sericite, chlorite, epidote 

(high) 

Main DPO phenocrysts 

Quartz 20  Anhedral small crystals in matrix 

and also as main component in 

veins cutting the DPO 

Amphiboles 20 Chlorite±epidote (high) As phenocrysts 

K-felspars 17 Clays (high)  

Pyrite 2   

Chalcopyrite 0.5   

Magnetite -   

Hematite -  Included in magnetite 

General description:  Same as XM-1B, slightly higher sulphides content. 

Plane-polarized light Crossed-polarized light 
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SAMPLE: XM-5  (115.4 m) 

 
Mineralogy % Alteration Observations 

Plagioclase 50 Sericite, chlorite, epidote 

(high) 

Main DPO phenocrysts 

Quartz 15  Anhedral small crystals in matrix 

and also as main component in 

veins cutting the DPO 

Amphiboles 20 Chlorite±epidote (high) As phenocrysts 

K-felspars 11 Clays (high)  

Biotite? 2  Totally altered 

Pyrite 0.5   

Chalcopyrite 1   

Magnetite 1   

Hematite -  Included in magnetite 

Pyrrhotite -   

General description:  Same as XM-1B, slightly higher sulphides content. 

Plane-polarized light Crossed-polarized light 
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SAMPLE: XM-6  (140.95 m) 

 
Mineralogy % Alteration Observations 

Quartz 35  Main component of veins. 

Amphiboles 15 Chlorite (high) Filling spaces 

K-felspars 45 Clays (high)  

Pyrite 9   

Chalcopyrite 1   

Magnetite -   

General description:  Quartz veins with medium-grain crystals (ca. 1 mm) and amphiboles, 

pyrite and K-felspar filling spaces among quartz cristals. Another region is dominated by highly 

altered K-felspar. 

Plane-polarized light Crossed-polarized light 
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SAMPLE: XM-7  (163.90 m) 

 
Mineralogy % Alteration Observations 

Plagioclase 10 Clays,sericite (high) As phenocryst 

Quartz 20  Main component of veins. 

Amphiboles 5 Chlorite (high) Filling spaces 

K-felspars 45 Clays,sericite (high) Main phenocristals 

Pyrite 12   

Chalcopyrite 8   

General description:  GDPO with feldspars as main phenocrysts, generally <1 mm long and 

highly altered to sericite and other clays. The matrix is mainly quartz and also sericite is filling 

spaces, as well as chloritized amphiboles. Particularly this sample has 10-20 % of sulphides, 

but it such amounts are not common in this lithology.  

Plane-polarized light Crossed-polarized light 
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SAMPLE: XM-9  (ca. 211 m) 

 
Mineralogy % Alteration Observations 

Plagioclase 20 Clays,sericite,carbonates 

(high) 

As phenocryst 

Quartz 40  In matrix 

K-felspars 30 Clays,sericite (high) As phenocristals 

Sericite 3  Filling spaces 

Pyrite 5   

Magnetite -   

Fe-oxides 2   

General description:  Similar to XM-7, but amphiboles are absent and the sulphide content is 

less.  

Plane-polarized light Crossed-polarized light 
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SAMPLE: XM-10  (ca. 220 m) 

 
Mineralogy % Alteration Observations 

Quartz 45  In matrix 

Sericite 40   

Clays 10   

Pyrite 4   

Chalcopyrite 0.5   

Magnetite -   

General description:  DPO showing highly phyllic and argillic alterations. The original texture 

is almost all obliterated.  

Plane-polarized light Crossed-polarized light 
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Other relevant features. 

 

 
Photomicrograph in plane-polarized reflected light showing hematite 

replacing magnetite with associated chalcopyrite in XM-1B. 

 

 

 
Photomicrograph in plane-polarized reflected light showing pyrite grains and 

aggregatessurrounding magnetite in XM-2. 
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Original amphibole texture, being replaced at the borders by chlorite and epidote, in XM-4. 

 

 

 

 

 

 

 

 

 
Photomicrograph in plane-polarized reflected light showing pyrite hosted in quartz 

veins, in XM-4. 

 

 

Plane-polarized light Crossed-polarized light 
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Photomicrograph in plane-polarized reflected light 

showing chalcopyrite replacing magnetite, in XM-5. 

 

 

 
Photomicrograph in plane-polarized reflected light showing 

a crystal of chalcopyrite with some pyrite and magnetite 

inclusions. 
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Photomicrograph in plane-polarized reflected light showing the original texture totally 

obliterated by quartz and sericite, in XM-10. 

  

  

Plane-polarized light Crossed-polarized light 
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APPENDIX 6: XRD results 
 

XM-1A 
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XM-1B 
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XM-2 
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XM-3 

 
 

 

 

 
 

 

 

 

 

 

 

 

 



 

 108 

XM-4 
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XM-5 
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XM-6 
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XM-7 

 
 

 

 

 

 
 

 

 

 

 

 

 

 



 

 112 

XM-8 
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XM-9 
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XM-10 

 
 

 

 

 

 

 

 

 

 



 

 115 

APPENDIX 7: EDS data 

Results XM-1B 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Volt           : 15.00 kV 
Mag.          : x 150 
Date           : 2020/06/03 
Pixel          : 1280 x 960 

Albite 

Acquisition Condition 
Instrument     : 8530F 
Volt           : 15.00 kV 
Current        : --- 
Process Time   : T2 
Live time      : 25.61 sec. 
Real Time      : 26.80 sec. 
DeadTime       : 5.00 % 
Count Rate     : 9037.00 CPS 

Chemical formula mass% mol% Cation Sigma Net K ratio Line  
Na2O 10,81 11,50  2,74 0,06 552788 0,4462125 K 
Al2O3 20,25 13,10  3,13 0,10 964605 0,6443573 K 
SiO2 68,26 74,92  8,94 0,21 2645033 1,9895230 K 
K2O 0,68 0,48  0,11 0,03 30254 0,0386177 K 
Total 100,00 100,00 14,93 
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Volt           : 15.00 kV 
Mag.           : x 400 
Date           : 2020/06/03 
Pixel          : 1280 x 960 

Amphibole 
 

Acquisition Condition 
Instrument     : 8530F 
Volt           : 15.00 kV 
Current        : --- 
Process Time   : T2 
Live time      : 32.13 sec. 
Real Time      : 33.04 sec. 
DeadTime       : 3.00 % 
Count Rate     : 5528.00 CPS 

Chemical formula mass% mol% Cation Sigma Net K ratio Line  
MgO* 0.28 0.46  0.06 0.04 9821 0.0050780 K 
Al2O3 16.45 10.66  2.67 0.12 577126 0.3072890 K 
SiO2 65.22 71.75  8.97 0.24 1919979 1.1511004 K 
Cl* 0.55 1.02  0.00 0.03 26302 0.0217245 K 
FeO 17.51 16.11  2.01 0.15 180248 0.5673193 K 
Total 100.00 100.00 13.70 
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Volt           : 15.00 kV 
Mag.           : x 750 
Date           : 2020/06/03 
Pixel          : 1280 x 960 

Fluorapatite 

Acquisition Condition 
Instrument     : 8530F 
Volt           : 15.00 kV 
Current        : --- 
Process Time   : T2 
Live time      : 13.86 sec. 
Real Time      : 14.46 sec. 
DeadTime       : 4.00 % 
Count Rate     : 7899.00 CPS 

Chemical formula mass% mol% Cation Sigma Net K ratio Line  
C 1.32 6.97  0.00 0.02 7463 0.0052114 K 
F 4.02 13.44  0.00 0.10 25058 0.0486284 K 
P2O5 40.25 18.00  5.70 0.18 810649 1.4256616 K 
CaO 54.41 61.59  9.75 0.22 1159707 3.3227434 K 
Total 100.00 100.00 15.45 
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Volt           : 15.00 kV 
Mag.           : x 200 
Date           : 2020/06/03 
Pixel          : 1280 x 960 

Chlorite 

Acquisition Condition 
Instrument     : 8530F 
Volt           : 15.00 kV 
Current        : --- 
Process Time   : T2 
Live time      : 25.40 sec. 
Real Time      : 26.44 sec. 
DeadTime       : 3.00 % 
Count Rate     : 7971.00 CPS 

Chemical formula mass% mol% Cation Sigma Net K ratio Line  
MgO 19.88 30.77  4.62 0.10 781348 0.5110543 K 
Al2O3 22.14 13.55  4.07 0.12 790963 0.5327330 K 
SiO2 31.41 32.62  4.90 0.17 962373 0.7298559 K 
FeO 26.56 23.06  3.47 0.16 322406 1.2836251 K 
Total 100.00 100.00 17.06 
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Volt           : 15.00 kV 
Mag.           : x 150 
Date           : 2020/06/03 
Pixel          : 1280 x 960 

Chalcopyrite 

Acquisition Condition 
Instrument     : 8530F 
Volt           : 15.00 kV 
Current        : --- 
Process Time   : T2 
Live time      : 14.90 sec. 
Real Time      : 15.79 sec. 
DeadTime       : 5.00 % 
Count Rate     : 10777.00 CPS 

Chemical formula mass% Atom% Sigma Net K ratio Line  
S 30.15 45.05  0.09 1355604 2.1159885 K 
Fe 21.85 18.75  0.14 275090 1.8670524 K 
Cu 48.00 36.19  0.35 272259 3.7650560 K 
Total 100.00 100.00 
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Volt           : 15.00 kV 
Mag.           : x 150 
Date           : 2020/06/03 
Pixel          : 1280 x 960 

Orthoclase 

Acquisition Condition 
Instrument     : 8530F 
Volt           : 15.00 kV 
Current        : --- 
Process Time   : T2 
Live time      : 27.92 sec. 
Real Time      : 29.23 sec. 
DeadTime       : 5.00 % 
Count Rate     : 8950.00 CPS 

Chemical formula mass% mol% Cation Sigma Net K ratio Line  
N 5.15 21.26  0.00 0.10 29482 0.1233179 K 
Na2O* 0.30 0.28  0.08 0.02 16990 0.0125794 K 
Al2O3 17.12 9.70  2.97 0.09 1005808 0.6162920 K 
SiO2 61.15 58.79  8.99 0.18 2935983 2.0256552 K 
K2O 16.28 9.98  3.05 0.08 870917 1.0196928 K 
Total 100.00 100.00 15.10 
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Volt           : 15.00 kV 
Mag.           : x 1.000 
Date           : 2020/06/03 
Pixel          : 1280 x 960 

Monazite 

Acquisition Condition 
Instrument     : 8530F 
Volt           : 15.00 kV 
Current        : --- 
Process Time   : T2 
Live time      : 35.96 sec. 
Real Time      : 37.76 sec. 
DeadTime       : 5.00 % 
Count Rate     : 9150.00 CPS 

Chemical formula mass% mol% Cation Sigma Net K ratio Line  
P2O5 32.68 41.68  5.90 0.13 1203648 0.8158812 K 
La2O3* 25.16 13.98  1.98 0.21 589477 1.2892156 L 
CeO2 42.16 44.35  3.14 0.24 972940 2.1537999 L 
Total 100.00 100.00 11.02 
  

 



 

 122 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Volt           : 15.00 kV 
Mag.           : x 1.200 
Date           : 2020/06/03 
Pixel          : 1280 x 960 

Titanite 

Chemical formula mass% mol% Cation Sigma Net K ratio Line  
MgO* 0.52 0.85  0.12 0.03 45272 0.0150424 K 
Al2O3 3.92 2.53  0.72 0.04 349324 0.1195213 K 
SiO2 29.50 32.30  4.63 0.10 2368512 0.9125002 K 
CaO 28.01 32.86  4.71 0.09 2133658 1.6945978 K 
TiO2 36.73 30.24  4.33 0.11 1516637 1.5119504 K 
FeO 1.33 1.22  0.17 0.04 35435 0.0716691 K 
Total 100.00 100.00 14.68 
  

Acquisition Condition 
Instrument     : 8530F 
Volt           : 15.00 kV 
Current        : --- 
Process Time   : T2 
Live time      : 50.00 sec. 
Real Time      : 51.99 sec. 
DeadTime       : 4.00 % 
Count Rate     : 7362.00 CPS 
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Volt           : 15.00 kV 
Mag.           : x 500 
Date           : 2020/06/03 
Pixel          : 1280 x 960 

Rutile 

Acquisition Condition 
Instrument     : 8530F 
Volt           : 15.00 kV 
Current        : --- 
Process Time   : T2 
Live time      : 25.75 sec. 
Real Time      : 26.69 sec. 
DeadTime       : 4.00 % 
Count Rate     : 6848.00 CPS 

Chemical formula mass% mol% Cation Sigma Net K ratio Line  
TiO2 99.27 99.18  11.95 0.22 2459936 4.7618133 K 
FeO 0.73 0.82  0.10 0.05 11054 0.0434123 K 
Total 100.00 100.00 12.05 
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Results XM-7 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Volt           : 15.00 kV 
Mag.           : x 1.300 
Date           : 2020/06/03 
Pixel          : 1280 x 960 

Biotite 

Acquisition Condition 
Instrument     : 8530F 
Volt           : 15.00 kV 
Current        : --- 
Process Time   : T2 
Live time      : 27.17 sec. 
Real Time      : 28.46 sec. 
DeadTime       : 4.00 % 
Count Rate     : 9313.00 CPS 

Chemical formula mass% mol% Cation Sigma Net K ratio Line  
MgO* 6.29 10.48  1.34 0.06 316928 0.1937880 K 
Al2O3 20.02 13.19  3.38 0.10 966295 0.6084252 K 
SiO2 54.44 60.88  7.80 0.19 2168255 1.5372631 K 
K2O 11.46 8.17  2.09 0.07 537155 0.6462760 K 
TiO2* 0.14 0.12  0.02 0.04 3055 0.0056042 K 
FeO 7.65 7.15  0.92 0.09 106858 0.3977294 K 
Total 100.00 100.00 15.54 
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Volt           : 15.00 kV 
Mag.           : x 75 
Date           : 2020/06/03 
Pixel          : 1280 x 960 

Chalcopyrite 

Acquisition Condition 
Instrument     : 8530F 
Volt           : 15.00 kV 
Current        : --- 
Process Time   : T2 
Live time      : 29.80 sec. 
Real Time      : 31.51 sec. 
DeadTime       : 5.00 % 
Count Rate     : 10171.00 CPS 

Chemical formula mass% Atom% Sigma Net K ratio Line  
S 34.03 48.98  0.07 3118941 2.4342074 K 
Fe 31.00 25.62  0.12 765909 2.5991390 K 
Cu 34.97 25.40  0.22 393347 2.7197864 K 
Total 100.00 100.00 
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Volt           : 15.00 kV 
Mag.           : x 430 
Date           : 2020/06/03 
Pixel          : 1280 x 960 

K-Feldspar 

Acquisition Condition 
Instrument     : 8530F 
Volt           : 15.00 kV 
Current        : --- 
Process Time   : T2 
Live time      : 50.00 sec. 
Real Time      : 52.31 sec. 
DeadTime       : 5.00 % 
Count Rate     : 8795.00 CPS 

Chemical formula mass% mol% Cation Sigma Net K ratio Line  
Al2O3 16.84 12.02  2.95 0.07 1735310 0.5937370 K 
SiO2 59.20 71.72  8.79 0.16 4989049 1.9220966 K 
K2O 16.97 13.12  3.22 0.06 1575748 1.0302073 K 
Rb2O* 5.14 2.00  0.49 0.17 478258 0.3408738 L 
SrO* 1.14 0.80  0.10 0.15 100459 0.0668936 L 
BaO* 0.71 0.34  0.04 0.05 28447 0.0454448 L 
Total 100.00 100.00 15.59 
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Volt           : 15.00 kV 
Mag.           : x 75 
Date           : 2020/06/03 
Pixel          : 1280 x 960 

Pyrite 

Acquisition Condition 
Instrument     : 8530F 
Volt           : 15.00 kV 
Current        : --- 
Process Time   : T2 
Live time      : 10.70 sec. 
Real Time      : 11.36 sec. 
DeadTime       : 6.00 % 
Count Rate     : 11183.00 CPS 

Chemical formula mass% Atom% Sigma Net K ratio Line  
F 2.15 4.46  0.11 26992 0.0678503 K 
S 51.01 62.56  0.13 1816389 3.9481322 K 
Fe 46.84 32.98  0.24 401569 3.7952898 K 
Total 100.00 100.00 
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Volt           : 15.00 kV 
Mag.           : x 75 
Date           : 2020/06/03 
Pixel          : 1280 x 960 

Titanite 

Acquisition Condition 
Instrument     : 8530F 
Volt           : 15.00 kV 
Current        : --- 
Process Time   : T2 
Live time      : 18.31 sec. 
Real Time      : 19.04 sec. 
DeadTime       : 3.00 % 
Count Rate     : 7536.00 CPS 

Chemical formula mass% mol% Cation Sigma Net K ratio Line  
Al2O3 4.91 3.17  0.90 0.07 161419 0.1508181 K 
SiO2 30.11 32.98  4.70 0.17 884196 0.9302242 K 
CaO 29.56 34.68  4.94 0.14 820073 1.7785912 K 
TiO2 35.42 29.17  4.15 0.17 531844 1.4478434 K 
Total 100.00 100.00 14.70 
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Results XM-10 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Volt           : 15.00 kV 
Mag.           : x 370 
Date           : 2020/06/03 
Pixel          : 1280 x 960 

Biotite 

Acquisition Condition 
Instrument     : 8530F 
Volt           : 15.00 kV 
Current        : --- 
Process Time   : T2 
Live time      : 50.00 sec. 
Real Time      : 52.26 sec. 
DeadTime       : 5.00 % 
Count Rate     : 8861.00 CPS 

Chemical formula mass% mol% Cation Sigma Net K ratio Line  
Na2O* 0.11 0.14  0.03 0.02 10523 0.0043509 K 
MgO 1.27 2.31  0.26 0.03 121198 0.0402700 K 
Al2O3 34.69 24.95  5.66 0.09 3237018 1.1075469 K 
SiO2 50.24 61.31  6.95 0.14 3565366 1.3736040 K 
K2O 10.78 8.39  1.90 0.05 919237 0.6009872 K 
TiO2* 0.52 0.48  0.05 0.03 20257 0.0201948 K 
FeO 2.39 2.44  0.28 0.05 60719 0.1228071 K 
Total 100.00 100.00 15.13 
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Volt           : 15.00 kV 
Mag.           : x 190 
Date           : 2020/06/03 
Pixel          : 1280 x 960 

Fluorapatite 

Acquisition Condition 
Instrument     : 8530F 
Volt           : 15.00 kV 
Current        : --- 
Process Time   : T2 
Live time      : 14.60 sec. 
Real Time      : 15.22 sec. 
DeadTime       : 4.00 % 
Count Rate     : 7918.00 CPS 

Chemical formula mass% mol% Cation Sigma Net K ratio Line  
O  
F 5.01 17.32  0.00 0.11 32302 0.0595087 K 
P2O5 40.25 18.61  5.69 0.18 831910 1.3888993 K 
CaO 54.74 64.07  9.79 0.22 1199196 3.2617381 K 
Total 100.00 100.00 15.47 
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Volt           : 15.00 kV 
Mag.           : x 80 
Date           : 2020/06/03 
Pixel          : 1280 x 960 

Pyrite 

Acquisition Condition 
Instrument     : 8530F 
Volt           : 15.00 kV 
Current        : --- 
Process Time   : T2 
Live time      : 25.28 sec. 
Real Time      : 26.84 sec. 
DeadTime       : 6.00 % 
Count Rate     : 11381.00 CPS 

Chemical formula mass% Atom% Sigma Net K ratio Line  
S 52.03 65.39  0.09 4305611 3.9611784 K 
Fe 47.97 34.61  0.16 955931 3.8239993 K 
Total 100.00 100.00 
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Volt           : 15.00 kV 
Mag.           : x 230 
Date           : 2020/06/03 
Pixel          : 1280 x 960 

Muscovite 

Acquisition Condition 
Instrument     : 8530F 
Volt           : 15.00 kV 
Current        : --- 
Process Time   : T2 
Live time      : 50.00 sec. 
Real Time      : 52.20 sec. 
DeadTime       : 5.00 % 
Count Rate     : 8545.00 CPS 

Chemical formula mass% mol% Cation Sigma Net K ratio Line  
Na2O* 0.29 0.35  0.08 0.02 27097 0.0112034 K 
MgO* 1.08 1.96  0.22 0.03 102002 0.0338917 K 
Al2O3 35.70 25.69  5.74 0.10 3288374 1.1251181 K 
SiO2 51.95 63.45  7.09 0.14 3605148 1.3889304 K 
K2O 10.98 8.55  1.91 0.05 909498 0.5946201 K 
Total 100.00 100.00 15.04 
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Volt           : 15.00 kV 
Mag.           : x 1.100 
Date           : 2020/06/03 
Pixel          : 1280 x 960 

Muscovite 2 

Acquisition Condition 
Instrument     : 8530F 
Volt           : 15.00 kV 
Current        : --- 
Process Time   : T2 
Live time      : 50.00 sec. 
Real Time      : 52.20 sec. 
DeadTime       : 4.00 % 
Count Rate     : 8545.00 CPS 

Chemical formula mass% mol% Cation Sigma Net K ratio Line   
Na2O* 0.30 0.36  0.08 0.02 26863 0.0111064 K 
MgO 1.16 2.11  0.24 0.03 107381 0.0356792 K 
Al2O3 34.36 24.69  5.61 0.10 3099038 1.0603368 K 
SiO2 50.72 61.85  7.03 0.14 3487006 1.3434147 K 
K2O 10.67 8.30  1.89 0.05 881065 0.5760310 K 
FeO 2.52 2.57  0.29 0.05 62149 0.1256997 K 
BaO* 0.26 0.13  0.01 0.05 9321 0.0148910 L 
Total 100.00 100.00 15.15 
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