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SUPPLEMENTARY MATERIALS 1 

S1.1 Geology of the Iberian Pyrite Belt 

The formation of the Iberian Pyrite Belt (IPB) VMS district is related to the geodynamic evolution leading to the growth of 

the Variscan orogen in the southern Iberian Peninsula during the late Paleozoic. The IPB belongs to the southernmost 

domain of the Variscan Belt in the Iberian Peninsula, the South Portuguese Zone (Julivert et al., 1974), which was accreted 

by north-directed subduction below the Autochthonous Iberian Terrane (Munhá et al., 1986; Quesada and Ribeiro, 1988; 

Ribeiro et al., 1990; Silva et al., 1990; Quesada, 1991; Oliveira and Quesada, 1998). The stratigraphic sequence of the IPB 

records the pre-, syn-, and post-collisional evolution of the northern continental margin of South Portuguese Zone terrane. It 

consists of a relatively simple 1000-5000 m thick (base not exposed; Tornos, 2006) Devonian to Carboniferous (Oliveira, 

1990; Oliveira et al., 2004) sequence which has been divided into three main units (Schermerhorn, 1971), from older to 

younger: 1) Phyllite-Quartzite Group (PQ), 2) Volcanic Sedimentary Complex (VSC), which hosts the mineralization, and 3) 

Culm Group or Baixo Alentejo Flysch Group. 

From Frasnian (?) to Late Fammenian times interbedded quartz sandstones and shales were deposited in a stable and shallow 

epicontinental platform (most of the PQ Group) (Moreno et al., 1996). In the Late Fammenian, a transtensional regime 

related to the left-lateral northwards oblique collision of the South Portuguese Zone with the autochthonous Iberian terranes 

generated pull-apart basins with lowered, tilted and uplifted blocks that subdivided the depositional environment into several 

mainly E-W-trending sub-basins separated by shallow marine to subaerial areas (Silva et al., 1990; Moreno et al., 1996; Sáez 

et al., 1996; Quesada, 1991; Oliveira et al., 2004; Tornos et al., 2005). Decompression-induced mantle partial melting related 

to crustal thinning generated mafic magmas that underplated and intruded the continental crust promoting its partial melting 

and the generation of hot dry felsic magmas (Munhá, 1983; Mitjavila et al., 1997; Thiéblemont et al., 1997). Magmatism in 

the IPB is strongly bimodal consisting of: 1) mantle-derived mafic rocks of dominant continental tholeiitic character and 

minor local intraplate alkaline characteristics; 2) crust-derived felsic rocks; 3) minor intermediate composition magmas 

interpreted to represent either mixtures of the two dominant magma populations or mafic magmas modified by assimilation 

of crustal rocks (Munhá, 1983; Mitjavila et al., 1997; Thieblemont et al., 1997).  From Late Famennian to early Late Visean, 

mantle-derived mafic magmas and crustal felsic magmas reached the surface producing a complex bimodal volcanic and 

shallow intrusive sequence interbedded with mudstone and some chemical sediments (VSC). Felsic rocks mostly occur as 

dome(-cryptodome) complexes, with less volcaniclastic materials (hialoclastic, pyroclastic, epiclastic), and intrusions (sills) 

(Boulter, 1993; Soriano and Martí, 1999; Rosa et al., 2008, 2009, 2010; Conde and Tornos, 2020), although sills may be 

locally abundant (e.g. in the Rio Tinto and Tharsis areas; Boulter, 1993; Tornos et al., 1998; Soriano and Martí, 1999). Mafic 

rocks are dominantly cohesive occurring mainly as basaltic sills or small stocks, less as submarine lava flows with local 

pillow lavas, and more rarely as volcaniclastic deposits (García Palomero, 1980; Boulter, 1993; Soriano and Martí, 1999; 

Rosa et al., 2008, 2009, 2010; Conde and Tornos, 2020). Crustal thinning and magmatic intrusion triggered the hydrothermal 
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circulation responsible for the massive sulphides mineralizing events (Oliveira, 1990; Oliveira et al., 2004; Mitjavila et al., 

1997; Tornos, 2006). In the Late Visean the tectonic setting shifted to compressional related to the main collisional stage of 

the Variscan orogeny in the area (Quesada, 1998). This formed a south-ward propagating foreland basin in which syn-

orogenic flysch sediments (Culm Group) were deposited (Oliveira, 1990; Silva et al., 1990, Quesada, 1998).  

Compressive tectonism in the IPB lasted from Late Visean to Late Moscovian (Oliveira et al., 1979; Silva et al., 1990; 

Pereira et al., 2008). The stratigraphic record of the IPB was disrupted forming a S (Spain) and SW (Portugal)-verging and -

propagating thin-skinned foreland fold and thrust belt (Ribeiro and Silva, 1983; Silva et al., 1990; Quesada, 1991, 1998). In 

the Spanish sector of the IPB this deformational structure is interpreted to consist of an over 150 km long and 10-15 km thick 

imbricated fan-like system formed by several piled up tectonic units less than 2 km thick (Quesada, 1991, 1998; Alonso et 

al., 1999; Soriano and Casas, 2002) where the main structures seem to be controlled by previous extensional faults and 

rheological contrasts (Quesada, 1998; Mantero et al., 2011; Martin-Izard et al., 2016). Deformation involved pervasive 

reactivation and inversion of prior extensional structures, and mainly produced asymmetric folds verging to the S and SW, 

with long normal limbs and short overturned limbs which can be intersected or supressed by thrusts, resulting in a stacking 

of mainly normal limbs (Silva et al., 1990; Quesada, 1991, 1998; Mantero et al., 2011). Local back-thrusts and lateral ramps 

add complexity to the structure (Quesada, 1998; Mantero et al., 2011). Penetrative foliation developed mostly parallel to 

axial planes but also transecting them due to a transpressional regime (Ribeiro et al., 1983; Simancas, 1983; Quesada, 1998), 

with zones of intense mylonitic foliation associated to both thrusts and lateral ramps (Quesada, 1998).  

Low-grade regional metamorphism, from prehnite-pumpellyite to low green schist facies, affected rocks in the IPB during 

the main collisional stage of the Variscan orogeny (Schermerhorn, 1975; Munhá, 1979, 1983, 1990, Sánchez España, 2000). 

Deformation and metamorphic grade of exposed rocks tend to increase from south to north (Ribeiro and Silva 1983; Munhá, 

1990), although a general metamorphic gradient is not clearly marked. Instead, zones of locally enhanced deformation and 

metamorphic grade occur in proximity to high strain zones (e.g. shear zones) (Sáez et al., 1996; Sánchez España, 2000; 

Sánchez-España et al., 2000). 

Significant variations in the composition of the VSC sequence across the IPB lead several authors to subdivide the IPB into 

major E-W oriented domains characterized, among other factors, by different abundances in volcanic materials and the 

composition of the sedimentary fraction (e.g. Routhier et al., 1978; Quesada, 1996; Sáez et al.,1999). In general terms, most 

classifications separate a northern domain in which the VSC is dominated by volcanic materials with minor fine-grained 

sediments with limited continental influence, and a southern domain dominated by shales and siliciclastic sediments with 

continental influence and minor volcanic and subvolcanic materials.  

Two main contrasting styles of VMS mineralization have been described in the IPB which are closely related to the nature of 

the host stratigraphic sequence: shale-hosted and felsic-volcanic-rocks-hosted deposits (Tornos, 2006; Tornos et al., 1998, 

2008, 2015; Tornos and Conde, 2002; Tornos and Heinrich, 2008; Velasco-Acebes et al., 2019). 

Shale-hosted deposits. They are interpreted to have formed mainly by exhalative processes in sub-oxic to anoxic third order 

basins seafloor where upwelling deep sulphur-depleted fluids mixed with modified seawater rich in biogenically reduced 

sulphur, leading to the precipitation of the massive sulphides on the seafloor. Shale-hosted deposits share features such as:  

intermediate to high aspect ratio (typically 10 to 20), usually larger tonnages, stratiform morphology, absence of major metal 

refining, abundance of sedimentary structures, absence of sulphates, and common presence of siderite-rich facies. This type 

of deposit dominates in the southern IPB, and example deposits are: Sotiel-Migollas, Tharsis, Lousal, Las Cruces, 

Aznalcóllar-Los Frailes or Masa Valverde. 
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Felsic volcanic rocks-hosted deposits. They are interpreted to have formed mainly by stratabound replacement of porous or 

reactive massive and volcaniclastic (vitriclast- or pumice-rich) volcanic rocks during mixing of the deep sulphur-poor fluids 

with modified seawater bearing variably reduced sulphur acquired from leaching of the host volcanic rocks or by 

thermochemical reduction of the marine sulphate. These deposits share features such as: sharp transgressive contacts with 

the host rocks, presence of a pervasive wrapping hydrothermal alteration, variable aspect ratio, major metal refining, and 

abundance of sulphates. They usually have lower tonnages than shale-hosted exhalative ones, but higher base metal contents. 

This type of deposit dominates in the northern IPB, and example deposits are: Aguas Teñidas, La Zarza, Aljustrel, 

Concepción, or La Magdalena. 

In the Rio Tinto area, which is geographically and lithologically transitional, both types of mineralization occur.  

In addition to the massive sulphides, the IPB also holds numerous stratiform Fe-Mn ores within the VSC (mainly jaspers, 

which may occur laterally to massive sulphides) and non-economic late vein mineralization within the VSC and Culm Group 

(interpreted as produced by metal remobilization from the massive sulphides during the late stages of the Variscan orogeny) 

(Carvalho et al., 1999; McKee, 2003). 
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S1.2 History of Aguas Teñidas mine 

The eastern sector of the Aguas Teñidas deposit (named Aguas Teñidas Este) was discovered in 1985 when a survey in the 

area around the old Aguas Teñidas Mine by Billiton Española S.A. and Promotora de Recursos Naturales showed a strong 

electro-magnetic anomaly 2 km east of the old mine, and subsequent exploratory drilling of the area intersected the massive 

sulphides in the third hole. Billiton Española S.A. delineated the deposit with 32 holes produced from 1985 to 1990. In 1990 

the company relinquished the property, which was then acquired by Placer Dome Inc. in 1991. This company continued 

exploration drilling between 1991 and 1994, further delineating the deposit and the associated stockwork with 27 new holes. 

Navan Resources PLC acquired the property in 1995, construction of a ramp to reach the massive sulphides began in 1997, 

and the deposit was hit in early 1999. Finally, production began in late 1999 (Hidalgo et al., 2000). However, after only 3 

years of production the mine closed due to low metal prices. In 2005, with metal values rising again, Iberian Minerals Corp. 

bought the mining rights and presented a project for reopening the mine. In 2006 the project was approved, and in 2009 

commercial mining started again with an initial production of 1.7 Mt/year. Several processing plant expansions since 2009 

have risen the production potential to 4.6 Mt/year (2015) (Mina de Aguas Teñidas S.A. website). During this last stage, 

further exploration of the deposit led to the discovery of the Western Extension, which is the west-ward continuation of 

Aguas Teñidas Este and occurs below the old Aguas Teñidas Mine. 
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S1.3 Portable XRF assessment and calibration 

Prior to standard or sample analysis, an assessment was made on the effect of equipment warm-up, measuring time, distance 

to sample, water content, and number of analyses per sample. 

Assessment of the warm-up effect 

Equipment warming-up can have a significant effect on the measured intensities, especially of light elements (e.g. SiO2, 

K2O, Al2O3) (Gallhofer and Lottermoser, 2018). This effect is higher during the initial warm-up at the beginning of the 

measurement session, when the largest temperature rise occurs, and is lower during slower subsequent warm-up along the 

session (Steiner et al., 2017; Gallhofer and Lottermoser, 2018). Gallhofer and Lottermoser (2018) used a Bruker S1 Titan p-

XRF, for which a 30 min warm-up time was established for measurements stabilization at the beginning of each session. 

To evaluate the effect of warm-up in our Thermo NITON XL3t GOLDD+, a sample in the form of pressed powder pellet 

was repeatedly measured using the Standard soil program over a 1:15 h interval starting from cold conditions. Then, the 

equipment was allowed to cool down for 30 min before measuring again to check if cooling for a period of time which could 

elapse in normal operating conditions in mineral exploration had a significant effect. Results are shown in Figure S1.  

An increase in measured concentrations is seen during the first 15 min, upon which concentrations in the range of the 

following measurements are attained. Since this measuring program does not analyse light elements, an additional safety 

margin was considered based on the results by Gallhofer and Lottermoser (2018). Thus, at the beginning of each session 20 

minutes of continuous measurements were performed for equipment warm-up and stabilization.  

The 30 min cool-down period did not have a significant effect on measured concentrations. 

Assessment of counting time 

Counting time has a strong effect on measurement precisions (e.g. Hall et al., 2014; Bourke and Ross, 2015), and thus needs 

to be assessed.  

Consecutive measurements were performed on the same spot of a pressed powder pellet, with 10, 20, 30 and 40 s counting 

time per filter for both Standard soil mode (3 filters) and Cu/Zn mining mode (4 filters). 15 analyses were made for each 

configuration, and relative standard deviations (RSD) were calculated (Fig. S2). 

Results show a strong increase in precision from 10 to 20 s counting time, followed by lower increases at 30 and 40 s except 

for the elements with the lowest precisions (e.g. Sb, Ba, Mg). The lowest precisions are due to the light character of the 

element (e.g. Mg) and/or to its low content in the studied sample. These results are similar to those obtained by Hall et al. 

(2014) and Bourke and Ross (2015) on other p-XRF equipment, which showed only minor precision increase after 20-30s, 

and no precision increase beyond 60 s count time per filter. 

Works studying the analytical capabilities of p-XRF and its use as a lithogeochemical characterization tool typically aim at 

high precisions, ideally close to those of lab-based equipment. For this purpose long measuring times are used (e.g. 60 s per 

filter or 200-240 s in total) to measure prepared samples (e.g. Conrey et al., 2014; Le Vaillant et al., 2014; McNulty et al., 

2018, Hall et al., 2016). However, such long counting times are unpractical if the method is to be applied in real exploration 

situations on rock surfaces or hand specimens. 60 s per filter counting time involves 3 min-long acquisition times in the 

Standard soil mode (3 filters) and 4 in the Cu/Zn mining mode (4 filters); 7 minutes per spot in total if both filters are used. 
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Figure S1. Element concentrations during p-XRF warm-up. Error bars correspond to 2 standard deviations (SD) as provided 

by the equipment in the analytical results output. 

Since the characterization of hand specimens requires the analysis of several spots per sample (at least 3; Hall et al., 2014; 

Ross et al., 2014), this would add to 10 to 20 minutes measuring time, which is unrealistic. Therefore, in this study a 

counting time of 30 s per filter, equivalent to that used in other exploration studies (e.g. Ross et al., 2014, 2016; Duée et al., 

2019), was chosen as a compromise between precision and convenience to keep the analysis time at 2 minutes; we consider 

this amount of time as reasonable for a hand-held device. Although 30 s per filter were used on this study, based on results in 

Figure S2 we suggest that 20 s counting times could also provide sufficiently accurate results if reduced measuring times 

were needed.  
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Figure S2. Relative standard deviation for each element at different counting times in both Standard soil mode and Cu/Zn 

mining mode. 

Selection of the measuring program 

Two main analysis programs can be used in the NITON XL3t GOLDD+ for the analysis of rocks for exploration purposes 

(e.g. Duée et al., 2019): the Standard soil mode and the Cu/Zn mining mode. 

The Standard soil mode is mainly used for the analysis of contaminants in soils. It is optimized for light matrices (e.g. 

aluminium silicates), elements of interest in concentrations < 1wt %, and elements with atomic number higher than Fe not 

exceeding several wt %. This mode utilizes Compton Scatter (inelastic collisions) to approximate element concentrations.  

The Cu/Zn mining mode is optimized for testing soils and rocks without adjusting for a particular matrix, and is intended 

primarily for the detection of metal concentrations in light matrices. This mode utilizes Fundamental Parameters to 

approximate element concentrations. It performs better for samples whose elements of interest are in concentrations > 1 wt 

%, but the FP algorithm accurately measures elemental concentrations from trace levels to 100 wt %, and automatically 

corrects for inter-element effects. 

The elements measured depend on the program used. The Standard soil mode includes Mo, Zr, Sr, U, Rb, Th, Pb, Au, Se, 

As, Hg, Zn, W, Cu, Ni, Co, Fe, Mn, Cr, V, Ti, Sc, Ca, K, S, Ba, Cs, Te, Sb, Sn, Cd, Ag, Pd. From this, U, Th, Hg, Sc, Cs and 

Te are not available in the Cu/Zn mining mode. On the other hand, the Cu/Zn mining mode includes Nb, Bi, Al, P, Si, Cl, 

Mg.  

Many exploration studies use two analytical modes (e.g. Le Vaillant et al., 2014; Hall et al., 2016; Ross et al., 2016) to 

optimize analytical precision and detected limits for all elements of interest. However, in this study, for analytical 

convenience during active exploration, it was decided to use only one test mode at each spot. Although during testing the soil 

mode showed better detection limits for base metals, the use of the Cu/Zn mining mode was chosen because it includes light 

elements, which can be of importance during alteration halo investigation, and Nb and Al, which are important for 

lithological unit recognition, as detailed in the main text. 

Assessment of the number of analysis 

One of the aims of this study is to evaluate the usefulness of direct p-XRF analysis of natural rocks for ore exploration. Thus, 

the use of highly prepared samples (e.g. pressed pellets of rock powder) was not considered. Rocks are naturally 
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heterogeneous at small scales due to factors such as compositional variations along the rock (e.g. changes in sediment 

composition from layer to layer) or grain size (e.g. different minerals in coarse-grained igneous rocks). Given the limited 

area of the spots analysed by p-XRF equipment (typically around 8 mm in diameter), the composition of several spots needs 

to be averaged to approximate the actual whole rock composition of the studied sample.  

Previous studies suggest that 3 analyses already provide a good approximation, with the main gain in precision occurring 

until 7 analyses (Bourke and Ross, 2015). These can be closely-spaced analysis to characterize a specific sample or rock 

fragment (e.g. Conrey et al., 2014; Hall et al., 2014; McNulty et al., 2018), or more separated spots in broader downhole 

systematic drill core studies (e.g. three-point moving average, Ross et al., 2014, 2016). In the current study, the porphyritic 

or coarse clastic character of most of the studied lithologies, combined with the nugget effect of mineralization in the VMS 

hydrothermal system, required an independent analysis to assess the optimum number of spots to analyse on each sample. 

A precision test based on that of Bourke and Ross (2015) was performed. Two samples (AM-49/879.75 and AE-68/101.8) 

were analysed using the Cu/Zn mining mode at 30 s per filter. At least 20 randomly distributed points were analysed on each 

sample on the flat surface obtained from sawing the drill core in two halves. In addition, on sample AE-68/101.8 the rougher 

curved drill core surface was also analysed. For each set of analyses average compositions were calculated using random 

subgroups of 2 to 15 analyses each; 100 averages were calculated for each subsample size (i.e., 100 averages for subgroups 

of 2 analyses, 100 averages for subgroups of 3 analyses, and so on). Standard deviation and relative standard deviation 

(RSD) were then calculated for the averages obtained for each subsample size. Results are presented in Figure S3.  

The largest decrease in RSD occurs from 1 to 4 analyses per average, and the trend nearly flattens out after 8 analyses per 

average. Precisions obtained from the analysis of the cut surface in sample AE-68/101.8 are lower because of the presence of 

two outlier analyses; these can be seen in Figure 12 in the main text.  

Previous works suggest that averaging 3 analyses is usually enough to obtain representative average whole rock 

compositions. Based on our results, we suggest that 5 to 7 analyses should be used, and we have used 7 of them during the 

development of this study in order to work with RSD usually better than 10 % for all elements, and to minimize the effect of 

outliers such as those analysed in AE-101.8 and the nugget effect in lightly mineralized samples (e.g. Bourke and Ross, 

2015). In porphyritic, hydrothermally altered, tectonically deformed and metamorphosed rocks with variable occurrence of 

multiple generations of hydrothermal and metamorphic veins like those investigated in this work, the presence of chemical 

outliers is common and needs to be considered. 

Point averaging can be performed during analysis or afterwards during data processing. Devices such as the Thermo NITON 

XL3t GOLDD+ include analysis options which automatically calculate and present average compositions obtained from n 

consecutive analyses, with n being set by the user. If the device is configured with user custom calibration factors, this tool 

may provide final lithogeochemical results on site, which can be highly useful in settings such as during active field 

exploration. 

Effect of distance to sample 

During real exploration conditions, access to flat smooth rock surface for analysis is rare. Usually rough (natural rock 

surfaces) or curved (drill core surface) surfaces are the only available to be analysed. Besides other effects such as refraction 

and diffraction, studied by works such as Duée et al. (2019), surface irregularity produces an increase in the average distance 

between the sample and the detector, and the location of the analysed surface away from the ideal focal distance to the 

detector (Laperche and Lemière, 2021). The effect of this distance on the measured intensity and calculated concentration of 
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the analysed elements has been studied to assess their consequences when using element concentrations or elemental ratios 

during exploration. 

 

Figure S3. Relative standard deviations for average element concentrations calculated for subsamples of different sizes (1 to 

15 random analyses per average). 
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Two pressed powder pellets were repeatedly analysed on the same spot at increasing distances from the front of the p-XRF, 

up to 3.5 mm. Using the initial composition at zero distance (pellet in contact with the equipment) as a reference, relative 

decreases in concentration were calculated. Results for some elements of interest are shown in Figure S4. 

 

Figure S4. Relative decreases in concentration with changing distance from sample to p-XRF. 

Concentration changes show a clear correlation with the atomic number of the elements; these are higher for light elements, 

especially Mg, Al and Si, and lower for heavier elements. For heavier elements, within the studied distance range 

concentration changes remain below 10 %, whereas for light elements they can be in excess of 60%.  

Thus, it needs to be taken into account that irregular surfaces will produce variable modifications in concentrations 

depending on the atomic number of the elements, which therefore cannot be corrected to the original values through simple 

normalization; and also on element ratios, which can be used for lithological unit identification, exploration or other 

lithogeochemical characterizations (e.g. Conrey et al., 2014; Ross et al., 2014). Ratios between heavy and light elements 

(e.g. Zr/Al) will undergo larger changes than ratios between elements of more similar behaviour (e.g. Zr/Ti).  

Effect of water 

During regular exploration, analysis conditions are typically far from ideal laboratory conditions. Samples to be analysed can 

be dusty or wet, and cannot be thoroughly cleaned and dried in an oven prior to analysis. At most, the surface can be cleaned 

with a damped cloth or running water and be left briefly to dry. Therefore, the effect of moisture or dampness of rock 

samples on p-XRF analysis needs to be evaluated. Water causes x-ray scatter and absorption, inducing an increase in the 

scattered x-rays in the fluorescence spectrum and a decrease in the intensity of characteristic x-rays of the elements. Previous 

works (e.g. Ge et al., 2005; Bastos et al., 2012) have studied signal behaviour on soil samples. But as far as we are aware, no 

systematic studies have been made on rock samples.  

Thus, the effect of water on rock samples has been evaluated here by analysing two samples under several conditions. 

Sample AGI-888/173.5 corresponds to chloritized host rock by the upper contact of the massive sulphides. Sample AGI-

888/180.9 is hanging wall red shale collected some metres above the massive sulphides. Both specimens were sampled 

within the hanging wall geochemically anomalous halo related to the ore, which is described in the main text. These samples, 

like most studied in this work, correspond to metamorphic rocks with a low permeability. Thus, results shown next cannot be 

directly extrapolated to rocks in other study areas. 
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On each sample the same spot was measured twice 1) after overnight sample drying at 70°C; 2) after moisturizing the sample 

surface with a wet cloth simulating sample cleaning and allowing some seconds for the surface to dry; 3) after immersion of 

the sample in water for 5 minutes simulating more intensive sample cleaning; in this case excess water on sample surface 

was removed with a dry cloth immediately prior to analysis. In sample AGI-888/180.9 an additional analysis was performed 

on the sample with a water-soaked surface. Results are provided in Table S1. 

Major elements (wt %) 
SiO2 TiO2 Al2O3 FeOt MnO MgO CaO K2O 

AGI-888/173.5 
Oven 1 43.04 0.45 34.60 7.62 0.52 17.22 0.26 3.10 
Oven 2 43.50 0.45 34.29 7.65 0.51 15.85 0.14 2.91 

Wiped 1 43.94 0.36 30.88 7.74 0.50 7.90 0.12 3.00 
Wiped 2 43.90 0.31 31.19 7.74 0.50 8.39 0.12 2.98 

Immersed 1 44.10 0.35 30.40 7.76 0.51 7.86 0.12 2.94 
Immersed 2 43.16 0.36 33.97 7.83 0.50 16.30 0.12 2.98 

AGI-888/180.9 
Oven 1 59.17 0.39 18.66 5.09 0.16 2.87 0.40 2.30 
Oven 2 58.72 0.37 18.44 5.04 0.16 2.76 0.41 2.28 

Wiped 1 59.79 0.40 19.08 5.02 0.16 3.29 0.41 2.30 
Wiped 2 59.40 0.37 18.60 5.00 0.17 3.66 0.40 2.28 

Immersed 1 59.29 0.37 18.84 4.99 0.17 2.98 0.39 2.28 
Immersed 2 59.67 0.36 18.47 4.97 0.16 2.70 0.37 2.24 

Soaked 1 37.21 0.32 5.87 4.67 0.15 < d.l. 0.32 1.89 
Soaked 2 39.92 0.35 7.13 4.93 0.16 0.66 0.33 2.07 

Trace elements (μgg-1) 
As Ba Cr Cu Nb Pb Rb Sb Sn Sr V Zn Zr 

AGI-888/173.5 
Oven 1 <d.l 4355 243 149 41 82 123 < d.l. 40 348 212 457 612 
Oven 2 <d.l 4456 237 127 34 57 116 < d.l. 35 338 175 420 619 

Wiped 1 <d.l 4612 193 130 31 37 109 < d.l. 28 335 84 445 622 
Wiped 2 <d.l 4558 190 127 29 39 102 < d.l. 29 340 249 429 627 

Immersed 1 <d.l 4577 218 140 35 43 110 < d.l. 33 335 224 423 624 
Immersed 2 <d.l 4532 212 124 31 39 109 < d.l. 35 338 164 420 624 

AGI-888/180.9 
Oven 1 108 2055 25 < d.l. 16 43 106 88 < d.l. 207 57 220 341 
Oven 2 108 2000 28 < d.l. 16 43 104 80 < d.l. 211 59 227 337 

Wiped 1 110 2026 23 < d.l. 17 45 109 77 < d.l. 211 45 207 347 
Wiped 2 114 2066 24 < d.l. 17 46 106 88 < d.l. 211 41 214 346 

Immersed 1 104 2010 37 < d.l. 16 49 108 84 < d.l. 209 37 222 340 
Immersed 2 108 1999 33 < d.l. 17 46 108 80 < d.l. 208 35 229 342 

Soaked 1 101 1963 17 < d.l. 17 50 103 80 < d.l. 206 51 204 336 
Soaked 2 104 2064 38 < d.l. 17 46 106 85 < d.l. 204 61 229 345 

 

Table S1. Results of the analysis of two samples under different moisture conditions 

Results show no significant effect, even when analysing through a thin film of water, for elements with high atomic number 

(trace elements). Effect on Ti and Fe is minor, only observable under soaked conditions. On the other hand, moisture and 

water can have an important effect on lighter elements. Ca, K and Si show a significant decrease in measured concentrations 

under soaked conditions, although not in less wet settings. The lightest analysed elements, Al and Mg, also show a decrease 

in measured concentrations if the sample surface is moist. This is more marked in sample AGI-888/173.5, maybe due to 

higher porosity retaining more water. However, under each condition, the second analysis (finished 2 minutes after the first 

one) yields higher concentrations, showing the effect of progressive surface drying. These results are consistent with those of 

Ge et al. (2005), who described a significant influence of water on elements with atomic number < 26, with larger 

attenuation of lower energies (lighter elements) (Bastos et al., 2012). 

These results show that, as long as the surface of the sample is dry, results obtained are valid except for the lightest elements 

(Al, Mg), even if the rock was originally soaked in water and its interior is still moist. Given that the lightest elements, on 

which moisture may have a stronger effect, are measured from the most surficial portions of the sample (Ravansari et al., 

2020), allowing some time for visible surface drying should be enough to provide good quality analyses, without the need 

for thorough sample drying. Additionally, we consider that obtained data make complex spectrum-based post-processing 
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corrections of the water effect (e.g. Ge et al., 2005; Bastos et al., 2012, implemented for water contents up to 20 wt % in soil 

samples) unnecessary in the analysis of samples similar to those studied here. 

Equipment calibration 

Matrix plays an important effect on XRF measurements. Thus, it is recommended to prepare custom calibration lines using 

samples with characteristics as close as possible to the samples to be analysed. The aim of the p-XRF part of this study is to 

analyse rock samples either in the lab or directly in the field or on the drill core. Since attempting calibration using hand 

specimens of known whole rock composition is unrealistic, the use of pressed powder pellets was chosen as the most similar 

approximation to rock samples, but with the advantage of homogeneous known composition and flat smooth surface. Pressed 

pellets were used instead of powder cups because loose powdered samples lose much more intensity from internal scattering 

compared to denser solids (Conrey et al., 2014). In addition, powder cups have a plastic film which is not present during 

rock sample analysis. To match the matrix of our samples the use of commercial standards was ruled out and pellets were 

prepared using powdered samples collected, prepared and analysed for whole rock geochemistry at SGS during this study. 

Pellets were prepared with 15 g of sample pressed at 200 kN for 2 minutes with no binding materials such as resin or wax, as 

these could introduce modifications into the measured signal. 

To cover the whole compositional range in the studied area, and to minimize the effect of analytical precision and accuracy 

both from laboratory and p-XRF analyses in the calculated calibration lines, a relatively large number of samples was used 

for calibration. 15 samples representative of all lithologies and compositions around the Aguas Teñidas deposit, plus 2 

additional shale samples from the southern IPB, were prepared into pellets and used for calibration. 

Each pellet was analysed using the Cu/Zn mining mode with 30 s measuring time per filter on 5 different spots to minimize 

the influence of measurement precision and possible nugget effects due to incomplete sample homogenization during 

powdering.  

Analytical results provide some constraints on the usefulness of the calculated calibration lines. For example, samples with 

P2O5 < 0.15 wt % (most of the analysed samples) produce no valid results upon analysis with the used p-XRF device. The 

same occurs for As < 20 ppm, Cr < 75 ppm, Cu < 50 ppm, Pb < 100 ppm, V < 50 ppm. For Ba, analysed concentrations 

depict a nearly two-point calibration line, with most samples < 600 pm, and few samples reaching up to 7500 ppm. During 

this study a single calibration line has been used, but for higher accuracy two calibration lines could be calculated, for 

samples below and above 1000 ppm respectively. The use of trimmed calibration lines for the low-concentration range of 

several elements has been suggested in previous studies (e.g. Hall et al., 2014). 

Most p-XRF devices allow configuration of user custom calibration factors, thus providing analytical results which require 

no subsequent processing for concentration corrections. In this case, a single calibration factor is used for each element. 
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