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Abstract: The Valongo anticline is known for the occurrence of several
Sb-Au and As-Au mineral deposits, many of which have been exploited
since Roman times. The Sb-Au and As-Au deposits occur in brecciated
quartz veins, predominantly trending NE-SW, NNW-SSE, and ENE-WSW,
cutting Cambrian to Carboniferous formations. An 801-stream sediment
campaign was conducted in this area. Factorial kriging was applied
as an interpolation method as it enables the estimation and mapping of
the individual spatial components of the variogram. Arsenic (As) was
used as a proxy to outline new exploration targets. The results allow the
identification of NW-SE and NE-SW alignments as preferential areas for
elevated As contents. Future studies will incorporate structural information
and the distribution of old mine dumps to achieve higher accuracy in target
areas for mining prospection.

Keywords: Exploration, stream sediments, geochemical background,
exploration targets, Au deposits.

Resumo: O anticlinal de Valongo é conhecido pela ocorréncia de varios
depdsitos de Sb-Au e As-Au, muitos deles explorados desde os tempos
romanos. Os depositos de Sb-Au e As-Au ocorrem nos fildes de quartzo
com estrutura brechéide com dire¢do predominante NE-SW, NNW-SSE
e ENE-WSW cortando formagdes do Cambrico ao Carbonico. Uma
campanha de 801 sedimentos de corrente foi obtida nesta area. A krigagem
factorial foi aplicada como um método de interpolagdo, pois permite
a estimativa e mapeamento dos diferentes componentes espaciais do
variograma. O arsénio (As) foi usado como proxy para o delineamento
de possiveis novos alvos de exploragdo. Os resultados permitem a
identifica¢do de alinhamentos NW-SE e NE-SW, como preferenciais para
teores elevados de As. Estudos futuros irdo usar informagéo estrutural e a
distribui¢do das antigas escombreiras para obter uma maior precisdo nas
areas para prospe¢ao mineira.

Palavras-chave: Exploracdo mineral, fundo geoquimico, alvo de
exploracdo, sedimentos de corrente, depositos de Au.
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1. Introduction

The Valongo anticline is known for the occurrence of many mineral
deposits and old mines, with a predominance of Sb-Au deposits, some
exploited since Roman times, but especially in the late 19th century. The
definition of advanced-stage exploration targets has long resorted to the
analysis of the spatial distribution patterns of trace elements (or indicator
minerals) in stream sediments (e.g. Wang ef al., 2022). It is key that
the data analysis approach may allow the distinction between patterns
related to local (delimited) sources, diffuse (background) sources or
random distribution.

This study aims: 1) to identify and model the geochemical anomalies
of arsenic considering its association to the mineral paragenesis of Sb-Au
deposits; 2) to recognize possible spatial anisotropies and high significance
clusters of As in the Valongo anticlinal; 3) to find the natural (e.g. geological
formations, mineral deposits) and anthropogenic sources (e.g. mine tailings,
foundries’ slag).

2. Geological setting

Located 18 km from Oporto, the Valongo anticline includes Cambrian
to Carboniferous formations (Figura 1A, B). It is asymmetric and
trends NW-SE, with a synclinal to the west. The Cambrian phyllites
with metagraywackes are overlapped, in angular unconformity, by
Tremadocian-Floian metaconglomerates followed by a sequence
of quartzites, phyllites, metasandstone, and graphitic phyllites with
metavolcanic intercalations. The Lower Ordovician sequence is followed
by the Dapingian-Darriwilian black shales, and by Hirnantian quartzites,
with pelite and metagraywacke intercalations (Medeiros et al., 1980). The
Silurian is represented by black shales and quartzites in both anticline
flanks. On the western flank of the anticline, Devonian is represented by
clay shales, thin sandstone beds and quartzites (Medeiros et al., 1980).
The Carboniferous is represented by sedimentary breccia, black clay
shales and alternating conglomerates, sandstone, and arkoses, with coal
intercalations and also occurs on the western flank of the anticlinal.
Variscan granites surround the Valongo anticline (Carvalho et al., 2012)
(Figura 1B).

The Sb-Au and As-Au deposits occur in brecciated quartz veins, with
predominant NE-SW, NNW-SSE, and ENE-WSW directions (Couto,
1993; Neiva et al., 2008), cutting Cambrian to Carboniferous formations.
These mineral deposits formed through the circulation of metamorphic
fluids derived from the host metasediments. Variscan folding and thrusting
generated shear zones with an anomalous crustal heat flow giving rise
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Figure 1. A) Location of Valongo anticline in the map of Portugal and location
of geotectonics zones — CZ- Cantabrian Zone; WALZ - West Asturian-Leonese
Zone; CIZ - Central Iberian Zone; GTMZ- Galicia Tras-os-Montes Zone; OMZ-
Ossa-Morena Zone; SPZ- South Portuguese Zone; B) geological map of Valongo
arca (adapted from Medeiros, ef al., 1964; Medeiros et al., 1980; Couto, 1993); 1-
Neoproterozoic-Cambrian Schist-greywacke complex; 2- Ordovician to Devonian;
3- Carboniferous; 4- Variscan (Syn-to late D3) peraluminous two-mica granite and
granodiorites; 5- Contact metamorphic aureole; 6- Fault; 7- Probable fault.

Figura 1. A) Localizagdo do anticlinal de Valongo no mapa de Portugal e localizagdo
das zonas geotectonicas - CZ - Zona Cantabrica; WALZ - Zona Astirico Ocidental
Leonesa; CIZ - Zona Centro Ibérica; GTMZ - Zona da Galiza Tras-os-Montes; OMZ
- Zona de Ossa Morena; SPZ - Zona Sul Portuguesa; B) mapa geologico da area de
Valongo (adaptado de Medeiros, et al., 1964; Medeiros et al., 1980; Couto, 1993);
1 - Complexo de Xisto-grauvaquico do Neoproterozoico-Cambrico; 2 - Ordovicico
a Devonico; 3 - Carbonico; 4 - Granito e granodioritos de duas micas peraluminosos
(sin- a tardi- D3); 5 - Auréola metamorfica de contacto; 6 - Falha; 7 - Falha provavel.

to hydrothermal activity (Couto, 1993; Couto et al., 2007; Neiva et al.,
2008). The structural control is clear and the Valongo mineral deposits
have been associated with shear areas active since the Variscan D1 phase
(Pereira et al., 1993).

3. Material and methods

Eight hundred and one stream sediment samples were collected by
the consortium Baixo-Douro (EDM-ECD-BRGM) (Viallefond, 1990)
at a density of 4 samples/km® The samples were sieved at 125 pm,
digested by fusion with sodium peroxide, and analyzed by ICP-AES,
with an accuracy of 5-10%. The detection limit for As is 5 ppm. The
chemical analyses were carried out by the BRGM laboratory (France).

In geostatistics, the combined effects of different scales of
spatial variation of a particular property result in a nested variogram
structure. Methods such as Factorial Kriging (Journel et al., 1978;
Matheron, 1982; Goovaerts, 1997; Wackernagel, 1998) may then
be used to estimate and map individual spatial components of the
variogram. The regionalized variable theory (Matheron, 1971,
Chiles and Delfiner, 2012) states that a variable in an area has
both random and spatial properties that can be characterized by
computing an experimental variogram from field sampling, such as:

where y(h) is the experimental variogram for the lag distance h between
pairs of sampled locations; N(h) is the number of pairs separated by lag
distance h; Zi and Zi + h are the values of the regionalized variable at
the sampled locations i and i + h. The experimental variogram can then
be fitted by an established model or a linear combination of established
models.

Factorial Kriging was utilized for computation. Due to its greater
flexibility in modelling different spatial structures — in this case, two
isotropic structures at short and long distance (Figura 2) — enabled
a reduction in the spatial uncertainty associated with the estimation,
compared to Ordinary Kriging. This allowed for a more precise
and realistic estimation. The software SpaceStat version 4.1.25,
Biomedware, USA, was used for computation.

The As was selected due to its presence in the mineral paragenesis
of the Sb-Au and As-Au deposits of the Valongo anticline, as
well as being an element that replaces Sb in the stibnite. Stibnite
usually contains As (up to 1.39 wt.% As) in the Borralhal deposit,
while in arsenopyrite, Sb replaces As (Couto, 1993; Neiva et al.,
2008). The As scores were normal transformed and the kriged
values backtransformed to their original units (mg/kg).

4. Results

The variographic study facilitated the identification of two isotropic
structures, one at a short range (2 Km) and the other at a long range
(7 Km). Two spherical models were applied (Figura 2), with the
nugget effect accounting for 49% of the total variance. The remaining
51% was subsequently utilized to create estimated maps for the two
identified structures. Factorial kriging was used for separating the
short isotropic component from the long isotropic structure. Figure 3
displays the comprehensive estimated map.

Figure 2. Experimental omnidirectional variogram with the fitting of two spherical
models: CO (nugget effect) = 0,49, C1 (short-distance variance) = 0,19, C2 (long-
distance variance) = 0,32, al (short-distance range) = 2Km, and a2 (long-distance
range) = 7 km.

Figura 2. Variograma experimental omnidirectional com o ajuste de dois modelos
esféricos: CO (efeito de pepita)=0,49, C1 (variancia curta distancia)= 0,19, C2
(variancia longa distancia)=0,32, al (alcance, curta distancia)=2Km e a2 (alcance
longa distancia)=7 km.

5. Discussion

Factorial Kriging holds great promise in identifying preferential
directions for future gold exploration in the Valongo region, using
arsenic (As) as a proxy. The Valongo area has been historically known
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Figure 3. Nested structures along NE-SW and NW-SE directions, As spatial distribution and probable spatial trends.
Figura 3. Estruturas imbricadas ao longo das dire¢des NE-SW e NW-SE, distribui¢do espacial do As e provaveis dire¢des preferenciais.

for its potential to host valuable mineral deposits, including gold, and
employing advanced geostatistical techniques can significantly enhance
our understanding of the spatial distribution of mineralizations.

The use of Factorial Kriging takes into account the directional
continuity of arsenic concentrations, helping in the definition of
the orientations where higher gold mineralization is likely to occur,
considering the short (2Km) and long distance (7Km) structures
identified in the fitted variograms. The spatial variability of arsenic
concentrations in stream sediments is closely associated with certain
types of gold mineralization, and its spatial structure may serve as a
proxy to potential gold-bearing zones identification.

The results confirmed the previously acknowledged geochemical
associations in the stream sediments samples (Carvalho, 2010), namely
the identification of NW-SE and NE-SW directions as preferential for
the high As content (Figura 2) (Batista et al., 2020; Carvalho, 2020).
The results obtained through Factorial Kriging emphasize new As
anomalies that are consistent with the location of the Sb-Au and As-
Au mineralization (FiguralB).

The identified preferential directions can guide future prospecting
efforts, allowing exploration of areas with the highest likelihood of
hosting gold deposits. Furthermore, the incorporation of other geological
and structural data, alongside arsenic concentrations, can enhance
the accuracy of the exploration targeting, increasing the likelihood of
discovering economically viable gold deposits and fostering sustainable
mining activities in the area.

6. Conclusions

Factorial Kriging demonstrates significant potential in identifying
preferential directions for gold exploration in the Valongo region.
By using arsenic as a proxy for gold mineralization, this advanced
geostatistical technique helps uncover hidden patterns and structures
in the data, guiding future prospecting efforts effectively. The use
of Factorial Kriging provided valuable insights into the spatial
variability of gold mineralization potential, enabling targeted
exploration in areas with a higher likelihood of hosting gold deposits.

The future incorporation of other geological data alongside

arsenic concentrations is an important issue to address in a more
comprehensive and less uncertain model. Understanding the
geological context is the backbone for interpreting the controls
on gold mineralization and the enhancement of the accuracy of
exploration efforts.

The application of advanced geostatistical techniques like Factorial
Kriging contributes to sustainable mining practices. By pinpointing
areas with higher gold mineralization potential, mining activities
can be conducted with greater precision, minimizing environmental
impact and optimizing resource utilization.
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