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Featured Application

Fault segment studies provide a deeper understanding of fluid circulation processes related
to the exploration and characterization of geothermal systems, as they are ideal areas for
examining geological, geochemical, and hydrogeological alterations.

Abstract

The southeastern Iberian Peninsula, particularly the Águilas Arc within the Neogene Vol-
canic Province (NVP), represents a promising geothermal domain with complex tectonics
and geology. The Palomares Fault Zone (PFZ), a key shear structure initiated during the
Late Miocene, acts as a conduit for fluid migration, promoting mineralization and potential
anomalies of rare and critical metals through fluid–rock interaction. This study investigates
such interactions in the southernmost Águilas Arc, focusing on the El Arteal fault segment
within the eastern PFZ strand. Mineralogical, geochemical, and hydrogeological analyses
were performed using XRD, SEM, and ICP-MS techniques. Results reveal six mineral assem-
blages (MA) within the fault segment where the fault gouge samples were characterized by
cataclastic textures and the occurrence of authigenic minerals, including halite, kaolinite,
illite, paragonite, goethite, hematite, gypsum, barite, celestine, and quartz. Geochemical
data indicate enrichment signatures in large-ion lithophile elements (LILE) and minor
chalcophile and light rare-earth elements (LREE). Two thermal hydrofacies with alkaline
metals enrichment were identified in wells and mine shafts: (1) Na+SO4

2− and (2) Na+Cl−,
where the latter exhibits high Na+ and Cl− concentrations toward deeper sectors. These
findings suggest multiple stages of fluid–rock interaction controlled by temperature: an
early phase dominated by epithermal mineralization, followed by late-stage circulation
of hypersaline fluids. This evolution provides an abnormal geochemical signature that is
unique in the Aguilas Arc Geothermal System.

Keywords: fault rocks; fluid–rock interactions; hydrothermal-geothermal fluids; brine
waters; mineralogy; trace elements geochemistry
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1. Introduction
The assessment of mineral resources in geothermal brine waters associated with

hydrothermal systems, both in magmatic and non-magmatic settings, has emerged as a
strategic approach to address the increasing demand for rare and critical metals, which are
essential to advanced technologies and renewable energy applications [1–3]. These geother-
mal systems are characterized by distinctive hydrochemical signatures, often marked by
anomalies in highly mobile elements such as Li, Rb, Cs, and B. These anomalies are primar-
ily attributable to extensive fluid–rock interaction during the evolution of hydrothermal
processes [4,5]. Despite their potential, exploration of these systems remains highly capital-
intensive [6]. Recent research emphasises the dual value of geothermal projects. In addition
to the exploitation of geothermal energy from thermal waters, hypersaline hydrothermal
deep fluids have the potential to serve as a promising source of critical metals for high-
tech industries [2,7]. The distribution and concentration of these elements are strongly
controlled by temperature gradients, fluid composition, and host lithology, factors that
determine mineralisation potential [2,8]. The tectonic and structural framework also plays
a fundamental role in controlling the migration and reactivity of geothermal fluids within
the reservoir. These fluids are known to predominantly ascend along fault zones, driven by
pressure gradients and contrasts in permeability [9–13]. In magmatic-hydrothermal sys-
tems, the presence of these fluids is attributed to magmatic exsolution during the cooling
and crystallisation of magma chambers [14,15]. During their ascent, these fluids com-
monly mix with infiltrated meteoric waters, generating complex geochemical environments
conducive to metal enrichment and/or neoformation of authigenic phyllosilicates/clay
minerals in faulted rocks and their surrounding areas [16–21]. Notable examples of brine
waters indicative of magmatic–geothermal systems include the Salton Sea geothermal
field (USA), El Tatio field (Chile), and Campi Flegrei and Cesano (Italy), whereas other
brines connected to non-magmatic-geothermal systems include the Upper Rhine Graben
(France and Germany) and the North German Basin [1,2]. Furthermore, recent advances in
extraction technologies, such as sorbent-based recovery and kinetic modelling, highlight
the feasibility of obtaining critical metals directly from geothermal brines. This reinforces
the economic and environmental significance of geothermal systems in the global transition
toward sustainable resource management [6,7].

The Águilas Arc (Figure 1a), located in the southeastern region of the Iberian Peninsula
(Spain) and developed since the Middle Miocene to the present day [22–26], is recognised
as a promising area for geothermal potential [27]. It shows a highly compartmentalized
basement architecture resulting from intense Neogene deformation and the development
of tectonically-controlled subsiding basins. This configuration is driven by a rigid-plastic
indentation process and its association with a vast crustal-scale sinistral wrench zone (the
Trans-Alboran shear zone (TASZ) or East Betic Shear Zone (EBSZ)) [22–25]. The inden-
tation was guided since the Middle Miocene by two major shear zones—N20◦E sinistral
(Palomares–Terreros faults) and N100◦E dextral (Las Moreras faults)—under a compres-
sive/transpressive stress field oscillating between NW–SE and N–S (Figure 1a) [22,28,29].
These structures governed magmatic emplacement and hydrothermal circulation. Further-
more, during the Upper Tortonian to Early Messinian, an extensional regime generated
crustal fractures and permeability pathways that facilitated the migration of magmatic
fluids exsolved during crystallization [22,28]. The arc is located within the NVP, extend-
ing from Cabo de Gata (Almería) to Mazarrón–Cartagena (Murcia), with heterogeneous
orogenic volcanism: normal and high-K calcalkaline, shoshonitic and lamproitic rocks
(middle-to-upper Miocene), and later, Pliocene alkaline basalts [30]. The Murcia–Almería
lamproites are the largest and most compositionally variable in the Mediterranean, enriched
in Large Ion Lithophile Elements (LILE) and depleted in High Field Strength Elements
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(HFSE), with Pb positive anomalies in multielemental diagrams indicative of metasoma-
tized mantle sources [31]. A thinned lithosphere along the SE Iberian margin [32] lifted up
terrestrial heat flow, facilitating partial melting and sustaining geothermal systems.

(a) 

 
(b) 

Figure 1. (a) The Águilas Arc with the main faults and geological units: The ages of the Nevado-
Filábride and Alpujárride complexes range from Paleozoic to Triassic [33]; (b) Inset showing the
location of the El Arteal fault within the Palomares Fault Zone.
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Geothermal studies classify the area as low- to medium-enthalpy, with reservoir
temperatures of 60–140 ◦C at depths of 400–2500 m [34,35], though other estimates suggest
170–190 ◦C in some cases [36]. These conditions, combined with structural permeability
and relatively recent magmatic heat sources, underline the geothermal potential of the
Águilas Arc. However, to evaluate the possible extent of it, a thorough knowledge of
fluid-rock interaction processes and their bearing on geochemical dispersion patterns of
strategic elements is needed. Thus, the objective of this study is to investigate the evidence
of such fluid-rock interactions in the southernmost area of the Águilas Arc geothermal
system, with a particular focus on the El Arteal segment of the Palomares Fault Zone
(PFZ, Neogene) [37,38] (Figure 1b). This segment is regarded as a pivotal location, as it
constitutes the primary surface expression through which to examine the mineralogical
and geochemical anomalies of faulted rocks and nearby aquifers. These anomalies may be
potential indicators of thermal fluid circulation driven by tectono-magmatic activity.

From a metallogenic perspective, the Betic Cordilleras and especially the Águilas Arc,
host numerous epithermal polymetallic ore deposits (Pb-Zn-Fe-Ba-Ag-Cu-Sb-Sn), mainly
of the vein and manto types, within Paleozoic–Triassic metasediments and Cenozoic
volcanic/sedimentary rocks (Cartagena, Mazarrón, Lomo de Bas, Aguilón, Almagrera
ranges, amongst others). These deposits are closely associated with high-K calcalkaline
and shoshonitic volcanic centers, and regional strike-slip faults that acted as primary
conduits for magmatic fluids [39,40]. The PFZ, along with its subsidiary faults El Arteal,
Herrerías, and Terreros, is structurally linked to the intense hydrothermal alteration and
mineralisation observed within the historical mining districts of the Almagrera Range and
Las Herrerías, which is situated within the Vera–Garrucha Basin (Almería). These districts
are characterized by abundant quartz, siderite, barite, celestine, and hematite veins, often
associated with polymetallic sulphides [18,41,42]. In order to mine the mineral vein deposits
(Pb–Ag) in the Almagrera Range, in the vicinity of the Arteal Fault, it was necessary to
establish a drainage system due to the presence of groundwater in active mine galleries
and shafts. This mining activity revealed the existence of deep brines with temperatures
reaching up to 55 ◦C at depths below 200 m below sea level [36,43,44]. Presently, the
El Arteal fault, in conjunction with abandoned shafts and drainage galleries, presents a
remarkable opportunity for the study of fluid–rock interaction in geothermal systems.

2. Geological Setting
The southeastern sector of the Iberian Peninsula, particularly the Águilas Arc (Middle

Miocene [22,25,26]) in the provinces of Murcia and Almería, is a key segment of the Betic
Cordillera, which forms the westernmost part of the Alpine orogenic system in the Mediter-
ranean [23,45]. The Betic Cordillera is characterized by the juxtaposition of the orogenic
Internal Zones (Alboran Domain, from bottom to top: Nevado-Filábride, Alpujárride and
Maláguide complexes), ranging in age from the Paleozoic to the Early Miocene, and Exter-
nal Zones (Prebetic and Subbetic), range from the Triassic to the Early Miocene [33]. These
zones are separated by major tectonic contacts and have been shaped by a complex history
of nappe stacking during the Oligocene, Neogene metamorphism, and subsequent Neogene
extension and basin formation [23,46,47]. The Águilas Arc is mostly composed of metamor-
phic Paleozoic and Triassic rocks from the Internal Zones (Nevado-Filábride and Alpujár-
ride complexes), overlain by Neogene–Quaternary marine and continental sediments with
thicknesses and facies distribution strongly influenced by tectonic subsidence [23,28,38,48].
The Paleozoic and Triassic metamorphic units include graphitic phyllites and schists,
quartzites, and marbles of the Nevado-Filábride and Alpujárride complexes [45,47]. Both
units record a Late Cretaceous–Paleogene HP–LT event: the Nevado-Filábride locally
reached eclogite facies (omphacite + garnet + phengite ± kyanite ± rutile) [49], whereas
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Alpujárride units preserve carpholite-bearing assemblages (~8–10 kbar; ~350–400 ◦C) [47].
This imprint was largely overprinted during late Paleogene–Miocene extensional exhuma-
tion by near-isothermal decompression and recrystallization under amphibolite to up-
per greenschist facies (~500–550 ◦C at 4–3 kbar), followed by cooling to ~300–350 ◦C at
2–1 kbar [47,49,50]. The study is focused on the post-tectonic Vera-Garrucha Basin (Almería)
that is mostly composed of Messinian and Pliocene marls delimitated by the Almagro Range
(north), the Bédar Range (west), the Cabrera Range (south and southeast of Garrucha), and
the Almagrera Range (northeast) (Figure 1a). The basin is strongly asymmetric, and it is
highly deformed towards its eastern margin, affected by the Palomares Fault (Almagrera
Range) [51–53].

The region also hosts one of the most diverse and well-studied Neogene Volcanic
Provinces (NVP) in Europe, with calc-alkaline, high-K calc-alkaline, shoshonitic, ultra-
potassic (lamproitic), and alkaline basaltic rocks, with a northward increase in K2O and
incompatible elements, and a decrease in age [30]. Volcanic activity is closely associated
with fault zones, with domes, dykes, and sills emplaced along zones of structural weakness.

The tectonic evolution of the southeastern Betics is characterized by a major transition
from Alpine compressional tectonics and large-scale nappe stacking during Oligocene to
syn- to post-orogenic Miocene extension, followed by a late Tortonian contractional over-
print [23,47,49,50,54–56]. During the early Alpine stages, the Internal Zones were subjected
to deep burial and high-pressure/low-temperature (HP–LT) metamorphism, locally reach-
ing blueschist to eclogite facies conditions, reflecting their involvement in a continental
subduction system [47,57,58]. This compressional phase produced the superposition of the
Nevado-Filábride, Alpujárride, and Maláguide complexes as major tectonometamorphic
nappes. From Early to Middle Miocene, the geodynamic regime shifted to widespread
extension, driven by slab rollback in the Western Mediterranean and the development of
low-angle extensional detachments, which facilitated the rapid exhumation of the meta-
morphic cores [49,50]. This extensional phase led to the doming and tectonic unroofing of
the Alpujárride and Nevado-Filábride complexes, ultimately shaping the current structural
architecture of the southeastern Betics.

2.1. The PFZ and El Arteal Fault

The PFZ is a major sinistral (left-lateral) strike-slip system formed by several segments
with a N10–20◦E trend (Figure 1a,b). It is part of the Eastern Betic Shear Zone (EBSZ) and
operates as a guide and limit structure that absorbs part of the movement and deformation
produced by the tectonic indentation of the Águilas Arc within the EBSZ [22,38,57,59]. The
PFZ has been active since the Upper-Tortonian to the Quaternary, and it has a notable
dimension, affecting a rock volume of 80 km long, 44 km wide, and 30 km deep [26,38,60].
The PFZ has played a crucial role in the segmentation and migration of Neogene and
Quaternary sedimentary depocenters, the uplift and rotation of metamorphic ranges such
as the Almagrera Range, and the formation of associated basins (Vera, Pulpí) [38]. Re-
cent gravimetric studies [25] indicate that the PFZ is more segmented and discontinuous
than previously thought, with its main trace extending from the Cabrera Range (south
of Garrucha) to the southern Pulpí Basin (Figure 1a). Furthermore, PFZ exhibits strike
variations in fault kinematics along its trace and tectonic evolution as a result of the need to
accommodate compressional tectonic stresses during the Alpine orogenic system [26,38].
In the southern sector (Vera-Garrucha), fault segments dip westward and show an oblique-
slip with a significant normal component, promoting subsidence and the development of
sedimentary basins such as the Vera Basin. In contrast, in the northern sector (Almenara
Range), the same fault segments dip to the east–southeast and display sinistral–reverse
kinematics, favouring uplift of the mountain ranges [38].
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The El Arteal Fault is a key segment within the eastern and southern strand of the PFZ,
bringing into contact the Almagrera Range to the east and the Neogene marine sediments
of the Vera-Garrucha Basin to the west (Figure 1b). It is characterized by a sinistral-normal
regime striking N10–12◦E and dipping 45–86◦NW with striae plunging 15–25◦ southward,
and it has been active from the Early Pliocene to the Quaternary [37,38]. El Arteal, together
with other segments such as the Terreros and Herrerías faults, accommodates part of the
total displacement of the PFZ and plays a crucial role in the tectonic segmentation, uplift,
and exhumation of the Almagrera Range [18,38,60]. This structural framework strongly
controlled the migration of Neogene and Quaternary depocenters, the development of
hydrothermal systems, and the location of ore deposits during the Neogene. The Almagrera
Range is an elongated N30◦E tectonic block formed by the Nevado-Filábride Paleozoic
rocks [61]. The El Arteal fault affects graphite phyllites, mica-schists, and quartzites of
the Nevado-Filábride Complex, as well as Mio-Pliocene sands and sandy marls of the
Vera-Garrucha Basin.

2.2. Historical Mining

Mining in the Almagrera Range (Figure 1b) revealed one of the most intense hydrother-
mal activity and mineralisation areas within the region [43]. Mineralisation occurs as lodes
and veins mainly in open fracture systems trending N10–40◦W in the Almagrera Range,
and as stratabound deposits in the Las Herrerías area (Vera-Garrucha Basin). Ore assem-
blages include galena (often argentiferous), sphalerite, pyrite, chalcopyrite, and sulphosalts
(Pb-Sb-Cu-Ag), accompanied by gangue minerals such as quartz, barite, celestite, hematite,
and siderite. Silver enrichment typically occurs above the oxidation zone [62–65]. These
processes were closely linked to calc-alkaline and shoshonitic volcanism, suggesting a
genetic connection between magmatism and hydrothermal ore formation [39,62]. The
modern period of mining in the Arteal area began in 1838, following the discovery of
the argentiferous galena vein known as the Jaroso lode, and continued until 1957 with
alternating phases of activity and abandonment. As mining operations advanced and
reached deeper levels, the development of a dewatering system became necessary, so in
1903, two mine shafts were deepened to 250–257 m from the surface (220–227 m below sea
level) [44], currently collapsed at 122.5 m from the surface. During its most productive
period (1841–1912), the district yielded approximately 500,000 tons of lead and 3000 tons
of silver [43]. Moreover, in barite operations near the zone, Minersa mine group yielded
between 1993 and 2006 approximately 330,000 tons of Ba-, Sr- and Fe-bearing material [66].

3. Hydrogeological Context
The El Arteal mining activity provided the connection between the thermal Almagrera

aquifer and the Vera-Garrucha Neogene aquifer through mine galleries [67,68]. The water
pumped out during the mine development was of a geothermal and hypersaline nature,
reaching temperatures up to 55 ◦C at depths close to 200 m below sea level. Furthermore, the
pumped brines were characterized by high metal concentration with remarkable contents
of Li, K, and Rb [69,70]. In view of the hydromineral economic interest of the brines, the
Peñarroya Mining Company constructed an experimental deep well measuring 550 m in
depth in 1983. This well was located at the foot of the Almagrera Range, at a distance
of 800 m from the Arteal Dewatering System. A series of hydraulic tests was conducted
in order to evaluate the feasibility of extracting lithium from brines and the geothermal
potential of the area. However, these tests did not yield any conclusive results [36,43,69].
The well was cased to 393 m, below which a slotted-liner casing was installed to 486 m [70].

According to Navarro and Carulla [36], there are two main aquifers in the area, a
thermal one hosted in the fractured metamorphic rock (geothermal system of the Almagrera
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Range) and another one, the Canalejas alluvial aquifer in the Quaternary and Neogene
sediments (Figure 1b). The aquifers exhibit low permeability, resulting in slow recharge
by pluviometry. Some researchers have studied this type of water at the El Arteal mine
dewatering system, old mine wells in the Almagrera Range, and the experimental deep
well. For example, Navarro and Carulla [36] and Navarro [44] determined that the hydro-
geological data show Na and Na-Ca chloride dominant facies in all the collected spots
with notable Na, K, Ca, Mg, and Li contents (Table 1). They reported that Cl concentra-
tions in this region are higher than those of Mediterranean seawater, and Cl/Br ratios
(1564–12,879) show that the elevated salinity cannot be attributed to marine intrusion, as
indicated by Cl/Br ratios of approximately 620–660 [71], but rather to the dissolution of
halite or the dilution of halite brines. In addition, they estimated a reservoir temperature
of approximately 190–200 ◦C with different geothermometers and a production depth of
2400–3000 m, making the Almagrera Range a potential geothermal resource.

Table 1. Water samples data from Navarro and Carulla [36] and Navarro [43]: El Arteal mine dewa-
tering system, old mine shafts in Almagrera Range (Ramo de Flores, Guzmana), and experimental
deep well. Dash (-) indicates that no measurement was taken.

Parameters El Arteal Mine Ramo De Flores Guzmana Exp. Deep
Well

Data year 1971 1973 1971 1971 1983 1983
Piezometric head (m) −167 −171.3 −137 −98 −176.8 −195

pH 6.9 3.6 - 2.9 - -
T(◦C) 33 34 35 28 51 51

Salinity (g/L) 110◦ 10,210 - 40,460 25,130 - -
Ca (mg/L) 648 830 1400 240 7200 6750
K (mg/L) 134 160 670 197 1700 1750

Mg (mg/L) 282 1180 1035 1244 600 600
Na (mg/L) 2450 1700 9150 4450 28,200 27,400
Cl (mg/L) 3410 3800 1711 8252 58,900 57,500

SO4 (mg/L) 3275 2500 4300 7575 820 1010
HCO3 (mg/L) 283 - 0 0 260 260

Br (mg/L) 3.9 - 3.05 1.8 - -
F (mg/L) - 2.1 - - - -
Fe (mg/L) 1.9 17.2 206 1400 48 33
Li (mg/L) 6 6.4 27 13.2 65 66
Rb (mg/L) - - - - 17 18
Zn (mg/L) - 2.3 - - 2 1
Si (mg/L) 4 1.7 2 2 6.5 7.1
Sr (mg/L) - - - - 275 260
Cu (mg/L) - 1.7 - - - -
As (µg/L) - 55 - - - -
Ni (µg/L) - 60 - - - -

4. Materials and Methods
In order to investigate rock–fluid interaction, the fault section was examined through

two complementary approaches: The first stage of the research involved the sampling
of rocks for petrographic, mineralogical, and geochemical analysis. The second stage
involved the collection of water samples from five water wells and mine shafts to assess
hydrogeological changes. The abbreviations of methods and additional indicators are
located in the subsequent section of the text following the main text.

https://doi.org/10.3390/app16031420

https://doi.org/10.3390/app16031420


Appl. Sci. 2026, 16, 1420 8 of 36

The fault outcrop is located close to the El Arteal dewatering system due to the area’s
significance. It extends eight metres and has a wedging morphology, with the upper part
being narrower than the lower part. The strike is measured at N12◦E, and the dip is 86◦

to the NW (Figure 2a,b). A total of fifteen rock samples were collected sequentially in the
fault outcrop during two field sampling campaigns (September 2023 and May 2024). Three
of these samples were taken from the metamorphic and sedimentary rocks outside the
fault zone, and thus serve as reference samples. One sample was obtained from phyllites
of the Paleozoic Nevado-Filábride Complex (the uplifted block, F1 sample, Figure 2c)
with a marked foliation, and the other two samples were obtained from calcareous sands,
calcareous sandstone, and sandy marls, which contain microfossils from the Neogene
sediments (the downthrown block, F12 and F13 samples). Additionally, twelve samples
(F2A–F11) were obtained from the fault core zone, precisely at the contact between these
two aforementioned geological units. This zone can generally be classified as foliated
fault gouge derived from graphite mica-schists and phyllites with angular clast-supported
fine fault breccia, cataclasite and some mylonitic textures (Figure 2d–h). The colour of
these materials varies across the segment and was measured with the Munsell scale. The
reference sample from the Paleozoic Nevado-Filábride Complex is medium (5B 5/1) to
light bluish grey (5B 7/1) (Figure 2c), whereas the foliated fault gouge ranges from dark
(N3) and medium dark grey (N4) to dark reddish grey (5R 4/2), greyish- red (10R 4/2) or
pale red (5R 6/2) (Figure 2d–g). The black colour is associated with high carbon (graphite)
content in these rocks [72]. The Fault gouge in contact with Neogene sediments exhibits
similar colours to the reference samples, ranging from pale yellowish brown (10YR 4/2) to
dark yellowish orange (10YR 6/6) and greyish orange (10YR 7/4) (Figure 2h).

For petrographic, mineralogical, and geochemical analysis, all rock samples were
studied by optical microscopy, X-ray diffraction (XRD), scanning electron microscopy
(SEM), and their whole-rock trace elements were obtained by inductively coupled plasma
mass spectrometry (ICP-MS).

XRD patterns were obtained both from randomly oriented powders (all samples) and
from oriented aggregates (seven representative samples). For the latter, the clay fraction
was obtained by dispersion and sedimentation in an aqueous medium according to Stokes’
law [73]. After air drying, one of these samples was ethylene glycol solvated, and another
one was thermally treated (550 ◦C) to obtain the oriented aggregates. X-ray diffractograms
were obtained with a Bruker D8 Discover (Bruker AXS GmbH, Karlsruhe, Germany)
equipped with geometry Theta/2Theta at the Interdepartmental Research Service of the
Autonomous University of Madrid (Spain). The X-ray radiation used was CuKα with a
wavelength of 1.54060 Å. XRD patterns of randomly oriented powders were performed
from 2◦ to 65◦ 2θ, while oriented aggregates were analysed from 2◦ to 30◦ 2θ, using a step
size of 0.02◦ 2θ and a counting time of 1 s per step. A semiquantitative estimation of the
mineral content was carried out using the intensity factors calculated by Schultz [74] and
Van der Marei [75].

The petrographic study was performed on eight polished thin sections (30 microns).
These samples were impregnated with epoxy before being cut, and subsequently pol-
ished with petroleum to prevent disintegration on contact with water. Undisturbed frag-
ments were examined under a Hitachi S-3000N Scanning Electron Microscope (SEM)
(Hitachi High-Tech, Tokyo, Japan), after coating with gold (10 nm thick) in a sputtering
chamber (Quorum sputter metallization, Q150TS) (Quorum Technologies, Sussex, UK). The
SEM has secondary electrons (SE) and Backscattered electrons (BSE) detectors as well as
a Quantax Energy Dispersive X-ray spectrometer (EDX), model XFlash 6I30, from Bruker
(Karlsruhe, Germany). Resolution was 3 nm at 25kV and voltage from 0.3 to 30 kV.
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Whole rock trace elements were analysed using the super trace DL Na2O2 fusion
(ME-MS89L) and ICP-MS determination analytical protocol at the ALS Global Laboratory
Group, S.L in Loughrea, Ireland. 250 g of each sample was pulverized to <75 µm. The
results include a selection of lithophile elements such as Li, Be, Mg, Ca and Large Ion
Lithophile elements (LILEs: K, Rb, Cs, Sr, Ba), High Field Stress Elements (HFSE: Ti, Nb, Ta,
Th, U), Light Rare Earth Elements (LREEs: La, Ce, Pr, Nd, Sm), Middle Rare Earth Elements
(MREEs: Eu, Gd, Tb, Dy), Heavy Rare Earth Elements (HREEs: Ho, Er, Tm, Yb, Lu, Y),
Transition Trace Elements (TTE: Fe, Mn, V, Co, Ni), other elements (Mo, W, Re, Ga, Ge) and
chalcophile elements (Cu, Zn, Ag, Cd, In, Sn, Tl, Pb, Bi, Sb, As, Te, Se).

 

Figure 2. (a) Panoramic view of the fault section between the Paleozoic Nevado-Filábride Complex
and the Neogene sediments. The arrows indicate the vertical component of slip on the sinistral-
normal fault; (b) Closer view showing location of samples collected sequentially throughout the
fault section. Sampling points indicated by white circles; (c–h) Details of different and representative
samples: (c) Sample F2B, which is close to the Nevado-Filábride materials, has a texture similar to the
original metamorphic rock and is a light bluish grey colour (5B 7/1); (d) Sample F2A exhibits a breccia
texture, (e–g) Samples F3, F7 and F8B are foliated fault gouge with a colour change from dark grey
(N4) to greyish red (10R 4/2) and pale red (5R 6/2). Sample F8B has a mylonitic texture; (h) Sample
F9 is a fault gouge in contact with Neogene sediments and is dark yellowish-orange (10YR 6/6).

To evaluate the composition of the groundwater in the fault-affected area, seven water
samples were collected during the same two field campaigns. Five water wells and mine
shafts were selected along a transverse profile (SW-NE) to the direction of the studied
fault, piercing the geological units of interest (Figure 3a,b). The El Arteal mine dewatering
system comprises: one water well (ART-2) and two mine shafts, which are connected by
mine galleries (ART3 and ART-4). ART-2 and ART-3 are located in Neogene sediments,
whereas ART-4 is situated in the Nevado-Filábride complex. The fourth well, designated
ART-1, is utilised for water supply and is located in Quaternary alluvial sediments. The
fifth well, labelled S.A., corresponds to the experimental deep well and is located in
the Nevado-Filábride complex (Figure 3a,b). All samples were collected at a static level
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using a 1-litre stainless steel bailer with a 150 m manual winch for shallow wells and
a 500 m automatic winch for deep wells. Temperature, pH, redox potential (Eh; mV),
and electrical conductivity (EC; µS/cm) were all measured on-site with a Crison MM40+
portable multimeter device. Standard reference solutions were employed to calibrate the
field instrument. Major ions and trace elements were analysed by ICP-MS and Inductively
Coupled Plasma-Atomic Emission Spectroscopy (ICP-AES) at the ALS Global Laboratory
Group, S.L in British Columbia, Canada.

 
(a) 

 
(b) 

Figure 3. (a) Geological map with the location of water wells and mine shafts and the outline of
the profile in red. (b) Transverse profile (SW-NE) to the direction of the fault and the depth of the
water sample taken at the five water wells and mine shafts. ART-1 and ART-2: Wells for water
supply; ART-3 and ART-4: El Arteal mine dewatering; and S.A: Experimental Deep Well. Figures in
italics show the piezometric head metres above sea level (m a.s.l.) and figures in the white rectangles
represent the sampling depth in m above sea level. The grey horizontal lines show the mining
galleries that connected the Almagrera thermal aquifer and the Vera-Garrucha Neogene aquifer. Both
axes are in metre units. Modified diagram from Gómez Iribarne [68].
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5. Results
5.1. Mineralogy

The XRD mineralogical analyses of bulk rock samples indicate a substantial presence
of phyllosilicates and quartz throughout the fault zone, in both reference samples and fault
core samples. However, other minerals, including halite, gypsum, tridymite, plagioclase,
microcline, hematite, rutile, goethite, and carbonates (dolomite, calcite, and/or ankerite)
are present in some but not all samples. The proportions of these minerals vary according to
sampling location, the type of rock, and the degree of alteration (see Table 2). Phyllosilicates
identified in the XRD patterns are mostly dioctahedral micas (muscovite and paragonite),
as well as clay minerals, such as illite and kaolinite. Illite/muscovite and kaolinite are
the most frequent phyllosilicate minerals in all samples. A small amount of paragonite
was further detected in the randomly oriented powders and the oriented aggregates by
the (d001) spacing at ~9.63 Å and (d002) spacing at ~4.81 Å in some samples (F5 to F13)
of altered fault gouge and breccia. Chlorite was only identified in the randomly oriented
powders from three samples, which corresponded to the reference samples from the
Neogene sediments (F12 and F13 samples), as well as one sample close to these units
(sample F11), by (d001) spacing at 14 Å and (d002) at ~7 Å. In the oriented aggregates, the
main identified minerals were illite/muscovite and kaolinite (Figure 4). Additionally, no
significant changes were observed between air-dried and ethylene glycol-treated specimens,
indicating the absence of expandable layers. Kaolinite was identified by (d001) spacing at
7.14 Å, and illite/muscovite was identified by (d001) spacing at 10 Å, 4.98 Å and at 3.33 Å
or 3.31 Å (Figure 4). This slight displacement likely reflects compositional variation and/or
minor instrument shift.

Figure 4. Representative oriented aggregate mounts diffractograms from the sample F2B, with illite
and kaolinite.

The semiquantitative analysis in Table 2 shows that the fault gouge and breccia contain
a significant increase in phyllosilicates in the central samples of the fault segment, with
values reaching up to 64% (F6, Table 2). This is followed by halite, which ranges from
1–2% to a maximum of 10–11%, and gypsum, which is present in small amounts, below
1%. An increase and variation in iron oxides and oxyhydroxides were also observed in the
fault core near the Nevado-Filábride Complex reference sample, with goethite values of
8% and hematite values of 14%. The presence of halite and iron oxides/oxyhydroxides
is particularly significant, as these minerals are either absent or only scarcely present in
the reference samples (F1, F12, and F13). Gypsum, in contrast, is slightly more abundant
in the calcareous sands of the Neogene sediments (5%). It is noteworthy that the vast
majority of samples lack feldspars, except for fault gouge sample F3 located near the de
Nevado-Filábride reference samples (9% Pl + 1% Mc, Table 2). The Fault gouge samples
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(F9, F10, and F11) located closest to the Miocene units contain dolomite (up to 6%) and
abundant calcite (up to 36%). Rutile, tridymite, and ankerite are occasionally detected but
not quantitatively determined. Oriented aggregates were obtained for only five samples (F1,
F2B, F5, F5 and F9), as it was not possible to separate the <2 µm fraction in samples F10 and
F12. All of these samples contain more than 90% illite and 4–10% kaolinite, with the highest
amount of kaolinite found in the fault gouge sample located close to the Nevado-Filábride
Complex (F2B + 10% Kln, Table 2).

Table 2. Sample list of El Arteal fault and semiquantification XRD results. Mineral abbreviations
according to Whitney and Evans [76]: Ank = Ankerite, Brt = Barite, Cal = Calcite, Clt = Celestine,
Chr = Chromite, Dol = Dolomite, Gth = Goethite, Gp = Gypsum, Hl = Halite, Hem = Hematites,
Ilt = Illite, Kln = Kaolinite, Mc = Microcline, Mnz = Monazite, PSIc = Phyllosilicates, Pl = Plagioclase,
Qz = quartz, Tur = Tourmaline, Trd = Tridymite, Rt = Rutile, Zrn = Zircon. Dash (-) is no data.
RS = Reference sample.

Bulk Sample Clay Fraction

Samples Type of Rock Qz PSIc Mc Pl Gth Hem Gp Hl Dol Cal Others Ilt Kln

F1 Phyllite (RS) 71 25 1 - 3 - - - - - - 96 4

F2A Fault breccia 55 30 - - 1 14 - - - - - - -

F2B Phyllite altered 68 23 - 2 6 - - 1 - - Rt, Tur, Zrn 90 10

F3 Fault gouge 39 42 1 9 8 - <1 1 - - Rt, Clt,
Mnz - -

F4 Fault gouge 52 43 - - 3 - <1 2 - - Brt, Rt - -

F5 * Fault gouge 52 42 - - 5 - - 1 - - - 96 4

F6 * Fault gouge 28 64 - - 3 - <1 5 - - - - -

F7 * Fault gouge 26 49 - 5 1 9 1 9 - - Rt, Trd,
Mnz, Zrn 93 7

F8 * Fault gouge 23 53 3 - 6 - <1 9 6 - - - -

F8B Mylonitic fault rock 41 51 - - - 8 - <1 - - Mnz, Zrn,
Tur - -

F9 * Calcareous
Fault gouge 23 43 - - <1 3 - 8 2 21 Chr, Zrn 91 9

F10 * Calcareous
fault gouge 10 46 - - - - 3 2 3 36 Ank - -

F11 * Calcareous
fault gouge 20 33 - - - - 1 11 2 33 - - -

F12 * Calcareous sands
(RS) 48 40 2 - - - 5 - 3 2 - - -

F13 *
Calcareous

sandstone and
sandy marl (RS)

25 57 - - - - <1 - 5 5 - - -

* Samples where paragonite was identified, but it was not quantitatively determined. Underlining, samples
containing chlorite.

Considering the observed mineralogical observations and variations across all sam-
ples and their spatial distribution, a total of six distinct MA have been identified: two
corresponding to the reference rock samples, and four are associated with the core zone of
the fault segment.

• MA-1 (Nevado-Filábride Complex reference rock (uplifted block): F1 sample). The
assemblage is dominated by quartz (71%) and phyllosilicates (25%) with contents
below 5% of potassium feldspar and goethite. Phyllosilicates are dominated by illite-
muscovite, with traces of kaolinite. The presence of halite was not detected.
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• MA-2 (Fault core: F2A and F2B samples; Figure 5). It is dominated by quartz (55–68%)
and phyllosilicates (23–30%) with a relevant content of hematite (1–14%) and goethite
(1–6%) together with traces of halite and rutile. Petrographic analysis and SEM
observations also identified tourmaline, zircon, plagioclase, and gypsum. Among the
phyllosilicates, illite-muscovite and kaolinite were both detected. The study of the clay
fraction (<2 µm) revealed contents of 90% illite and 10% kaolinite.

• MA-3 (Fault core: F3, F4 and F5 samples; Figure 6). It is characterized by a de-
crease in quartz (39–52%) and an increase in phyllosilicates (42–43%), with variable
amounts of goethite (3–8%), plagioclase (0–9%), halite (1–2%), and traces of potassium
feldspar. Petrographic analysis and SEM observations also identified the presence
of rutile, celestine, monazite, gypsum, and barite. Phyllosilicates are dominated by
illite-muscovite and kaolinite, with minor indications of paragonite. The clay fraction
(<2 µm) consisted of approximately 96% illite and 4% kaolinite.

• MA-4 (Fault core: F6, F7, F8 and F8B samples; Figure 7). It is primarily composed
of phyllosilicates (49–64%) with a minor amount of quartz (23–41%) with variable
contents of goethite (0–6%), hematites (0–9%), halite (traces < 1–9%), dolomite (0–6%),
some feldspars (0–5%) and with traces of gypsum. Petrographic analysis and SEM
observations additionally have detected rutile, monazite, tourmaline, trydimite, and
zircon. Phyllosilicates are dominated by illite-muscovite and kaolinite, with minor
indications of paragonite. The clay fraction (<2 µm) consisted of approximately 93%
illite and 7% kaolinite.

• MA-5 (Calcareous fault core: F9, F10, and F11 samples). The assemblage is dominated
by phyllosilicates (33–46%), calcite (21–36%), quartz (10–23%), and halite (2–11%).
Dolomite, hematite, goethite, and gypsum are present with contents below 5%. SEM
observations additionally have detected chromite and zircon. Phyllosilicates identified
were illite-muscovite, paragonite, and kaolinite with traces of chlorite. The study of
the clay fraction (<2 µm) revealed contents of 91% illite and 9% kaolinite.

• MA-6 (Neogene sediments (downthrown block): F12 and F13 samples). It is primarily
composed of phyllosilicates (40–57%) and quartz (28–45%) and, in amounts equal to
or less than 5%, of gypsum, calcite, and dolomite. Phyllosilicates identified were illite-
muscovite, paragonite, chlorite, and kaolinite. The presence of halite was not detected.

In the core zone of the fault segment, SEM-EDS observations revealed the presence of
neoformed stacked book-like or booklets of kaolinite aggregates, and authigenic quartz in
samples from MA-2 and MA-4 (Figure 5a–d). The quartz is euhedral and shows evidence
of overgrowth that is enclosed within kaolinite aggregates. In the MA-2 samples, goethite
appears as radial aggregates of acicular (Figure 5d) and prismatic crystals, as well as
flattened, scale-like formations or botryoidal (globular cluster) (Figure 5e,f). In most of the
samples, hematite presents a prismatic morphology infilling pore spaces (Figure 7f) or as
tiny spots covering the surface sections of the micas and feldspars in the F7 and F9 samples
(MA-4 and MA-5, respectively). Furthermore, other minerals have been identified in the
fault gouges, such as zircon, monazite, rutile, acicular celestine, chromite, and barite in
MA-2 to MA-5 (Figure 6d,e). Zircon, monazite, and rutile are common accessory phases in
metamorphic rocks. The BSE image shows a high concentration of halite in the majority of
samples (MA-3 and M4). Its morphology is euhedral to subhedral cubic, but it occurs in a
number of different sizes, growing between aggregates of micas or covering vast surfaces
as agglomerated cubic crystals on the rest of the mineral surfaces, affecting the constituents
of the fault-gouge material (Figures 6a,b and 7a–d). K- and Na-dioctahedral micas occur
as thin, aggregated, foliated particles. (Figures 6c and 7a,b). A cataclasite texture is also
observed, characterised by the presence of mineral and rock fragments that have undergone
compaction and exhibit minimal porosity (Figure 6e,f).
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Figure 5. Mineral Assemblage 2 (MA-2). (a) Kaolinite aggregates forming book-like structures and
euhedral quartz crystals (BSE); (b) Detail of kaolinite booklets (Kln) composed of stacked euhedral
clay mineral crystals with grain sizes below 10 µm (BSE); (c) Detail of euhedral quartz crystals (Qz)
enclosed within kaolinite aggregates, showing evidence of overgrowth (BSE); (d). Kaolinite booklets
(Kln) and acicular radial aggregates of goethite (Gth) overgrowing muscovite (Ms) grain surfaces
(BSE); (e) Granular coating of goethite (arrows) affecting material with a clastic texture (BSE); (f) A
detailed view of the spheroidal morphology with a botryoidal appearance, which corresponds to
goethite (Gth) (BSE).

Optical microscopy reveals a progressive textural variation in samples along the fault
zone. MA-1 (metamorphic reference sample) shows a well-developed crenulation cleavage
and a folded lepidoblastic texture (Figure 8a) composed of muscovite and quartz. Tour-
maline, commonly reported in the Nevado-Filábride schists [77], is also present in this
fault segment. Towards the fault core, the rock preserves its original texture, with slight
development of cataclastic features and containing microfractures filled with iron oxides.
One sample of the MA-2 exhibits attenuated crenulation, with microfolds flattened until fo-
liation surfaces become parallel. Fine-grained metamorphic rocks, ranging from phyllite to
microschist, display a foliated texture defined by muscovite mica sheets. Several microfrac-
tures also crosscut these rocks, some of them filled with hematite. Under crossed polars, a
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grano-lepidoblastic texture highlights mica alignment and hematite within microfractures
(Figure 8b,c). In MA-3, cataclastic textures become increasingly evident, characterized by
grains of variable size and shape embedded in a darker matrix (Figure 8d). Metamorphic
fragments are intersected by microcracks filled with hematite, suggesting also brittle defor-
mation overprinted earlier metamorphic fabrics (Figure 8c). MA-4 displays microstructures
with an oriented arrangement of stretched components, imparting a mylonitic aspect. Rock
and mineral fragments occur within a matrix showing deformed lamination (Figure 8e).
Quartz grains and micaceous aggregates of muscovite (Ms) are common (Figure 8f). Sub-
hedral hematite grains are present within the oriented matrix, while dark cement locally
disrupts metamorphic fragments, producing a chaotic appearance (Figure 9a,b). Finally,
samples from MA-5, located near Neogene sediments, exhibit sedimentary textures. Sandy
marl with a massive structure contains accumulations of bioclasts. Detailed views reveal
foraminifera, some with dark infillings, along with dispersed quartz grains, indicating a
mixed siliciclastic-carbonate composition (Figure 9c,d).

 

Figure 6. Mineral Assemblage 3 (MA-3). (a) Halite crusts coating fault gouge forming minerals
surfaces (BSE). Halite crusts are marked with a yellow dotted line; (b) A detailed view of a halite (Hl)
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crust composed of fine-grained, anhedral crystals cemented together (BSE). Inset: EDS spectrum
indicates a high NaCl content; (c). Detail image of fault gouge material, illustrating a weak foliation
that is characterised by the alignment of micaceous, platy grains(BSE); (d) Acicular celestine (Clt)
crystals coating fault gouge surfaces and associated with diverse mineral grains, including monazite
(Mnz) (BSE); (e) Chaotic, cataclastic texture with mixed mineral grains, some of them platy (BSE);
(f) Section displaying a cataclastic texture, marked by compacted mineral and rock fragments with
very low porosity (BSE).

 

Figure 7. Mineral Assemblage 4 (MA-4). (a) Laminar microfabric characterized by mica grains (Ms)
and halite (Hl). Anhedral halite crystals exhibiting dissolution features (BSE); (b) Detail of halite
(Hl) crystals infilling pore spaces between muscovite (Ms) flakes (BSE); (c) General view showing
variable orientations of sample constituents, emphasizing the abundance of micaceous, platy grains
(BSE); (d) On planar surfaces, commonly defined by muscovite (Ms), halite crystals with dissolution
features occur interlayered with mica sheets (BSE); (e) Dispersed within the fault gouge material,
angular quartz grains (Qz), euhedral zircon (Zrn), and anhedral monazite grains (Mnz) have been
identified (BSE); (f) Locally, hematite (Hem) grains have been identified, apparently infilling pore
spaces (BSE).
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Figure 8. Mineral Assemblage 1 (MA-1): (a) Phyllite reference rock from the Nevado-Filábride
Complex with well-developed crenulation cleavage and a folded lepidoblastic texture (Parallel
nicols). Mineral Assemblage 2 (MA-2): (b) Foliated texture in fine-grained metamorphic rock
(phyllite to microschist) affected by microfractures, some filled with hematite (Hem) (Parallel nicols);
(c) Detail of the grano-lepidoblastic texture where muscovite micas define the foliation. A fracture
filled with hematite cuts across the rock texture (Crossed nicols). Mineral Assemblage 3 (MA-3):
(d) Cataclastic texture with grains of varying shapes and sizes embedded in a darker matrix (Parallel
nicols). Mineral Assemblage 4 (MA-4): (e) Texture with oriented and stretched components giving
a mylonitic appearance, where rock and mineral fragments are embedded in a matrix showing a
slightly deformed lamination (Parallel nicols); (f) Detail of one fragment of metamorphic rock, where
quartz grains (Qz) and micaceous aggregates of muscovite (Ms) can be identified (Crossed nicols).

5.2. Geochemistry

Geochemical trace element results were divided into different groups according to
geochemical character and/or behaviour. In order to describe their variations along the fault
segment, a series of geochemical profiles was compiled for LILE and lithium, HFSE, rare
earth elements (REE), TTE, and chalcophiles, which are presented in Figure 10. Furthermore,
graphs were produced considering the mobility of these elements along the fault zone. It
was decided that certain elements from the chalcophile group (Ag, Cd, In, Se, Te) would
be excluded from further consideration due to their concentrations below the detection
limit (D.L). All element concentrations were normalised to their average abundance in
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the Earth’s continental crust from Rudnick and Gao [78]. The complete raw geochemical
database can be found in Table 3.

 

Figure 9. Mineral Assemblage 4 (MA-4): (a) Subhedral hematite (Hem) grains embedded in an
oriented and deformed matrix containing grains of various sizes (Parallel nicols); (b) Section of
metamorphic rock fragments, which appear to exhibit a chaotic appearance due to the presence
of dark cement (Crossed nicols). Mineral Assemblage 5 (MA-5): (c) Sandy marl with a massive
appearance, showing accumulations of bioclasts in a micritic matrix (Parallel nicols); (d) Detailed
view of foraminifera bioclasts, some of which display dark infillings, as well as dispersed quartz
grains (Crossed nicols).

There is a general enrichment of certain strategic elements in the fault core sam-
ples compared to the reference rock samples. The concentrations of Li (F7: 84 ppm),
Rb (F7: 291 ppm), and K (F8: 3.91%) are higher than the average for continental crust
(Figure 10a and Table 3). Ba and Sr, however, display concentrations either similar to
or lower than those of the continental crust, with isolated anomalies in samples F10
(Ba: 3460 ppm; Sr: 2030 ppm) and F11 (Ba: 1350 ppm; Sr: 660 ppm) (sedimentary rock
fault gouges), as well as, F4 (Ba: 1790 ppm; Sr: 170 ppm) which contains detectable barite
in XRD (Table 2). Interestingly, Cs shows the strongest anomaly, reaching values up to ten
times higher than those of average continental crust [78] across the entire fault core zone
(F7: 98.8 ppm).

HFSE (Nb, Ta, Th, U, Ti), which are generally immobile and useful as environmental
indicators, show values comparable to average continental crust abundances along the
fault sequence (Figure 10b). Just like the REE pattern, the HFSE diagram for sample F2A
presents a characteristic depletion in all HFSE, a feature also observed in the Neogene
reference sample (F12), particularly in U (1.5 ppm) and Th (5.3 ppm).

The REE concentrations are broadly similar to those of average continental crust,
with slight enrichment in the fault core samples (1.5–2 times the average continental crust
abundances, Figure 10c). This is particularly evident in sample F7, which exhibits an
anomaly in Eu, Tm, and Y, among others. Samples F2A and F2B, which are very close to
metamorphic rock reference sample F1, exhibit different patterns of REE depletion: F2A
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exhibits a negative anomaly in the HREE with no Eu anomaly, whereas F2B is depleted in
the LREE.

 

Figure 10. Geochemical profiles normalized to the average upper continental crust concentrations as
established by Rudnick and Gao [78]. In the figures, the fault core zone and the reference samples
(RS) are indicated. (a) LILE and Lithium profile; (b) HFSE profile; (c) REE profile; (d) TTE profile;
(e) Chalcophile elements profile.

TTE geochemical profiles (Figure 10d) show that Co and Ni present a similar pattern,
with a positive peak in sample F2A (Co: 23.2 ppm and Ni: 100 ppm) and a negative peak in
F8B (Co: 1.8 ppm and Ni: 10 ppm). On average, their concentrations approximate those
observed in average continental crust. Mn shows greater variability in concentrations along
the fault segment, with general enrichment and a pronounced peak in F2A (5850 ppm),
reaching nearly ten times the continental crust values. Fe also shows a clear trend with an
increase in sample F2A (12.9%), followed by a slight decrease in the remaining samples.
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Table 3. Geochemical database of samples from the El Arteal sinistral-normal fault.

F1 F2A F2B F3 F4 F5 F6 F7 F8 F8B F9 F10 F11 F12 F13

Li ppm 53 79 73 54 71 28 73 84 77 63 68 44 53 36 71
Be ppm 2.8 1.4 1.6 3.4 3.6 3.4 4.4 4.8 4 2.2 3.6 3.2 3.2 1.1 2.2
Mg % 0.15 0.08 0.13 0.27 0.32 0.25 0.29 0.45 1.1 0.17 0.99 0.96 1.12 1.18 1.76
Ca % 0.1 0.1 0.1 0.1 0.2 0.1 0.1 0.2 1 0.2 7.1 14.6 10 3.2 2.3
K % 3.23 1.09 1.91 3.21 3.67 3.88 3.41 3.62 3.91 2.58 3.5 2.62 2.8 1.26 2.49
Rb ppm 198.5 67.3 120 223 249 245 235 291 265 149.5 242 181.5 193.5 72.3 153.5
Cs ppm 10.4 8.7 6.8 41.6 48 13 51.8 98.8 52 14.5 42.5 35 50.2 12.6 21.9
Sr ppm 110 380 110 170 170 100 420 220 480 170 280 2030 660 390 170
Ba ppm 517 1450 185 918 1790 518 703 578 575 610 455 3460 1350 271 419
Ti % 0.538 0.172 0.336 0.499 0.571 0.593 0.555 0.59 0.476 0.462 0.416 0.301 0.343 0.358 0.458

Nb ppm 18.3 5.8 11.2 16.8 18 19.3 19.1 20 17.8 15.2 16.2 11.8 12.6 11.3 15.8
Ta ppm 1.18 0.42 0.75 1.11 1.24 1.4 1.36 1.38 1.16 0.86 1.02 0.71 0.8 0.7 0.98
Th ppm 11.8 4.5 8.2 12.6 13.9 15.2 14 15.6 13.2 10 12.3 8.9 9.8 5.3 10.8
U ppm 2.7 1.5 2.2 2.8 2.8 3.7 3.5 3.3 3.1 2.2 2.8 2.5 2.9 1.5 3
La ppm 27.7 26.6 11 40 46.3 43.5 43.3 51.6 37.3 32.8 39.8 29.9 32.2 17.9 34.5
Ce ppm 49.4 43.5 21.8 74.5 90.4 84.1 79.1 95.3 79.5 65.5 82.8 60.4 65.5 37.4 68.5
Pr ppm 5.84 4.67 2.65 8.79 10.45 9.89 9.23 11.4 8.53 7.8 9.2 6.77 7.5 4.16 7.97
Nd ppm 21.9 16.75 10.05 31.9 38.7 36.9 33.9 42.8 32 28.3 35.9 25.9 28 15.85 29.4
Sm ppm 4.41 2.95 2.35 6.14 7.32 7.07 6.52 7.9 6.04 5.89 7.07 4.98 5.52 2.78 5.99
Eu ppm 1.53 1.08 0.96 1.77 2 1.85 1.98 2.95 1.6 1.76 1.67 1.03 1.1 0.65 1.31
Gd ppm 4.61 2.53 3.59 5.69 7.02 6.99 6.08 7.9 6.17 4.97 6.55 4.9 5.07 2.88 5.63
Tb ppm 0.76 0.34 0.71 0.86 1 1.03 0.9 1.14 0.91 0.73 1 0.73 0.76 0.49 0.84
Dy ppm 5.05 1.83 5.01 5.09 5.91 6.37 5.47 6.86 4.79 4.57 4.89 3.85 3.96 2.76 4.96
Ho ppm 1.12 0.34 1.08 1.07 1.16 1.31 1.11 1.4 0.99 0.93 0.99 0.8 0.81 0.57 0.97
Er ppm 3.17 0.91 2.99 2.92 3.21 3.79 3.21 3.78 2.64 2.73 2.79 2.26 2.31 1.78 2.87
Tm ppm 0.48 0.12 0.46 0.42 0.47 0.57 0.45 0.58 0.44 0.33 0.42 0.31 0.33 0.28 0.41
Yb ppm 3.16 0.87 2.86 2.85 3.09 3.75 3.01 3.76 2.62 2.53 2.75 2.21 2.18 1.92 2.68
Lu ppm 0.47 0.14 0.37 0.44 0.46 0.59 0.44 0.55 0.47 0.35 0.43 0.37 0.35 0.28 0.4
Y ppm 28.9 8.8 30.4 27.8 30.8 34.1 28.3 36.5 25.5 23.1 27.3 22.5 23.1 16.2 27.1
Fe % 5.57 12.9 9.15 8.05 6.28 5.32 6.83 6.75 4.61 3.93 3.26 4.61 3.6 2.73 3.67
Mn ppm 1260 5850 2530 1220 1280 1440 2190 690 1520 580 740 2130 1550 420 320
V ppm 131 51 79 144 152 163 166 182 138 96 123 90 100 61 113

Co ppm 8.1 23.2 7.3 15.8 15.4 8.6 13.4 4.9 16.8 1.8 9.3 13.6 12.6 8.4 13
Ni ppm 30 100 70 40 30 20 30 20 40 10 40 60 40 30 60
Mo ppm 2 3 2 2 2 2 2 3 2 <2 <2 <2 <2 <2 <2
W ppm 8.4 5.6 10.4 9.6 11 6.7 12.2 32.3 6.3 13.1 4.3 3 2.5 1.6 2.5
Re ppm <0.01 <0.01 <0.01 <0.01 0.01 <0.01 <0.01 0.01 0.03 <0.01 0.03 0.02 0.02 0.01 <0.01
Ga ppm 24.3 9 14.2 24.4 26.9 29.2 29.3 31.3 26.2 18.9 24.2 16.8 19.3 10.9 20.5
Ge ppm 3.2 3.7 3.2 4.9 5.3 2.8 4.5 6.4 2 2.1 1.8 1.5 2.3 1.5 1.2
Cu ppm <20 70 <20 60 120 20 20 <20 30 <20 20 20 30 <20 40
Zn ppm 150 570 120 250 190 100 120 140 210 300 140 140 230 50 40
Ag ppm <5 <5 <5 6 7 <5 <5 <5 <5 <5 <5 <5 <5 <5 120
Cd ppm <0.8 1 <0.8 <0.8 <0.8 <0.8 <0.8 <0.8 <0.8 1.4 <0.8 <0.8 <0.8 <0.8 <0.8
In ppm <0.3 0.3 <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 <0.3
Sn ppm 15 9 13 15 19 18 16 13 7 13 5 5 4 4 <3
Tl ppm 0.82 0.61 0.42 1.02 1.16 0.99 1.6 2.01 1.32 1 1.09 0.88 1.17 0.67 1.66
Pb ppm 149.5 287 114 392 594 900 80.1 83.2 41.4 50.6 28.3 46.9 86.3 22.5 26.2
Bi ppm 0.1 1.1 0.3 1.8 1 0.1 0.6 0.2 0.4 0.2 0.4 0.2 0.3 0.1 0.3
Sb ppm 4.7 34.3 3.4 43.3 82.5 20 14.7 24.8 10.9 16.7 5.5 8.9 19.8 3 3.5
As ppm 19 61 12 60 48 29 30 28 16 26 12 11 13 9 13
Te ppm <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Se ppm <3 <3 <3 3 <3 <3 4 <3 <3 <3 <3 <3 <3 3 <3

Chalcophile elements display a distinct trend across the fault zone (Figure 10e). In
samples collected near the metamorphic reference rocks (uplifted block) from F2A to F6,
As, Sb, Bi, Cu, Pb, and Zn show significant enrichment, with anomalies ranging from seven
(As, Bi, Cu, Zn) to one hundred times (Sb, 82.5 ppm in F4 and Pb, 900 ppm in F5), the
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average continental crust abundances. An exception is sample F2B, which records lower
concentrations comparable to those of the reference sample (F1). Toward the center of the
fault from F5 to F9, the geochemical patterns become more variable. Sb remains highly
anomalous throughout the fault gouge samples, while its concentrations decrease in the
Nevado-Filábride Complex and Neogene sediments reference samples. In contrast, As,
Pb, and Bi display slight decreases from F3–F5 onwards, while Cu is depleted relative
to crustal values. The concentrations of Tl and Ge are found to be in close proximity to
those observed in the continental crust. However, a marginal increase is noted in samples
obtained from the fault core (F7, with 6.4 ppm Ge and 2 ppm Tl; Table 3).

5.3. Element Associations

A statistical method was implemented using RStudio version 2025.09.0+387 and the
R software version 4.5.1 for statistical computing and graphics. The Pearson correlation
matrix is a statistical tool used to analyse the relationships among the geochemical elements
under investigation (see Figure 11) and it was created with 42 variables, or elemental
concentrations: Li, Be, Mg, Ca, K, Rb, Cs, Sr, Ba, Ti, Nb, Ta, Th, U, La, Ce, Pr, Nd, Sm, Eu,
Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Y, Fe, Mn, V, Co, Ni, Cu, Zn, Sn, Tl, Pb, Bi, Sb, As. Variables
with more than 50% of concentrations below the detection limit (D.L.) were excluded from
the statistical analysis. For Cu and Sn, with less than 50% of their concentrations below
the detection limit, it was chosen to fill these gaps with half the detection limit values, but
taking into account that their results are subject to a large error and should be interpreted
with caution. W, Ga, and Ge were not considered in the Pearson correlation matrix.

The Pearson correlation matrix reveals coherent associations among element groups
that help distinguish immobile vs. mobile behaviour and mineralogical controls (see
Figure 11). A well-defined pattern of moderately strong to very strong positive correlations
(coefficients from 0.60 to 0.96, close to 1) is observed among the REE, although the higher
ones correlate elements belonging to the same subgroup (e.g., 0.98 (La-Nd, both LREE)
or 0.99 (Yb-Er, both HREE)) and the lower ones correlate light versus heavy REE (E.G.,
0.55 La-Yb or 0.63 Nd-Er). HREE, in addition, tend to show high correlation coefficients
with HFSE, e.g., 0.90 (Nb-Yb) or 0.90 (Ti-Yb), which could indicate a similar geochemical
behaviour.

Interestingly, all REE exhibit significant positive correlations with certain LILE (K, Rb,
Cs), as evidenced by the following coefficients: 0.88 (Rb-Nd), 0.72 (Cs-La), 0.94 (Rb-Gd), or
0.79 (K-Yb). However, for Li, Ba, and Sr, these correlations are non-existent, for instance
LREE-LILE:0.08 (La-Ba), −0.12 (La-Sr), and 0.20 (La-Li), and HREE-LILE: −0.32 (Yb-Ba),
−0.34 (Yb-Sr), and −0.05 (Yb-Li). Li is decoupled from almost all the rest of LILE except
Cs, with which it shows a poor correlation coefficient of 0.43.

Further, positive correlation coefficients ranging from 0.70 to 0.89 have been observed
among certain chalcophile elements, particularly As, Sb, Bi, and Cu. In turn, several
transition elements (TTE), including those forming oxide minerals: Co, Ni, Fe, and Mn,
exhibit positive correlations with one another (0.50–0.83). However, correlations between
elements from each group (chalcophile and TTE) are variable. For example, Fe shows
a nice positive correlation with As (0.71, the highest coefficient among the chalcophile
elements), and the latter, in turn, correlates moderately well with Co 0.52 (As-Co) and Mn
0.48 (As-Mn). However, Sb shows only a very poor correlation coefficient with Fe: 0.36
(Fe-Sb) and a similar one with Co: 0.39 (Sb-Co). Moreover, the correlations between oxide
minerals and LILE are not significant, e.g., 0.42 (Fe-Li) or −0.14 (Co-K).

In summary, three element associations can be outlined: (1) high correlation HFSE
with HREE, (2) some LILE (K, Rb, Cs) with REE; (3) As (chalcophile elements) with TTE
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(Fe, Mn, Co), plus a fourth one involving Ca, Sr, and Ba, with notable correlations between
them, 0.85 (Sr-Ba) and 0.84 (Sr-Ca), 0.66 (Ca-Ba).

Figure 11. Pearson correlation matrix of 42 elements concentrations, where correlation coefficients
are shown in a graphical way, such that small size and light colours symbols indicate poor or
no correlation, and large symbols and dark colour indicate close to 1 (positive, blue) or close to
−1 (negative, red) values.

5.4. Hydrochemical Data

Chemical analyses in the seven water samples show two types of facies in the Stiff dia-
grams (Figure 12 and Table 4). The well located in quaternary sediments (ART-1) presents
sodium-sulphate facies with the highest NO3

− contents. The remaining water samples ex-
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hibit a sodium–chloride hydrochemical facies. However, the relative concentrations of Na+,
Cl−, Mg2+, NO3

−, and SO4
2− vary significantly, allowing the distinction of three discrete

Na–Cl subfacies within the dataset (Figure 12). In Table 4, from well ART-2 (in the vicinity
of the fault zone) to the experimental deep well (S.A.), sodium and chloride concentrations
increase progressively with both temperature and depth. Conversely, sulphate (SO4

2−)
and silica (Si) contents show a marked decrease, correlating with the sharp rise in Na+ and
Cl− levels at greater depths and higher temperatures. Chloride concentrations intensify
notably toward the deeper and more internal sectors of the Almagrera Range. Na+, K+,
Ca2+, and Mg2+ content in Table 4 also suggests that these elements are enriched at greater
depths and higher temperatures. Conversely, these elements do not increase to the same
extent as chloride, suggesting a partial ionic imbalance between major cations and anions.
Among the trace elements, LILE (Li, Ba, Sr) and B concentrations increase toward the inte-
rior of the Almagrera Range, also associated with greater depth, higher chloride content,
and elevated temperatures. A similar trend is observed for Rb and Cs in wells located
at the El Arteal mine dewatering system. In contrast, rare earth element concentrations
are generally low and not significant in any of the water samples. The Cl/Br ratio further
distinguishes two hydrochemical facies: one associated with the shallow wells (ART-1 and
ART-2) and another with the deeper ones (ART-3, ART-4, and S.A.). According to Alcala
and Custodio [71] and historical data in Section 3, Cl/Br ratios in ART-3, ART-4, and S.A.
exceed those of seawater, while farming activity may influence ART-1 and ART-2. It has
been observed that pH tends to decrease slightly in the Almagrera Range area and at depth.
Nevertheless, that pH trend is exhibited more distinctly in the historical data (Guzmana
mine shaft, see Table 1). The remaining trace elements obtained (Table 4) demonstrate an
absence of notable REE presence in groundwater. HFSE data, as expected, do not reveal
any anomalies in content. However, a slight decline in uranium has been observed in mine
shafts in proximity to the metamorphic rocks.

 

Figure 12. Stiff diagrams of the water samples taken. Scale is expressed in milliequivalents (meq):
The upper numbers in blue colour correspond to the scale of the blue Stiff diagrams, while the
green numbers positioned at the bottom indicate the scale of the green Stiff diagrams. ART-1 and
ART-2: Wells for water supply; ART-3 and ART-4: El Arteal mine dewatering; and S.A: Experimental
Deep Well. Figures in italics show the piezometric head metres above sea level (m a.s.l.) and figures in
the white rectangles represent the sampling depth in m above sea level. Both axes are in metre units.
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Table 4. Major ions and trace elements of the seven samples surrounding the El Arteal fault. Dash (-)
is no data.

Parameters ART-1 ART-2 ART-3 ART-3-120 ART-4 S.A.-150 S.A.-300

Well depth (m) 12.4 33.1 122.5 1 122.5 1 192.5 550 550
Well depth (m a.s.l.) 8 8 −86 −86 −86 −86 −444

Piezometric head (m a.s.l.) 17.4 9.2 −16.7 −16 −13 −22 −22
Sampling depth (m a.s.l.) 14 9 −33 −83 −35.8 −44 −194

T (◦C) 22.3 22.9 32 ND 34.5 34 42.7
pH 6.02 7.16 7.24 7.13 6.73 7.26 5.64

Conductivity (µS/cm) 9018 6261 13,400 9980 16,600 121,498 138,126
TDS (mg/L) 5970 4550 9780 9870 12,800 96,900 99,100
Na (mg/L) 1230 750 2230 2170 2830 20,600 20,600
Ca (mg/L) 479 362 871 895 779 5160 5140
K (mg/L) 48.5 38.6 147 151.5 193 1380 1415

Mg (mg/L) 416 253 296 298 431 542 543
Cl (mg/L) 1360 1290 3700 3340 5280 43,600 40,600

SO4 (mg/L) 2340 1230 2590 2000 2220 600 573
HCO3 (mg/L) 237 550 398 448 359 33 1.22
NO3 (mg/L) 46.7 0.341 <0.5 <0.5 <0.5 <5 <5

B (mg/L) 2.84 1.33 5.12 5.3 5.69 24 24
Ba (mg/L) 0.019 0.015 0.030 0.033 0.028 0.34 0.4
Br (mg/L) 3.9 2.6 <5 <5 5.8 40 36.9
Cs (mg/L) 0.001 0.003 0.221 0.246 0.529 - -
F (mg/L) <1 <1 <2 <2 <2 <10 <10
Fe (mg/L) 0.072 0.027 0.047 0.145 0.004 <0.5 4.3
Li (mg/L) 0.66 0.76 5.35 5.53 7.39 59.5 59.4

Mn (mg/L) 0.04 0.02 0.098 1.06 22 3.9 4.7
Rb (mg/L) 0.064 0.024 0.765 1.035 1.345 - -
Si (mg/L) 11.4 11.3 15.5 13.6 10.6 0.1 0.1
Sr (mg/L) 13.4 7.2 21.4 21.9 18.9 185 186
Ag (µg/L) 0.831 0.219 <0.005 0.014 0.079 <10 <10
Al (µg/L) 12 7 4 19 <3 700 700
As (µg/L) 1.13 0.38 0.71 1.02 2.21 <100 <100
Be (µg/L) 0.006 0.032 <0.005 0.087 <0.005 <0.5 <0.5
Bi (µg/L) 0.02 0.05 <0.01 0.03 <0.01 - -
Cd (µg/L) 0.055 0.059 0.009 0.034 8.15 <5 <5
Ce (µg/L) <0.005 <0.005 0.062 0.015 0.013 - -
Co (µg/L) 0.943 0.153 0.325 1.055 89.7 70 70
Cr (µg/L) 2 0.5 <0.5 1 <0.5 <0.5 <0.5
Cu (µg/L) 7.5 1.5 0.7 1.2 1.5 10 <10
Dy (µg/L) <0.005 <0.005 <0.005 <0.005 <0.005 - -
Er (µg/L) <0.005 0.007 <0.005 0.005 <0.005 - -
Eu (µg/L) <0.005 <0.005 0.005 0.008 0.005 - -
Ga (µg/L) <0.05 <0.05 0.08 <0.05 0.06 - -
Gd (µg/L) 0.01 <0.005 <0.005 <0.005 <0.005 - -
Hf (µg/L) <0.005 <0.005 0.008 0.015 0.008 - -
Hg (µg/L) <0.05 <0.05 0.13 <0.05 0.08 - -
Ho (µg/L) <0.005 <0.005 <0.005 <0.005 <0.005 - -
La (µg/L) 0.007 0.018 0.005 0.016 <0.005 - -
Lu (µg/L) <0.005 <0.005 <0.005 <0.005 <0.005 - -
Mo (µg/L) 1.11 0.95 1.99 2.22 0.59 - -
Nb (µg/L) 0.007 0.007 <0.005 0.017 <0.005 - -
Nd (µg/L) 0.012 0.007 <0.005 0.009 <0.005 - -
Ni (µg/L) 13.6 3.2 7.9 4.6 260 100 100
P (µg/L) 96 107 757 762 <5 <500 <500

Pb (µg/L) 1.34 0.76 0.27 1.02 <0.05 <50 <50
Pd (µg/L) 0.103 0.015 0.103 0.033 0.043 - -
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Table 4. Cont.

Parameters ART-1 ART-2 ART-3 ART-3-120 ART-4 S.A.-150 S.A.-300

Pt (µg/L) 0.006 0.005 0.006 <0.005 0.006 - -
Pr (µg/L) <0.005 <0.005 <0.005 <0.005 <0.005 - -
Sb (µg/L) 4.4 0.32 0.55 0.05 0.66 <100 <100
Sc (µg/L) 1.89 1.38 0.43 0.77 <0.01 <50 <50
Se (µg/L) 12.4 7.9 0.14 <0.05 0.49 - -
Sm (µg/L) 0.009 <0.005 <0.005 <0.005 <0.005 - -
Sn (µg/L) 0.19 <0.05 <0.05 0.11 <0.05 - -
Ta (µg/L) <0.01 <0.01 <0.01 0.01 <0.01 - -
Tb (µg/L) <0.005 <0.005 <0.005 <0.005 <0.005 - -
Te (µg/L) 0.02 0.02 0.02 0.07 <0.01 - -
Th (µg/L) 0.011 <0.005 0.014 0.101 0.005 - -
Ti (µg/L) <0.2 <0.2 <0.2 <0.2 <0.2 <5 <5
Tl (µg/L) 0.091 3.2 0.13 0.047 48.4 - -

Tm (µg/L) <0.005 <0.005 <0.005 <0.005 <0.005 - -
U (µg/L) 20.7 8.9 2.31 2.48 3.44 - -
V (µg/L) 0.45 0.71 0.43 0.7 0.18 <10 <10
W (µg/L) 0.01 0.01 0.33 0.21 0.01 - -
Yb (µg/L) 0.005 0.007 <0.005 <0.005 <0.005 - -
Y (µg/L) 0.098 0.072 0.011 0.074 0.116 - -

Zn (µg/L) 34.2 22.4 26.7 1.6 3660 <20 50
Zr (µg/L) 0.11 0.02 0.07 0.05 <0.02 - -

Cl/Br 349 500 1480 2 1336 2 910 1090 1100
Rb/Cs 65.6 7.1 3.5 4.2 2.5 - -
Ca/Cl 0.35 0.28 0.24 0.27 0.15 0.12 0.13
Mg/Cl 0.31 0.20 0.08 0.09 0.08 0.01 0.1
Na/Cl 0.90 0.58 0.60 0.65 0.54 0.47 0.51

1 During mining operations, ART-3 was re-deepened to 250–257 m, currently collapsed at 122.5 m.
2 Br below detection limit; half the D.L value assigned.

6. Discussion
The combined mineralogical, textural, geochemical, and hydrochemical results pre-

sented in this study provide new insights into the configuration and evolution of the
geothermal Águilas Arc system.

6.1. Fault Rock Mineralogy: Implications for Hydrothermal (Re)Activation

Fault zones are defined as highly dynamic structural domains, where rocks undergo
significant deformation, thereby profoundly modifying their mechanical behaviour, mi-
crostructures, and permeability architecture. The mylonitic texture (ductile shearing) and
the cataclastic brecciation (brittle fracturing) observed under the optical microscope and
SEM observations in the fault gouge samples show the result of Pliocene and Quaternary
fault activity [37,38] (Figures 6e,f and 8d,e). These processes have been shown to increase
the permeability of the Almagrera Range, thereby enhancing fluid circulation, particu-
larly within the fault zones [16,17]. The thermal waters identified during the dewatering
of the mine shafts are likely to reflect fluid-rock interaction processes. In particular, the
presence of newly crystallized phyllosilicates and quartz in some samples from the fault
gouge is worthy of note [79,80]. Evidence of this phenomenon can be seen in the XRD
patterns, which shows a significant increase in the content of phyllosilicates, at the expense
of feldspars, ranging from 25% in reference sample F1 (MA-1), to 40% in fault gouges
F3 to F5 (MA-3), and up to 64% in samples F6 to F8B (MA-4) from the fault centre. In
samples F9 to F11 (MA-5), which are close to the MA-6 reference samples, the percentage of
phyllosilicate minerals drops again to 33% (see Table 2). There is also neoformation of clay
minerals, with illite and kaolinite aggregates forming book-like structures (see Table 2 and
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Figure 5a–c). New authigenic phases, including quartz, halite, goethite, hematite, barite,
and celestine, have also developed in the fault gouge samples. Textural and morpholog-
ical evidence indicate that the illite identified in the studied samples was formed under
hydrothermal conditions rather than during burial diagenesis. Hydrothermal illite typi-
cally develops in high-porosity, fluid-dominated systems through dissolution of previous
smectites and recrystallization in larger particle sizes with hexagonal rather than elongated
morphologies [81].

The coexistence of illite and kaolinite in the studied samples indicates a hydrothermal
alteration environment characterized by intermediate to advanced argillic facies. Kaoli-
nite typically forms under acidic conditions (pH = 4.5–6) and relatively low tempera-
tures (<200 ◦C), whereas illite is stable at higher temperatures (>200 ◦C) and near-neutral
pH = 5.5–7, commonly associated with phyllic alteration zones [82]. This mineral assem-
blage suggests a progressive evolution of hydrothermal fluids, from moderately acidic and
low-temperature conditions toward more neutral and hotter environments, reflecting dy-
namic water–rock interaction during fluid circulation. These physicochemical parameters
favour the alteration of K-feldspar and other aluminosilicates, leading to the release of K+,
Al3+, and silica into the circulating fluids. The liberated silica subsequently precipitates as
authigenic and euhedral quartz within pores and fractures (in a late-stage), establishing a
characteristic association between kaolinite, illite, and quartz in hydrothermal alteration
zones [82–84]. Similar observations have been recently described in some other segments
of the Palomares Fault Zone and nearby related faults, remarking the role of hydrothermal
alteration and clay mineral neoformation in fault gouges [16,85,86], where illite, chlorite,
and smectite are among the most common low-temperature alteration products [85]. In
addition, as part of the characterization of geothermal systems, Sanjuan [2] has pointed
out that the most common fluid-rock interaction processes at temperatures (≥120 ◦C), are
dominated by: plagioclase and K-feldspar dissolution, followed by albitization of these
minerals, dissolution of white micas and biotite, precipitation of illite, and chloritization,
although the latter was not observed in our studied fault segment.

Paragonite, a sodium-rich white mica located from sample F5 to F13, serves as an indi-
cator of fluid–rock interaction and metasomatic processes. Its formation in hydrothermal
systems typically occurs via replacement of K-feldspar or muscovite in the presence of
Na-rich fluids, or through recrystallization of aluminous phases under low to moderate
temperatures and acidic conditions [87]. The presence of halite exclusively within the
mineral assemblage (MA-2, MA-3, MA-4, and MA-5) of the fault zones in the Almagrera
Range indicates the entrapment and circulation of highly saline fluids (brines) only in this
pathway. This is associated with complex fluid-rock interaction processes in a geothermal
system. This interpretation is supported by the hydrogeological data obtained in this study,
which confirm the existence of chloride-rich deep brines in the region [36].

Further support of the involvement of brines in the El Arteal sinistral-normal fault
segment stems from crystal morphologies of celestite and goethite observed in fault gouge
samples from MA-2 (goethite; Figure 5d–f) and MA-3 (celestite, Figure 6d).

Rapid crystal growth of celestine and goethite is frequently manifested through acicu-
lar or fibrous morphologies, indicative of precipitation under conditions of elevated oversat-
uration and intense nucleation. In celestine, such needle-like or radial aggregates typically
form in settings characterized by rapid fluid mixing, high Sr availability, or kinetically
driven crystallization, as documented in early hydrothermal environments [88]. Similarly,
acicular goethite develops under conditions of elevated Fe3+ activity and precipitation
far from equilibrium, often associated with fluctuating redox states, rapid Fe2+ oxidation,
or high solution oversaturation, factors that promote directional crystal growth [89,90].
These morphologies contrast with nodular or botryoidal (globular cluster) habits that
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arise under slower, diffusion-controlled growth, underscoring the influence of kinetic
parameters in mineral fabric development and offering valuable insights into the physico-
chemical evolution of the parent fluids [90,91]. The occurrence of microscale precipitates
of iron oxides and oxyhydroxides within microfractures, phyllosilicates, or other host
minerals in several samples from the Almagrera Range (F7 in MA-2 and F9 in MA-5-9
can be attributed to interaction with sulphate-rich acidic waters. According to Bigham
and Nordstrom [92], acid sulphate waters generated by sulphide oxidation promote the
precipitation of poorly crystalline Fe hydroxysulphates and oxyhydroxides. These minerals
often nucleate heterogeneously on existing surfaces, including clay minerals and alteration
products, forming nano- to microscale aggregates that can be present in trace amounts.
Their presence indicates environments characterized by high sulphate activity, fluctuating
redox conditions, and low pH, which are consistent with late-stage hydrothermal alteration
or supergene processes affecting sulphide-rich ore bodies. Evidence of this phenomenon
can be observed in the elevated levels of sulphates recorded in Almagrera Range waters
in 1971, with concentrations reaching 7575 mg/L, comparable to those of chlorides and a
pH of 2.9 (Table 1). Consequently, these textural features provide valuable evidence for the
role of mineralogical changes and support interpretations of fluid evolution under strongly
oxidizing conditions.

6.2. Geochemical Signature in the Fault Segment

The enrichment in large-ion lithophile elements (LILE), including Li, Rb, Cs, K, Sr,
and Ba, observed along the fault segment (Figure 10a and Table 3), also indicates intense
fluid–rock interaction under hydrothermal conditions. These highly mobile elements
preferentially partition into aqueous fluids during metasomatic alteration, particularly in
structurally controlled zones that act as conduits for deep-sourced fluids [93,94]. Their
mobilization is commonly associated with acidic hydrothermal fluids capable of leaching
feldspars and mica-group minerals, releasing alkaline and alkaline earth elements into
solution. In contrast, HFSE and HREE, as observed in Figure 10c and Figure 10d, remain
largely immobile due to their strong lattice bonding and low solubility [95].

LREE exhibits only slight enrichment, but these slight anomalies are linked to those
of LILE (see Section 5.2). The most probable explanation is likely incorporation of these
elements into the structure of neoformed illite, which, when precipitated from hydrothermal
fluids, strongly concentrates Cs and, to a lesser extent, Rb. Srodon and Jewula [96] reported
cesium concentrations 18 times those of average continental crust and Rb ones 2.5 times
higher in anomalous illites that precipitated from the hydrothermal fluids. The maximum
Cs concentration, although measured in whole rock, is 20 times the continental crust
average (sample F7, Figure 10a) and is linked to the maximum abundance of phyllosilicates
in the fault gouge samples, suggesting both illite control and a very important Rb and
Li enrichments in the same and adjacent samples (MA-4, samples F6 to F8, Figure 10a),
although less pronounced compared also to those reported by Srodon and Jewula [96]. In
addition, the fault zone also shows enrichment in chalcophile elements such as As, Sb, Bi,
and Cu. These elements typically concentrate in hydrothermal systems due to their strong
affinity for sulphur and their incorporation into sulphide and sulphosalt phases during
fluid–rock interaction [97,98]. Their presence suggests that the fault acted not only as a
pathway for alkali-rich fluids but also as a place for sulphide precipitation, consistent with
epithermal mineralization processes.

The Pearson correlation matrix in Section 5.3 reveals that very strong intra-group corre-
lations among LREE and HREE, which contrasts with their weaker mutual correlations (e.g.,
La–Yb = 0.55; Ce–Dy = 0.66), could be due to different mineralogical control, i.e., different
host mineral phases for each REE subgroup. The higher correlation between HREE-HFSE
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(e.g., Nb–Yb = 0.90) suggests that both groups behaved similarly, as immobile elements
during alteration, thus preserving the geochemical association linked to substitution in
the structure of common accessory minerals in the metamorphic rocks, such as zircon and
monazite [99], which were detected by XRD.

As for the LREE, the same phyllic alteration processes responsible for illite neoforma-
tion could have also triggered alteration of monazite, the signs of which were observed
(Figures 6d and 7e). Poitrasson et al. [100] described how fluid-rock interaction at tem-
peratures around 200 ◦C can result in replacement of P5+ + REE3+ by Si4+ and Th4+ in the
monazite structure. This coupled substitution results in a disturbance of the phosphorous—
oxygen network (due to P5+ loss) and a volume reduction of the 9-coordinated site in the
monazite structure, such that the larger cations (LREE) are expelled while the smaller HREE
are retained. This would explain both the observed positive correlation between LILE (Rb,
Cs, K) and LREE, and the decoupling of the latter with respect to HREE.

Chalcophile elements and TTE (Fe, Mn, Ni, Co) present a variable correlation, es-
pecially Fe-chalcophile (Fe–Sb = 0.36; Fe–As = 0.71) pointing to alternating episodes of
oxidation–reduction and sulphur availability, which controlled the precipitation of either
oxide phases (hematite–goethite) or sulphide/sulphoarsenide assemblages (As, Sb-bearing
minerals) during hydrothermal evolution of the system as documented in the historical
mine geology of the area [43,101]. The non-significant correlations between oxide minerals
and LILE are consistent with the decoupling of neoformed phyllosilicates formation pro-
cesses, whereby LILE (Rb, Cs, K) are mobilised into neoformed phyllosilicates -rich halos
and Fe is oxidised to magnetite, hematite, and goethite. These processes are often spatially
and temporally distinct within hydrothermal alteration zones [102]. Another elemental
assemblage is Ca-Sr-Ba, which is related to the presence of sulphates (gypsum, Ca; celestine,
Sr; barite, Ba) in the mineral assemblage (MA-3 and MA-4).

6.3. The Hydrogeological Key

Hydrochemical sampling was conducted to verify previously reported historical
anomalies, while pumping tests were not performed due to the potential risks and associ-
ated environmental impact. The resulting hydrochemical data from the Almagrera Range
reveal the presence of three aquifers (Figure 12), rather than just two aquifers as Navarro
and Carulla [36] had suggested: (1) a separate aquifer hosted in Quaternary deposits
from sodium-sulfate waters, (2) a shallow aquifer hosted in Neogene marly sandstones
with sodium–chloride hydrochemical facies and (3) a deep hypersaline aquifer circulating
through fractured metamorphic rocks with high sodium–chloride hydrofacies.

The shallow (2) and deep (3) aquifers exhibit lateral and vertical variability, with
evidence of mixing zones where chloride concentrations decrease, suggesting interaction
between shallow and deep waters. A close examination of historical (Table 1) and current
data sets (Table 4) reveals a robust correlation between total salinity (along with depth and
temperature) and the concentration of Cl−, Na+, K+, Li, Sr, and Rb. In contrast, sulphates
and some alkaline earth elements (As, Bi, Cu, Ca, Mg, Ba) do not show a consistent
relationship with salinity, a phenomenon likely attributable to their genesis above the
oxidation front [67]. The shallow aquifer is characterised by elevated levels of silica, while
the deep system exhibits signs of silica depletion, suggesting reprecipitation (presence of
authigenic quartz, Figure 5c) as a consequence of hydrothermal processes. The findings of
this study corroborate the prevailing hypothesis that temperature exerts a predominant
influence on the anomalous chemistry of thermal waters, a phenomenon that has been
documented in other European geothermal systems [2]. Geothermometric calculations
in the deep investigation well yielded a mean geothermal gradient of 0.0675 ◦C·m−1
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and reservoir temperatures of approximately 190 ◦C. These findings confirm equilibrium
conditions for deep fluids [36].

The deep Na-Cl brines, which are enriched in Li, Rb, and Cs, bear a resemblance to
those described in the Upper Rhine Graben or Campi Flegrei (Italy), where fault-controlled
fluid flow and hydrothermal alteration drive lithium mobility [1,2,103]. In conditions of
elevated total dissolved solids (TDS), formed by the evaporation and concentration of
the brine, there is an enhancement in lithium concentration due to an increase in ionic
strength [103]. The observed increase in boron concentrations (also coupled with the highest
Li contents) toward the deepest sectors of the system and near the metamorphic basement
suggests a strong geothermal influence on fluid evolution. Boron is widely recognized as a
tracer of high-temperature water–rock interaction, particularly in geothermal environments
where prolonged fluid residence times and interaction with metamorphic (pelitic) or felsic
magmatic rocks enhance its mobilization [15,104], although boron sources may also depend
on other climatic factors linked to salinity [105]. In the Almagrera range, tourmaline is
an accessory mineral in phyllite-micaschists, whereas scattered outcrops of volcanic rocks
piercing the metamorphic basement are composed of dacite and rhyodacite. Therefore, the
interaction of hydrothermal fluids and either of the two rock types may have promoted
boron enrichment in the sampled waters. Moreover, in felsic igneous rocks, boron is
typically concentrated in the glassy groundmass, whereas lithium is incorporated in biotite
and hornblende [106]. The latter are only weakly affected by hydrothermal alteration at
low temperatures, so that the corresponding fluid will have high B/Li ratios. However, the
sampled waters enriched in boron (SA samples, Table 4) exhibit low B/Li ratios (0.4), which
would reflect high temperature alteration with Li release from ferromagnesian minerals.
Additionally, elevated boron contents often correlate with chloride-rich fluids and have been
used as geochemical indicators of deep circulation pathways and temperatures exceeding
200 ◦C [107].

The presence of Miocene volcanic systems provides a magmatic heat source, thereby
enhancing hydrothermal convection and mineral alteration. This process is analogous to
those documented in Italian geothermal provinces [108] and the Salton Sea field [109]. In
the latter, the coexistence of acidic, sulphate-rich fluids and hypersaline brines in deep
hydrothermal environments has been reported [110].

Last, but not least, the sampled waters with high chloride concentrations (ART-3 to SA
samples, Table 4) show lithium and rubidium enrichment factors ranging from 13 to 149 and
from 3.8 to 6.5, respectively, relative to seawater brine (0.4 mg/L Li and 0.2 mg/L Rb [111].
Although these enrichment factors are not so high as those reported from some salt lake
brines [112], they are higher than those evaluated as potential resources from desalination
plants [113], so more data would be desirable to fully constrain their economic potential.

6.4. Comparative Analysis of Hydrochemistry and Geochemistry in El Arteal Fault Segment

Fault-zone rocks and adjacent waters show coherent yet contrasting patterns that
reflect element mobility under fault-controlled fluid–rock interaction and salinity/redox
constraints. Rock samples (Table 3) from the fault core (F6–F8B) are enriched in alkalis (Li up
to 84 ppm; Cs up to 98.8 ppm) with Rb > Cs (e.g., F7: 291 vs. 98.8 ppm, respectively). These
rocks also show high Fe (to 12.9 wt%), Mn (to 5850 ppm in F2A), and Pb–Zn (up to 900 and
570 ppm, respectively), whereas Ca rises sharply in samples F10–F13 (up to 14.6 wt%) with
Sr reaching 2030 ppm. LREE dominate the REE budget at the fault center (e.g., La = 51.6;
Ce = 95.3 ppm) while MREE–HREE remain ≤~8 ppm (e.g., Gd = 7.9; Dy = 6.86 ppm).
HFSE are broadly uniform along strike, and fault gouge (F3–F4) concentrates Sb–Cu–As (to
82.5–120–60 ppm).
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Waters (Table 4) from deep wells and brines (ART-3/ART-4; S.A.) carry very high
dissolved Li (brines ~60 mg/L) as well as abundant Ca–Sr (S.A. > 5000 mg/L Ca;
≤186 mg/L Sr), whereas Fe is generally low (<0.15 mg/L) and Mn is minor except at
ART-4 (22 mg/L). Zn is usually below the detection limit but reaches 3660 µg/L at ART-4.
Rb and Cs concentrations are of similar magnitude in the most mineralized waters (e.g.,
ART-3: 3.5 mg/L; ART-4: 3.2 mg/L). In turn, dissolved REE are extremely low (e.g., ART-3:
La = 0.005 µg/L; Ce = 0.062 µg/L), Y is only sporadically detected (0.074 µg/L in ART-4),
and U varies markedly (20.7 µg/L in ART-1 vs. 3.44 µg/L near the Nevado-Filábride
Complex) (Table 4). Collectively, these data indicate that the fault core acts as a rock-hosted
reservoir for Li–Cs–Rb, Fe–Mn, Ca–Sr, Pb–Zn (and Sb–Cu–As in fault gouge), whereas deep,
saline flow paths selectively mobilize the most soluble and exchange-prone cations (notably
Li and Ca–Sr) and locally enhance Mn and Zn where redox shifts or mixing occur. The
depressed aqueous REE mirrors the rock’s LREE-skewed inventory, pointing to efficient
adsorption and limited complexation under the prevailing conditions.

7. Conclusions
The El Arteal fault segment, within the eastern PFZ strand, is a significant surface

manifestation of the geothermal and hydrothermal processes that have impacted the south-
ernmost region of the tectono-magmatic Águilas Arc system, located within the NVP. The
data show noticeable evidence of multiple stages of rock-fluid interaction, resulting from
circulation of distinct fluids mobilized from shallow sources and deep geothermal sources.
Hydrothermal alteration processes are revealed by changes in fault gouge mineralogy and
geochemistry compared to those from reference rock samples, as well as the hydrochem-
istry of the waters from the well and mine shafts sampled in the area. It was determined
that six distinct MA were present within the fault segment, where the fault gouge samples
differed from the reference samples in terms of cataclastic and mylonitic textures, as well as
the occurrence of authigenic minerals such as halite, kaolinite, illite, paragonite, hematite,
gypsum, goethite, barite, celestine, and quartz. Most quartz, muscovite, and accessory
minerals such as tourmaline, zircon, rutile, and monazite are included as inherited minerals
from the host rocks. The analysis of geochemical and hydrochemical data has revealed the
presence of elevated levels of large-ion lithophile elements (LILE) and minor chalcophile
and LREE enrichment. Three aquifers were identified from hydrochemical data: The first
aquifer is hosted in Quaternary deposits and is characterised by sodium-sulfate waters.
The second aquifer is a shallow aquifer hosted in Neogene marly sandstones with mixed
sodium–chloride waters. The third aquifer is a deep hypersaline aquifer circulating through
fractured metamorphic rocks with high sodium–chloride hydrofacies. The deep aquifer is
characterised by elevated levels of conductivity and temperature, as well as high concentra-
tions of sodium (Na+) and chloride (Cl−) ions. In addition, there is anomalous enrichment
in several key alkaline metals (Li, Rb, and Cs) in the deeper and more internal sectors of the
Almagrera Range. The values suggest extraction potential, although more data are required
to assess its economic viability. These findings are consistent with a model of multiple-stage
fluid-rock interaction controlled by temperature. The first stage involved widespread
epithermal mineralisation in the Almagrera Range, driven by acidic, sulphate-rich waters
resulting from sulphide oxidation. These waters precipitated iron-bearing minerals and
chalcophile elements (As, Bi, Cu, Pb, Sb). This phase was characterised by slow crystal
growth, forming nodular or botryoidal goethite and subhedral hematite. This was followed
by rapid fluid mixing and high supersaturation, generating acicular goethite and celestine,
as well as microscale iron oxide precipitates. A later stage was dominated by the circulation
of hypersaline, acidic to neutral fluids enriched in Li, Rb, Cs, and Sr, which led to the for-
mation of halite, gypsum, and paragonite. These fluid types caused feldspar alteration and
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phyllosilicates and clay mineral formation, reflecting metasomatic processes. The lithium
and cesium enrichment observed in the Almagrera Range region is likely attributable to
a combination of magmatic heat driving, brine circulation, and feldspar–mica alteration
along fault zones. This evolution provides an abnormal geochemical signature that is
unique in the Aguilas Arc Geothermal System.
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Abbreviations
The following abbreviations are used in this manuscript:

PFZ Palomares Fault Zone
TASZ Trans-Alboran Shear Zone
EBSZ Eastern Betic Shear Zone
HP–LT High-Pressure/Low-Temperature
NVP Neogene Volcanic Province
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LILE Large Ion Lithophile Elements
HFSE High Field Strength Elements
LREE Light Rare-Earth Elements
HREE Heavy Rare-Earth Elements
TTE Transition Trace Elements
SEM Scanning Electron Microscopy
BSE Backscattered Electrons
SE Secondary Electrons
ICP-MS Inductively Coupled Plasma Mass Spectrometry
ICP-AES Inductively Coupled Plasma–Atomic Emission Spectroscopy
XRD X-Ray Diffraction
D.L. Detection Limits
MA Mineral Assemblages
TDS Total Dissolved Solids
RS Reference Samples
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