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Summary 

 

The faults limiting the Barcelona Plain and the Vallès Half-graben (Catalan Coastal 

Ranges, NE Spain) have allowed the study of a complex and multiphase tectonic/fluid 

history from the Hercynian to recent times. Furthermore, this study has allowed to 

define the factors that control the fluid regime and the fluid flow pathways through 

faults. 

A multidisciplinary methodology involving field and petrological observations and 

microstructural analyses combined with geochemical data has been used to characterize 

host rocks, fault rocks and fracture-related cements. 

Four tectonic events that encompass seven deformation phases have been established: 

Hercynian compression, Mesozoic extension (D1-D2), Paleogene compression (D3) and 

Neogene extension (D4-D7). 

Faults affect crystalline Hercynian basement, Triassic dolostones and Miocene detritic 

rocks. The fault rocks formed in the area include gouges, cataclasites, breccias and 

pseudotachylytes. Veins are formed by different mineral assemblages that involve 

calcite, quartz, laumontite, K-white mica, chlorite and iron oxides, depending on the P-

T conditions and thus, on the age. 

During the exhumation of the late-Hercynian granodiorite, after the Hercynian 

compression, M1 and M2 muscovite and microcline crystallized as result of deuteric 

alteration in joints, at temperatures between 330ºC and 370ºC.  

During the first Mesozoic rifting (Late Permian-Middle Jurassic), faults controlled the 

thickness and distribution of the Triassic sediments. Fracture-related dolomite cements 

precipitated from the Triassic seawater during increasing burial in a relatively closed 

hydrological regime. The second Mesozoic rifting (Late Jurassic-Late Cretaceous) is 

characterized by precipitation of M3 and M4 phengite together with chlorite and calcite 

C1 at temperatures between 190 and 310ºC. 

During the Paleogene compression, low-temperature meteoric fluids, favored by 

tectonic uplift, produced calcitization of the Triassic dolomite cements and dolostones. 
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In the Vallès fault, by means of a shortcut, Mesozoic structures were uplifted and a 

gouge and subvertical stylolites were generated. 

During the Neogene syn-rift, hydrothermal fluids up to 190ºC ascended through the 

faults. In the Hospital fault these fluids upflowed within the relay area during fault 

growth by tip propagation due to a seismic pumping effect. 

The Neogene post-rift in the Barcelona Plain developed at shallow conditions under 

low-temperature meteoric regime. At the same period, the Vallès fault was dominated 

by hydrothermal conditions, which remain active until nowadays. 

Faults acted as conduits for hot fluids during both Mesozoic and Neogene extensional 

events. Topographically-driven meteoric fluids warmed at depth and suffered a strong 

interaction with the host rocks. During the Mesozoic, ascending warm fluids mixed with 

marine waters in both main faults whereas, during the Neogene, the ascending fluids 

mixed with marine waters in the Hospital fault and with meteoric waters in the Vallès 

fault. 

Pedogenic products precipitated along Neogene faults control cross-fault fluid flow by 

reducing fault core permeability. 

This work highlights the presence of fault reactivation from Hercynian to Recent times. 

Hercynian structures have demonstrated to play an important role on the localization of 

later structures. The main factors that control this process are: fault orientation, fabric 

softening, fluid pressure and cementation hardening. 
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1. I�TRODUCTIO� 

 

1.1. Thesis structure 

This PhD thesis volume consist on the compilation of three papers submitted to 

international journals indexed in the science citation reports. One of the papers is 

published, one is accepted and the third one is under review: 

• Cantarero I., Travé A., Alías G., Baqués V. (2010) Pedogenic products sealing 

normal faults (Barcelona Plain, NE Spain). Journal of Geochemical Exploration, 

106, 44-52. Impact factor: 2.125. Position 24/77 (2
nd

 quartile) in Geochemistry 

& Geophysics. 

• Cantarero I., Travé A., Alías G., Baqués V. Polyphasic hydrothermal and 

meteoric fluid regimes during the growth of a segmented fault involving 

crystalline and carbonate rocks (Barcelona Plain, NE Spain). Geofluids 

(accepted). Impact factor: 1.533. Position 37/76 (2
nd

 quartile) in Geology (2011). 

• Cantarero I., Lanari P., Vidal O., Alías G., Travé A., Baqués V. Long-term 

fluid circulation in extensional faults in the central Catalan Coastal Ranges: P-T 

constraints from neoformed chlorite and K-white mica. International Journal of 

Earth Sciences (under review). Impact factor: 2.342. Position: 32/170 (1st 

quartile) in Geosciences (2011). 

The PhD thesis volume also includes the summary of all the results and a general 

discussion of all the data included in the three papers completed with some unpublished 

data. 

1.2. Objectives 

The main goal of this thesis is to decipher the different fluid-fault systems occurring 

during the evolution of two sedimentary basins: the Barcelona Plain and the Vallès half-

graben. These basins are located in the central Catalan Coastal Ranges (NE Spain) 

which constitute the northwestern margin of the Valencia Trough. A lot of works 

focused on this topic have been performed in the Penedès half-graben, the continuation 

towards the south of the Vallès half-graben (e.g. Travé et al. 1998, 2001, 2009; Baqués 
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et al. 2010, 2012a, b). In the Penedès basin, Cretaceous and Jurassic rocks crop out in 

the horst and Miocene rocks fill the basin. On the opposite, the horsts of the Vallès 

basin and the Barcelona Plain are constituted by Paleozoic crystalline rocks and Triassic 

sedimentary rocks. Thus, this thesis provides new information about the relationships 

between fluids and faults at the basement-cover contact.  

An important part of this thesis has been focused on the deformation processes and 

fracture-related cements affecting a late Hercynian granodiorite, as it constitutes the 

footwall of the studied faults. The study of fracture-fluid system evolutions within 

granitic rocks is of high interest in order to evaluate their suitability to host underground 

storage and waste disposal facilities (Iwatsuki et al. 2002; Drake & Tullborg 2009; 

Yoshida et al. 2012) and to evaluate their exploitability as Hot Fractured Rocks (HFR) 

geothermal reservoirs (Bando et al. 2003; Bartier et al. 2008). 

Moreover, the Barcelona Plain is a highly urbanized area where in the last years 

important infrastructures, such as underground and high speed train tunnels, have been 

made and for that reason, in a good study of faults is required. The mentioned 

infrastructures have provided us with core samples to complete the study. 

In order to reach the main goal, specific objectives have been proposed: 

- To establish the different deformation phases that acted pervasively in the faults 

that limit the Barcelona Plain and the Vallès basin. 

- To characterize petrographically and geochemically the fault rocks and cements 

of the faults. 

- To link the different deformation phases to the main tectonic events described in 

the Catalan Coastal Ranges. 

- To estimate the pressure-temperature conditions during fault evolution. 

- To unravel the origin of the fluids and the hydrological regime associated with 

each tectonic event. 

- To establish the factors that control the pathways for fluids. 

- To discern the mechanisms responsible for hydrothermalism. 

1.3. State of the art 

1.3.1. Geofluids and fractures 
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A Geofluid is any subsurface fluid which is involved in the dynamic processes that 

occur within the Earth from the surface to the core. In the crust, they are ubiquitous to 

depths of at least 10-15 km (Deming 1994). Sources for crustal fluids include meteoric, 

marine, connate and formation waters, hydrocarbon fluids, metamorphic waters derived 

from reactions during prograde metamorphism and magmatic fluids (Fyfe et al. 1978). 

Their circulation through the crust mobilizes and transports both heat and dissolved ions 

producing chemical reactions within the rocks of the crust, which alter their geological 

and geophysical properties, and creating concentrations of economic resources (Garven 

1989; Duddy et al. 1994; Putnis 2002). Therefore, the continental crust can be defined 

as a solid framework that evolves through interaction with geological fluids (Deming 

1994). Moreover a close relationship exists between fluids and deformation as fluids 

help to enable deformation, changing temperature and the effective stress, and 

deformation facilitates fluid migration, generating conduits for the fluids (Sibson 1977; 

Aydin 2000). Thus, the microstructural analysis of deformed rocks provides information 

on deformation mechanisms, fluid flow pathways, fluid chemistry and origin and the 

amount of fluid involved (Schulz & Evans 1998; Breesch et al. 2009). 

Within the central Catalan Coastal Ranges, the works about geofluids have been 

centered on three aspects. The first one is the petrological and geochemical study of 

fault-related cements in order to establish the different fault-fluid systems through time. 

These studies have been mainly performed in two different regional domains: a) in the 

Penedès half-graben, where faults affect Cretaceous, Jurassic and Miocene rocks (Travé 

et al. 1998; Baqués et al. 2010, 2012a,b); and, b) in the transition zone between the 

Vallès and Penedès half-grabens in both Burdigalian rocks (Travé et al. 2001, 2009) and 

basement granodiorite (Cardellach et al. 2002). The second tackled aspect is the 

diagenetic study of the Burdigalian deposits of the transition zone (Parcerisa et al. 2002, 

2005) and of the Miocene and Oligocene deposits of the Barcelona Plain (Gómez-Gras 

et al. 2000, 2001; Parcerisa 2002). Finally, the third aspect covers the modelization of 

fluid circulation at basin scale (Carmona et al. 2000; Bitzer et al. 2001). 

1.3.2. Shear zones, fault rocks and microstructures 

Shear zones or fault zones are high-strain zones caused by the concentration of 

deformation in planar zones due to the relative movement of two rigid wall-rock blocks 

(Passchier & Trouw 1996). I would added that a fault zone represents a volume of rock 
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modified mechanically and structurally by the formation of a fault from its origin until 

present, including all the deformations related to eventual reactivations. 

Shear zones can be divided into brittle and ductile zones. In brittle fault zones, 

deformation is generated by elastico-frictional mechanisms (fracturation, cataclasis and 

frictional sliding) whereas in the ductile zones, deformation is generated by quasi-

plastic mechanisms (pressure-solution and intracrystalline deformation produced by 

twinning, kinking, dislocation and diffusion creep and grain boundary sliding).  The 

transition depth between these two zones depends on several factors such as the 

geothermal gradient, the lithology and grain size, the fluid pressure, inherited fabrics or 

the stress field orientation. In normal conditions (geothermal gradient of 20-30ºC/km), 

this limit is found between 10 and 15 km depth (Sibson 1977) (fig. 1.1).  

 

Figure 1.1. Schematic model of fault rock distribution in a normal fault and relation of fault 

regimes to likely metamorphic environments (synthesized from Sibson 1977, 1986 and 2000). 

Although at regional scale, fault zones are represented with a trace (fig. 1.2A), the 

architecture of upper-crustal fault zones is defined by three primary components (but 
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not all of the components are necessarily present): fault core, damage zone and protolith 

(Caine et al. 1996) (fig. 1.2B). The fault core is the zone where most of the 

displacement is accommodated and includes slip surfaces and fault rocks (fig. 1.2C). 

The damage zone is the network of subsidiary structures that bound the fault core. Some 

of these structures are small faults, veins, joints, cleavage and folds (fig. 1.2B). The 

protolith is the undeformed rock that surrounds the previous zones. The thickness, 

geometry and distribution of fault components and the magnitude of permeability 

contrasts between them control fluid flow within and near the fault zone (Caine et al. 

1996; Rowland & Sibson 2004). 

 

Figure 1.2. Schematic blocks showing fault zone architecture at different magnifications. A) At 

regional scale, fault zones are represented by a fault trace. Sometimes a fault scarp is also 

recognized. B) At outcrop scale, protolith, damage zone and fault core are identified. C) Fault 

rocks and related structures (veins, slip surfaces, stylolites) constitute the fault core (Mercier et 

al. 2011). 

The rocks found in shear zones whose textures result, at least in part, from the shearing 

process, are named fault rocks. Fault rocks can be highly deformed and transformed in 

such way that one cannot even recognise their original structure. 
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They are divided into brittle fault rocks (breccias, gouges, cataclasites and 

pseudotachylytes) and ductile fault rocks (mylonites) depending on the deformation 

regime they were formed. Fault rocks have been usually classified according to textural 

criteria (Sibson 1977; Scholz 2002), based on parameters such as fabric, cohesivity, 

clast size and matrix percentage in the rock (table 1.1).  

Table 1.1. Textural classification of fault rocks proposed by Sibson (1977) and 

completed by Scholz (2002) 

 

Later classifications have modified this textural classification adding more subdivisions 

(i.e. incohesive cataclasite, foliated cataclasite) and including concepts such as the 

metamorphic degree or the lithology, especially in ductile rocks (Passchier & Trouw 

1996) (table 1.2).  

A new classification integrating both terminologies for a better classification of fault 

rocks is proposed (table 1.3). Brittle fault rocks are dominated by cataclasis and are 
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formed by fragments of the host rock, normally angular, embedded in a finer matrix. 

Table 1.2. Fault rock classification according to Passchier & Trouw (1996) 

 

The cohesivity of some of these rocks is due to the precipitation of minerals such as 

calcite, quartz, chlorite, epidote, etc. The classification between breccia, cataclasite or 

gouge depends on the volume of fragments (table 1.3). Inside the brittle cohesive rocks, 

pseudotachylytes require a special mention. These fault rocks are formed by glass 

derived from a friction-induced melt. They are composed by a dark matrix with wall 

rock fragments, which are usually corroded. Commonly, they show a main fault plane 

with straight boundaries from which derive irregular injection veins towards the host 

rock. 

Ductile fault rocks or mylonites correspond to rocks of small grain size and strongly 

developed foliations and stretching lineations, which usually contain porphyroclasts.  
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Table 1.3. Fault rock classification proposed in this work integrating previous terminologies 

 

Fault rocks show microstructures that are characteristic of the deformation regime and 

some of them can also be used as kinematic indicators to provide the sense of shear. 

However, kinematic indicators in brittle fault rocks are not as clear and abundant as in 

ductile fault rocks (White et al. 1986). The most useful kinematic indicator in the brittle 

regime are Riedel shears, which are formed by a set of subsidiary shear fractures (Y-, R-

, R’ and P-shears) whose orientations and the produced deflection of the foliation (S) 

indicate the sense of shear (fig. 1.3). Another common indicator is the presence of en-

echelon tension gashes and the geometry of the mineral fibers displayed within them. 

Striations or slickenfibres on slickensides also can be used to establish the movement 
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direction; however, care must be taken as they only record the last movement stage of 

the fault. 

 

Figure 1.3. Sketch of the geometries of the most common kinematic indicators used within 

brittle fault rocks, Riedel shears (R-, R’-, Y- and P-shears), foliation (S) and tension gashes 

(Passchier & Trouw 1996). 

The cross-cutting relationships between different fault rocks and their related 

microstructures, added to mineral composition, give information about the evolution of 

P-T conditions and the reactivation of fault zones. These overprinting relationships can 

be translated into terms of deformation phases. Deformation phases are periods of 

active deformation of rocks which are characterized by groups of structures that can be 

separated by overprinting criteria. These active periods are separated by intervals of 

little or no deformation during which P-T conditions and orientation of the stress field 

can change (Passchier & Trouw 1996). The term deformation phase refers to the relative 

age of the structures and is generally of local significance. In its turn, deformation 

phases can be encompassed within tectonic events, which involve a larger scale of 

deformation (i.e. plate motion).  

1.3.3. Fault reactivation 

Pre-existing faults can be reactivated before the formation of a new fault because they 

are weaker than the surrounding intact rock according to the predicted Coulomb and 

Frictional envelope laws (Donath & Cranwell 1981) (fig. 1.4). The phenomenon of fault 

reactivation or fault rejuvenation has been described in numerous faults (Hills 1963; 

Sykes 1978; Plawman 1983; Powell 1987; Biddle & Rudolph 1988; Allen & Vincent 

1997; Bellahsen et al. 2006; Lacroix et al. 2012). Fault reactivation is evidenced by 

stratigraphical and structural criteria but also by the observation of the crosscutting 

relationships among fault rocks, microstructures and kinematic indicators. 
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Figure 1.4. Mohr circles showing both the Coulomb failure envelope (law for intact rock) and 

the frictional sliding envelope (law for reactivation of pre-existing faults). Circles represent the 

progressive raising of the main principal stress (σ1). A) The circle represents a stress field in 

which any pre-existing fault forming 25º with σ1 will slip. B) The circle has two points of 

contact within the frictional sliding envelope indicating that any pre-existing fault whose 

orientation lies in the shaded area (between 10 and 39º respect σ1) will slip. C) When the 

differential stress achieves a level that intercepts the Coulomb failure envelope, new faults at 

30º with σ1 will form and pre-existing faults with orientations in the shaded area will slip 

(between 7.5 and 42º) (Davis & Reynolds 1996). 

Reactivation is controlled by four main factors: 

- Fault orientation: faults reactivate if they have a preferential orientation respect 

to the stress field. Fault orientations suitable for reactivation are controlled in 

turn by the cohesion and frictional behavior of faults and the pore fluid pressure. 

- Fault cohesion: the cohesive strength controls the angles at which failure will 

occur. The decrease in cohesive strength increases the range of fault orientations 

that will reactivate (Etheridge 1986) (fig. 1.5A). Cementation produces 

hardening and prevents reactivation whereas the presence of water in 

intergranular boundaries reduces the cohesion (Griggs 1967). 
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Figure 1.5. Mohr circles illustrating the effects of a reduction in: A) cohesion and B) the 

coefficient of friction. 

- Coefficient of friction: the frictional behavior is controlled by the frictional 

characteristics of the rocks, the nature of the fault rocks, the pore-fluid 

conditions and the stress regime. The early part of friction behavior on faults, 

produced at low stress, is controlled by fault surface topography (asperity and 

roughness) but at high normal stress that effect is diminished and the friction is 

nearly independent on the rock type (Byerlee 1978). As wear continues and 

blocks are separated by fault rocks, then the frictional properties depend on the 

fault rocks and not in the fault surfaces (Sibson 1977). The decrease of the 

friction angle increases the range of fault orientations that can be reactivated 

(fig. 1.5B). Some processes can reduce the friction coefficient: 

o Reaction softening: retrograding reactions are the responsible for 

reemplacing strong minerals, such as feldspar, by weaker minerals such 

as phyllosilicates. Phyllosilicates exhibit weak strength and low-

frictional behavior, yielding to fault reactivation (Wintsch et al. 1995). 

This is the reason because clay-rich gouges are weaker than predicted 

(Byerlee 1978).  

o Grain-boundary hydration: Platy phyllosilicates can form bonds with 

water molecules, causing the concentration of shear in these water layers, 

and thus, reducing the friction coefficient (Morrow et al. 2000). Chlorite 

and kaolinite are two of the phyllosilicates that demonstrate the greatest 

difference in dry and wet conditions (Behnsen & Faulkner 2012). 
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o Fabric softening: Although phyllosilicates are characterized by their low 

friction coefficient, their mechanical properties are very anisotropic. 

Therefore, the development of foliations underlined by phyllosilicates 

lower the strength of faults (Wintsch et al. 1995; Buatier et al. 2012). 

- Pressure of fluids: an increase in fluid pressure can cause a great decrease in the 

effective normal stress, and thus reduce the frictional behavior, required for 

further shear failure (Sibson 1977) (fig. 1.6). For a given stress field, high pore-

fluid pressure increases the range of fault orientations that can be reactivated, 

and therefore, can even induce the reactivation of misorientated faults (Sibson & 

Scott 1998). Pore fluids can also reduce the cohesion of the material by wetting 

mineral grains. 

 

Figure 1.6. The increase in fluid pressure (Pf) produces a decrease in σ1 and σ3 and, in 

consequence, in the effective normal stress. This fact can produce the reactivation of pre-

existing faults. 

1.3.4. Pressure-temperature-age estimates in fault zones 

Quantification of parameters such as time, pressure and temperature is required for a 

complete study of fault evolution. 
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In ancient fault zones, time constraints are difficult to achieve because subsequent 

reactivations can lead to the replacement of previous minerals and to the resetting of 

their isotopic composition. Moreover to apply radiometric dating, suitable minerals 

have to be present, meaning synkinematic or hydrothermal minerals with the necessary 

geochemistry for the dating methods. Some of the most common methods are K-Ar, Rb-

Sr and Ar-Ar dating in neoformed illites (Tritlla & Solé 1999; Siebel et al. 2009; Mutlu 

et al. 2010; Duvall et al. 2011), Sm-Nd dating in fluorite (Piqué et al. 2008) and (U–

Th)/He dating in fluorites and apatites (Siebel et al. 2009). For calcites, absolute dating 

is challenging. U-Th dating is only suitable for Quaternary samples and it has been 

applied in speleothems for paleoclimatic purposes (Causse et al. 2004; Hoffmann et al. 

2009). Some works have also used U-Pb dating. The main problem with these 

techniques is the U content of calcites. If the content is low (few ppb), the amount of 

sample required to obtain a good precision is too large. 

Temperature and pressure conditions are commonly obtained from fluid inclusion 

data from minerals precipitated within fractures (Berwouts et al. 2008; Breesch et al. 

2009; Onasch et al. 2009). This technique is valid if fluid inclusions have not suffered 

re-equilibration, factor that depends on the strength of the host mineral, the presence of 

twins and the size of the fluid inclusion. Calcite is a soft and twinned mineral, easy to 

deform during subsequent tectonic activity. This fact often generates problems when 

obtaining temperatures due to stretching (Bodnar 2003). 

Another way to determine temperature and pressure conditions is by means of 

thermodynamic modeling. These methods require minerals with composition sensitive 

to pressure or temperature conditions (i.e. K-white mica and chlorite) (Cathelineau & 

Nieva 1985; Cathalineau 1988; Vidal et al. 2001, 2005, 2006; Dubacq et al. 2010). 

In this work, main neoformed minerals are calcite and subordinated chlorite and K-

white mica. Due to the small size of veins and crystals radiometric methods could not 

be applied. Neither fluid inclusions within calcites were found. However, thanks to the 

chlorite-K-white mica association thermodynamic modeling was applied to estimate P-

T conditions during fault evolution. 
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2. GEOLOGICAL SETTI
G 

The northwestern Mediterranean is composed by a system of Oligocene-early Miocene 

extensional basins, as the Valencia Trough and the Provençal and Ligurian basins. The 

opening of the Valencia Trough is related to the southwestward propagation of the 

Western European rift system (Rhine, Bresse and Limagne grabens) and the Burdigalian 

oceanic accretion associated with the counterclockwise rotation of the Corsica-Sardinia 

block from the European margin to its current position (Cherchi & Montadert 1982; 

Roca et al. 1999). This study is focused on the Catalan Coastal Ranges (CCR), in the 

NE of Spain, which constitute the northwestern margin of the Valencia Trough. The 

Catalan Coastal Ranges separate the thin continental crust of this trough from the 

thickened crust of the Iberian Peninsula (fig. 2.1). In the Ligurian and Provençal basins, 

among others, oceanic crust is even formed due to extension (Roca et al. 1999; Faccena 

et al. 2001).  

 

Figure 2.1. Schematic map of the northwestern Mediterranean showing the main tectonic 

features (tertiary basins, orogens and types of crust) (synthesized from Vergés & Sàbat 1999 

and Lewis et al. 2000). The box indicates the location of the Catalan Coastal Ranges, which is 

enlarged in figure 2.2.  

The Catalan Coastal Ranges display a well-developed horst and graben structure limited 

by NE-SW and NNE-SSW striking normal faults segmented by later NW-SE to NNW-

SSE faults, acquired during the opening of the Valencia Trough (Roca & Guimerà 

1992; Gaspar-Escribano et al. 2004). The Neogene extensional structure is 
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superimposed on a Paleogene contractional structure which in its turn was the result of 

the inversion of major Mesozoic normal faults (Guimerà 1984; Bartrina et al. 1992; 

Roca 1996; Vergés & García-Senz 2001). Moreover, previously to these tectonic 

events, Hercynian deformation and late-Hercynian processes also took place as recorded 

by the outcropping Paleozoic rocks studied in this thesis. 

2.1. Tectonic phases affecting the Catalan Coastal Ranges 

2.1.1. The Hercynian deformation 

The European Hercynian belt resulted from the oblique convergence and collision 

among two supercontinents, Gondwana to the south and Laurentia-Baltica to the north, 

and small microplates as Avalonia and Armorica at the end of the Paleozoic (Matte 

2001). This belt is sinuous and spread from the Iberian Peninsula to northeastern 

Bohemia (Dias & Ribeiro 1995). It has a strong curvature at the SW of Europe known 

as the Ibero-Armorican Arc (Matte 2001). The Catalan Coastal Ranges belong to the 

northern limb of this arc (Julivert & Durán 1990a). 

First order structures have an NW-SE trend. Two main deformation phases have been 

described during the Hercynian deformation of the Catalan Coastal Ranges (Julivert & 

Durán 1990a). The first phase is the most important and took place during the Upper 

Carboniferous. It is dominated by tight folds with a southwestern vergence and thrusts 

facing to the frontal part of the belt associated with a pervasive regional foliation that 

roughly trends NW-SE and dips to the NE. The second phase is characterised by open 

and upright folds and related crenulation cleavage. Most Paleozoic rocks are affected by 

regional metamorphism under low-grade conditions (greenschists facies), but high-

grade metamorphism (amphibolites facies) also occur in small areas in the lowest 

stratigraphic levels. 

After deformation, plutonic and hypabyssal rocks (named as late-Hercynian rocks), 

mainly acidic and intermediate in composition, intruded the previously described 

Paleozoic sequence and generated contact metamorphism (Enrique 1990). This 

emplacement was produced in a shallow brittle environment through the action of 

passive mechanisms such as stoping or cauldron subsidence (Serra & Enrique 1989). 
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2.1.2. The Mesozoic deformation 

The extensional process that took place during the Mesozoic is related to the opening of 

the western Tethys and of the North Atlantic (Salas & Casas 1993; Rossi et al. 2001). 

Two rift and two related post-rift stages have been described (Salas et al. 2001). The 

first rift stage (Late Permian-Early Jurassic) was related to the westward propagation of 

the Tethys and southward propagation of the Arctic-North Atlantic rift. This event was 

followed by an Early to Middle Jurassic post-rift stage characterised by thermal 

subsidence. The second rift stage (Late Jurassic-Early Cretaceous) was the result of the 

gradual opening of both the North Atlantic Basin and the Bay of Biscay. A later stage of 

thermal subsidence was produced during the Late Cretaceous post-rift (late Albian-

Maastrichtian). The faults limiting the grabens formed during this period had a NE-SW 

and NW-SE orientation (Calvet et al. 1990) and generated a crustal thinning along the 

Valencia trough about 1.6-1.7 (35-40%) (Roca & Guimerà 1992; Roca 1996). 

2.1.3. The Paleogene deformation 

During the Late Cretaceous-early Oligocene, the N-S convergence between the Iberian 

and European plates produced the partial subduction of the Iberian plate underneath the 

European plate and the formation of the Pyrenees (Séguret 1972; ECORS team 1988; 

Muñoz 1992, 2002; Vergés 1993). In the Catalan Coastal Ranges, this compressional 

phase occurred between the middle Eocene and late Oligocene (Anadón et al. 1985) and 

generated the Catalan Intraplate Chain (Guimerà 1984; Bartrina et al. 1992). The 

Catalan Intraplate Chain was created by ENE-WSW to NE-SW thick-skinned thrusts, 

which had a certain left-lateral component (Ashauer & Teichmüller 1935; Anadón et al. 

1985; Roca 1996). A maximum shortening of 4-6 km in a NW-SE direction occurred 

(Roca 1996; Lewis et al. 2000). These thrusts uplifted about 1500 m the hangingwalls 

and their erosion produced thick syntectonic successions in the Ebro foreland basin and 

the Barcelona piggy-back basin (Cabrera et al. 2004; Gaspar-Escribano et al. 2004).  

2.1.4. The 
eogene deformation and current configuration 

The normal faults that produced the Neogene horst and graben structure are listric faults 

striking NE-SW and NNE-SSW with a detachment level at 12-16 km (Roca & Guimerà 

1992; Gaspar-Escribano et al. 2004). They generated a crustal thinning about 1.4-1.5 

(30-35%), similar to the one produced during the Mesozoic (Roca & Guimerà 1992; 
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Roca 1996). This is related to a total minimum extension of 15.5 km produced by 10.8 

km of extension in the Barcelona fault and 4.7 km in the Vallès-Penedès fault (Gaspar-

Escribano et al. 2004). The tectonic evolution of the area during the Neogene extension 

is divided into a syn-rift stage (late Oligocene-late Burdigalian), an early post-rift stage 

(late Burdigalian-Langhian) and a late post-rift stage (Serravalian to Present) (Calvet et 

al. 1996). Two small compressional stages are recognised in the Neogene extension: 

one between the late Langhian-Serravalian (early post-rift) and the other during the 

Messinian (late post-rift) (Gaspar-Escribano et al. 2004). 

The grabens of the central part of the Catalan Coastal Ranges are represented by the 

Vallès-Penedès graben, the Barcelona Plain and the Barcelona graben and the horsts are 

represented by the Littoral Chain (Garraf, Collserola and Montnegre Horsts) and the 

Prelittoral Chain (fig. 2.2 and 2.3). 

 

Figure 2.2. Onshore and offshore Neogene basins of the Catalan Coastal Ranges (Bartrina et al. 

1992 and Cabrera et al. 2004). The cross-section is shown in figure 2.3. 
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The two studied basins are the Barcelona Plain and the Vallès graben, both located in 

the central Catalan Coastal Ranges (fig. 2.2 and 2.3). The Barcelona Plain is a 40 km 

long and 2-10 km wide basin that is mainly filled by Miocene continental-transitional 

siliciclastic deposits and Quaternary fluvio-deltaic deposits. The Vallès graben is up to 

65 km long and from 3 to 15 km wide and it is filled by more than 3000 m of sediment 

next to the fault (Cabrera 1981; Bartrina et al. 1992; Roca et al. 1999). The horsts are 

mainly formed by a Paleozoic basement and a Mesozoic cover. 

 

Figure 2.3. Cross-section of the Catalan Coastal Ranges and the Valencia Trough marked in 

figure 2.2. FPT: Frontal Paleogene Thrust (Santanach et al. 2011). 

2.2. Stratigraphy of the Catalan Coastal Ranges 

The Paleozoic stratigraphic sequence is divided into a pre-Carboniferous sequence (pre-

orogenic) and a Carboniferous sequence (syn-orogenic), which are separated by an 

unconformity (Julivert & Durán 1990b). The stratigraphic sequence from base to top is 

composed of (Julivert & Durán 1990b): 1) Pre-Cambrian and Ordovician rocks: pelites 

with interlayered fine-grained sandstones, acid tuffites, limestones, diabases and 

calcsilicate rocks. 2) Silurian rocks: black shales or slates with abundant graptolite 

fauna that have interlayered thin quartzite beds and sulphide layers. 3) Upper Silurian to 

Devonian rocks: massive nodular limestone with crinoids (La Creu Formation) and 

limestones, nodular marls and varicoloured marls and shales (Olorda Formation). 4) 

Carboniferous rocks: black chert with phosphate nodules, carbonate/shale horizon and a 

thick terrigenous sequence (Culm facies). 

In the study areas, although Triassic, Jurassic and Cretaceous units were deposited, 

Jurassic and Cretaceous rocks have been eroded. Therefore only the Triassic units are 

described. 
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The Triassic units, from base to top, are: Buntsandstein, Muschelkalk, Keuper and Imón 

Formation. The Buntsandstein unit (Upper Permian? to lower Anisian) consists of red 

conglomerates, sandstones and lutites of fluvial origin, which have a thickness from 145 

to 310 m. The sedimentation of this unit was controlled by fault activity (Calvet & 

Marzo 1994). The Muschelkalk is divided into three subunits. The Lower Muschelkalk 

(Anisian) is mainly composed of carbonatic facies and varies its thickness from 70 to 

120 m from NE to SW. Its lower boundary is gradual with the lutites of the upper 

Buntsandstein whereas its upper boundary with the Middle Muschelkalk is abrupt. In its 

turn, the Lower Muschelkalk is divided into four units that from base to top are (Ramon 

& Calvet 1987): El Brull laminated limestones and dolostones, Olesa bioclastic 

limestones, Vilella Baixa bioturbated limestones and Colldejou white dolostones. The 

Middle Muschelkalk (upper Anisian to lower Nadinian) is constituted by red sandstones 

and lutites (Calvet & Marzo 1994). It ranges from 50 to 115 m in thickness and is 

subdivided into four units: Fontpineda lutites and gypsum, Bosc de Guanta sandstones 

and lutites, L’Arbolí lutites and gypsum and Riera de Sant Jaume lutites. Mostly these 

units represent supralittoral plains, playa-lake or terminal alluvial fan deposits. Finally, 

the Upper Muschelkalk (Ladinian) is formed by carbonatic facies deposited on a ramp-

type platform that range from 100 m in the north to 140 m in the south (Tucker & 

Marshall 2004). It has been subdivided in several units that vary according to its 

location along the Catalan Coastal Ranges. In the central area (Gaià-Montseny domain), 

five units have been distinguished from base to top (Calvet et al. 1987): Rojals oolitic 

limestones and dolostones; Benifallet dolostones and bioturbated limestones, Collbató 

bioclastic limestones, Querol stromatolites, and Capafonts marly dolostones, marls and 

breccias. The Keuper (Carnian-Norian) is formed by alternations of lutites with 

carbonates and gypsum levels, with thickness oscillating between 100 and 150 m 

(Calvet & Marzo 1994). The Imón Formation (Rhaetian?) is constituted by well-

stratified dolostones from 30 to 40 m (Arnal et al. 2002; Tucker & Marshall 2004). 

The Oligocene rocks of the Barcelona basin crop out in the locality of Montgat and have 

been studied in detail by Parcerisa (2002). They consist of two lithostratigraphic units of 

Chattian age separated by a NW-SE thrust: the Pla de la Concòrdia Unit and the Turó de 

Montgat Unit. The first unit is formed by lacustrine sediments, calcretes, sandstones and 

conglomerates with carbonatic clasts and registers the transition from colluvial to distal 

alluvial environments. The latter unit is formed by massive siliciclastic conglomerates, 
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sandstones and clays and records a colluvial sedimentation followed by middle-distal 

alluvial deposits. 

The grabens formed during the Neogene extension are filled with rocks from late 

Oligocene to Present. In the central Catalan Coastal Ranges, three depositional 

complexes have been identified (Cabrera & Calvet 1996). The Lower Continental 

Complexes (Aquitanian-late Burdigalian) consist of alluvial fans deposited at the foot of 

the active faults bounding the grabens in the NW and in the SE. In the distal areas 

lacustrine facies were deposited. The Transitional-Marine Complexes (late Burdigalian 

to late Langhian) are made of terrigenous shallow bay successions, evaporitic coastal 

sabkha sequences, fan delta deposits and carbonate and mixed terrigenous-carbonate 

platforms. These complexes were produced by the transgressions of marine waters 

through the south of the basins and during highstand sea levels. The Upper Continental 

Complexes (Langhian to Tortonian) are constituted by alluvial fan deposits only fed 

from the northern boundary of the basins. The Messinian is represented by a regional 

erosive surface produced by a sea level drop that affected the underlaying deposits.  

2.3. Hydrothermalism 

The Catalan Coastal Ranges are characterised by the presence of abundant hot water 

springs that can reach up to 70ºC. The water origin of these springs are meteoric fluids 

that have been topographically-driven through the fractured rocks (Carmona et al. 2000; 

Bitzer et al. 2001). They usually occur at the intersection between the NW-SE to NNW-

SSE faults and the main fault system bounding the grabens (Fernández & Banda 1989). 

Most of these springs are preferably located in the igneous basement, which constitutes 

the footwall of the main fault system, as occurs in Caldes de Montbui, La Garriga and 

Caldes d’Estrac (Albert et al. 1979).  

Hydrothermalism has occurred at different periods during the evolution of the Catalan 

Coastal Ranges. At least, two hydrothermal events have been proposed from the study 

of fault-controlled barite-fluorite-sulphur veins (Canals et al. 1997): one during the 

Mesozoic (at least Jurassic) and the other during the Neogene (lower Miocene) 

(Cardellach et al. 2002). 
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2.4. Tectonothermal evolution 

The tectonothermal evolution of the Catalan Coastal Ranges has been studied from 

fission-track and (U-Th)/He analyses in zircons and apatites of the basement 

granodiorite (Juez-Larré 2003). These plutons suffered exhumation during the Permian 

as it is marked by the unconformity with the overlying Buntsandstein facies. During the 

Mesozoic, zircon fission-tracks (ZFT) and apatite fission-tracks (AFT) ages reveal peak 

temperatures up to the apatite and zircon partial annealing zone (PAZ) (60-110ºC and 

175-300ºC, respectively), contemporaneous to the two rift Mesozoic phases. These 

temperatures have been mainly related to sedimentary burial and magmatic and 

hydrothermal activity. Regional geothermal gradient has been settled around 27-

35ºC/km (Juez-Larré 2003). During the Paleogene, exhumation and erosion up to 800 m 

took place, producing cooling. At that time, the Catalan Intraplate Chain was formed, 

achieving heights between 1200 and 1700 m. The calculated geothermal gradient is 

15ºC/km (Juez-Larré 2003). The current configuration in horsts and grabens is the result 

of tectonic subsidence, flexural uplift, erosion and sedimentation processes. Flexural 

uplift and erosion have been estimated in 700-1200 m and 1900-2500 m, respectively, 

yielding to elevations about 300-800 m (Gaspar-Escribano et al. 2004). Although this 

exhumation and erosion produced basement cooling, some samples, mostly next to the 

graben boundary, show temperatures up to the apatite PAZ, probably due to fluid 

convection (ter Voorde et al. 2007). The regional geothermal gradient was about 

24±3ºC/km during this period (Juez-Larré 2003). 

Taking into account the values estimated for subsidence, uplift and erosion, samples 

cropping out nowadays in the Catalan Coastal Ranges were buried at 3.6 and 2.5 km 

depths in the Prelittoral and Littoral Chains, respectively, previous to the Paleogene 

compression and 2.2 km previous to the Neogene extension (Juez-Larré 2003; ter 

Voorde et al. 2007). 
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3. METHODOLOGY 

 
In this chapter is explained the methodology and the techniques used to accomplish the 

proposed objectives. The work has included field work, laboratory work and office 

work. 

3.1. Field work 

Nine outcrops were chosen because of their structural location and the outcropping 

rocks. In the north of the Barcelona Plain (in the area between Santa Coloma de 

Gramanet, Badalona and Montgat), the Hospital fault can be followed for about 6 km 

leading to the selection of five outcrops. Two more outcrops were selected in the fault 

hangingwall. On the opposite, the Vallès fault rarely crops out as it is covered by farm 

fields and do not generate a fault scarp. This fact has caused the study of two outcrops 

located between Setmenat and Caldes de Montbui. In each outcrop, schematic 

cartographies and cross-sections have been done in order to provide a geological 

framework for this study. Structural data of fractures, slickenlines and bedding were 

measured. After that, representative veins, fault rocks and host rocks were sampled. 

Before sampling, samples were carefully oriented in the field marking dip and strike of 

a planar surface of the specimen on that surface (fig. 3.1). 

3.2. Laboratory work 

To perform the petrologic and geochemical study, 128 thin sections were prepared. Due 

to the incohesive character and fragility of most of the samples, previously to their 

sawing, samples were impregnated in a non-saturated polyester resin to consolidate 

them. After that, samples were sawn parallel (p) and perpendicular (n) to fault slip to 

document variations in textures, microstructures and compositions of the fault rock. 

When carbonates were a component of the sample, thin sections were partially stained 

with alizarin and potassium ferricyanide to distinguish the different carbonatic minerals, 

as calcite gets red, ferroan calcite purple, dolomite remains unstained and ferroan 

dolomite gets blue (Dickson 1966). 

The petrographic study was done under the optical microscope. A detailed mapping of 

the thin sections was done. This mapping gives information about the crosscutting 

relationships of the several fault rocks and fractures, kinematic indicators, preferential 
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Figure 3.1. Method to obtain an oriented sample from an outcrop (green area) and an oriented 
thin section from a sample (orange area) (modified from Passchier & Trouw 1996). Observe 
that sample in sawn parallel to striations. If a sample is oriented it is possible to extrapolate the 
sense of shear identified in the thin section to the outcrop scale. In this figure it is also shown 
how to re-orientate a sample in the office in order to measure minor structures that later will be 
plotted together with field data. 

orientations and mineralogy. Calcite and dolomite cements and carbonate host rocks 

were further studied under a cathodoluminescence microscope. This technique has 

allowed to distinguish different generations of carbonate cements. A Technosyn Cold 

Cathodoluminescence Model 8200 MkII operating at 16-19 kV and 350 µA gun current 

was used.  

To complement the petrologic observations, especially in micron-sized materials, some 

carbon-coated thin sections and gold-coated chips were examined under ESEM Quanta 

200 FEI, XTE 325/D8395 scanning electronic microscope. Scanning electronic 
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microscope coupled with cathodoluminescence was applied in the study of cataclasites 

in granodiorites and pseudotachylytes. 

To obtain the qualitative characterization of the minerals in fault and host rocks, X-ray 

diffraction was done. Analyses were done in a diffractometer of geometry Bragg-

Brentano PAnalytical X’Pert PRO MPD alpha 1, which uses a radiation Kα1Cu of 

1.5406 Å operating at 45 kV and 40 mA. Whole-rock powders were scanned from 4 to 

100º2θ with a 0.017º2θ step size and a count time of 50 s per step. Also oriented 

aggregates were used for clay fraction determination. The separation of this fraction was 

done through suspension methods. From each sample three diffractograms were 

obtained: a normal one, a diffractogram after a thermal treatment (2 hours at 550ºC) and 

another one after the saturation of the sample in an atmosphere of ethylene glycol 

during 24 hours at 50ºC. Oriented aggregates were scanned from 2 to 62º2θ  (normal 

sample) and 2 to 30º2θ (ethylene glycol and thermal treatment samples) with a 

0.033º2θ step size and a count time of 50 s per step. Identification of mineral phases 

was done with the X’pert HighScore Plus software. 

The elemental composition of carbonate cements and host rocks, chlorite, mica and 

feldspars was obtained from carbon-coated thin sections with a CAMECA model SX-50 

electron microprobe. It operated at 15 nA of current intensity and 20 kV of excitation 

potential and a beam diameter of 10 µm. The detection limits for carbonates are 99 ppm 

for Na, 312 ppm for Ca, 436 ppm for Mg, 149 ppm for Fe, 107 ppm for Mn and 124 

ppm for Sr whereas for silicates are 428 ppm for Na, 275 ppm for Mg, 272 ppm for Al, 

288 ppm for Si, 263 ppm for K, 260 ppm for Ca, 290 ppm for Ti, 672 ppm for Mn, 647 

ppm for Fe. The precision of major elements is about 0.64% (at 2σ level). 

Samples for carbon and oxygen stable isotopes analyses of carbonate host rocks and 

cements were powered with a microdrill. The CO2 extraction was done in a Carbonate 

Kiel Device III attached to a Thermal Ionization Mass Spectrometer Thermo Electron 

(Finnigan) MAT-252 following the method of McCrea (1950). Samples (60±10µg) 

were reacted with 100% phosphoric acid at 70º C during 3 minutes for calcite and 15 

minutes for dolomite. The International Standard NBS-19 was used as reference. The 

results are expressed in δ‰ PDB standard (VPDB). Standard deviation is ±0.02‰ for 

δ13C and ±0.05‰ for δ18O. 
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Finally, 16 samples of a black shale material in fault zones, Ordovician phyllites and 

shales and granodiorite have been analyzed by X-Ray Fluorescence (FRX) in order to 

discern the origin of the black shale material. Major elements were measured in fussed 

samples with a Panalytical PW 2400 spectrophotometer, using a Rh anode. Fussed 

samples were prepared with 0.3 g of molten and dry sample mixed with 5.7 g of lithium 

tetraborate and 5 mg of lithium iodide. The mixture was homogenized and fussed at 

1125ºC obtaining pearls of 30 mm of diameter. Minor elements were measured in 

pressed pellets using a Philips PW 2400 spectrophotometer with an excitation source of 

Rh. Pellets were prepared in an agate mortar with 5 g of molten and dry sample and 2 

ml of 20% solution of Elvacite 2044 dissolved with acetone. Pellets have a diameter of 

40 mm and are made with an aluminum capsule, in which the treated sample and boric 

acid are added. The capsule is compacted with a Herzog press that applies 200 kN 

during 60 s. 

All these analyses have been performed in the Serveis Científico-Tècnics of the 

Universitat de Barcelona.  

3.3 Office work 

At the office, samples were again reoriented according to the measure taken in the field 

to check and obtain the orientation of minor fractures not seen in the field (fig. 3.1). 

This step leads to relate micro and macro structures or to define new ones. Structural 

data has been plotted in lower hemisphere Schmidt stereoplots to represent the different 

identified fracture families (fig. 3.1).  

The petrological and geochemical analyses allowed to identify the different fault-related 

cement generations. The integration between cements and the crosscutting relationships 

between them and other microstructures allowed to characterize the successive fluid-

fault systems. 

To estimate the P-T conditions during fault evolution, thermobarometric methods from 

the analyses of the elemental composition of the chlorite and K-white mica have been 

applied. Their temperature and pressure of formation have been calculated applying 

thermodynamic models based on the equilibrium between these minerals, quartz and 

water. Chlorite and K-white mica minerals are good candidates as thermobarometers 

because they present many chemical substitutions (simple and coupled) controlled by 
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the equilibrium conditions (P, T, pH, fO2…) that can be modelled using a set of 

different end-members (Vidal et al. 2001, 2005, 2006; Parra et al. 2002; Dubacq et al. 

2010). Three main substitutions occur in chlorite (FeMg-1, Tschermak and 

di/trioctahedral substitutions) that can be modelled using the following set of five end-

members (e.g. Vidal et al. 2005) (table 3.1): Mg-amesite (Si2Al4Mg4O10(OH)8), Fe-

amesite (Si2Al4Fe4O10(OH)8), daphnite (Si3Al2Fe5O10(OH)8), clinochlore 

(Si3Al2Mg5O10(OH)8), and sudoite (Si3Al4Mg2☐1O10(OH)8), where ☐ represents 

vacancies. In K-white mica, three additional substitutions occur (NaK-1, V(H2O)-1 and 

pyrophyllitic substitutions) and can be modelled using the following set of seven end-

members (table 3.2): muscovite (Si3Al3☐1K1O10(OH)2), Fe-celadonite 

(Si4Al1Fe1☐1K1O10(OH)2), Mg-celadonite (Si4Al1Mg1☐1K1O10(OH)2), phlogopite 

(Si3Al1Mg3K1O10(OH)2), pyrophyllite (Si4Al2☐2O10(OH)2), pyrophyllite·1H2O 

(Si4Al2☐1(H2O)1O10(OH)2), and paragonite (Si3Al3☐1Na1O10(OH)2).  

Table 3.1. Atom site distribution of chlorite 

 

Table 3.2. Atom site distribution of mica 
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Three thermometers have been used. This study was performed in the Institut des 

Sciences de la Terre of the Université Joseph Fourier in Grenoble. 

3.3.1. Chlorite-quartz-water thermometer 

Chlorite shows an increase in AlIV and a decrease in vacancy contents with increasing 

temperature (e.g. Cathalineau & Nieva 1985 and Vidal et al. 2001). The multi-

equilibrium approach of Vidal et al. (2005, 2006) proposes a simultaneous estimate of 

Fe3+ content in chlorite and equilibrium temperature by the convergence of the 

following equilibria at a given pressure (fig.3.2): 

(1) 5 Mg-amesite + 4 daphnite ↔ 4 clinochlore + 5 Fe-amesite 

(2) 2 clinochlore + 3 sudoite ↔ 4 Mg-amesite + 7 quartz + 4H2O 

(3) 16 daphnite + 15 sudoite ↔ 6 clinochlore + 20 Fe-amesite + 35 quartz + 20H2O 

(4) 4 daphnite + 6 sudoite ↔ 3 Mg-amesite + 5 Fe-amesite + 14 quartz + 8H2O 

 

Figure 3.2. Estimation of P-T conditions of chlorite formation (red point) from equilibria 
convergence of reactions (1) to (4). 

The positions of these equilibria, (1) to (4), depend on the thermodynamic standard state 

property for the different phases and thus the activities of the chlorite end-members, 

quartz and water. In this work, the temperature and XFe3+ of chlorite were estimated at 

1 kbar, which is the maximum pressure according to the regional geology, and with 

water activity equal to 1. Following the Vidal et al. (2005, 2006) approach, the 

convergence is always produced with the minimum Fe3+ proportion and it was 

considered to be achieved when the temperature difference between the four equilibria 

was less than 30ºC. 
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3.3.2. Mica-quartz-water thermobarometer 

K-white mica increases its Si content, by Tschermak substitution, with an increase of 

pressure (Massone & Schreyer 1989). At low temperature, the pyrophyllitic substitution 

also controls the Si and interlayer contents (e.g. Agard et al. 2001). The mica-quartz-

water thermobarometer used in this study models the variation of composition with 

respect to temperature and pressure, taking into account mica hydration of vacancies 

(Dubacq et al. 2010). For a mica in chemical equilibrium with quartz and water, these 

three equilibria can be written: 

(5) 3 celadonite + 2 pyrophyllite ↔ 2 muscovite + biotite + 11 quartz + 2H2O 

(6) 3 celadonite + 2 pyrophyllite·1H2O ↔ 2 muscovite + biotite + 11 quartz + 3H2O 

(7) pyrophyllite·1H2O ↔ pyrophyllite + H2O 

The convergence of these equilibria at various P-T conditions is achieved by varying the 

XH2Ointerlayer content (i.e. pyrophyllite·1H2O proportion). A mica-quartz-H2O 

equilibrium line is then drawn, along which the hydration state varies (Dubacq et al. 

2010) (fig. 3.3). The pressure conditions were then estimated at the temperature 

estimated from the chlorite-quartz-water equilibria (Lanari et al. 2012). 

 

Figure 3.3. Construction of the P-T line (dashed line) by varying the H2O content of vacancies 
in reactions (5) to (7). V: vacancy. 

3.3.3. Chlorite-mica-quartz-water multi-equilibrium approach 

After the application of the previous thermometer and barometer, the equilibrium of 

chlorite and K-white mica was checked through a full chlorite-mica multi-equilibrium 

approach involving XFe3+ in both chlorite and mica and XH2Ointerlayer in mica. P-T 

equilibrium conditions of chlorite-mica-quartz-water assemblage were calculated from 

the convergence of 159 equilibria written from the previous mentioned chlorite and 
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mica end-members (fig. 3.4). Only those equilibria showing a good convergence were 

selected, for which the sum of the Gibbs free energy of a selected set of reactions (∆rG) 

of the calculated P and T was less than 7000 J. 

 

Figure 3.4. Convergence of 159 equilibria to obtain the P-T equilibrium conditions of a mica-
chlorite pair. Red circle marks the convergence area. 

In order to give an age for each fluid-fault system, we have compared our data 

(elemental composition, isotopes, formation temperatures and pressures) with other 

works performed in the central Catalan Coastal Ranges (Travé et al. 2001, 2009; 

Cardellach et al. 2002; Parcerisa 2002; Juez-Larré 2003; Baqués et al. 2010, 2012a,b). 

The integration of all the results has lead to the writing of this memory and the papers 

within it. 
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4. RESULTS 

4.1. Studied domains 

The faults bounding the Barcelona Plain and the Vallès Half-graben (fig. 4.1) have been 

studied from a petrological, geochemical and structural point of view in order to 

establish the succesive deformation phases, fluid origin, fluid regimes, fluid pathways 

and P-T conditions during fault evolution.  

 

Figure 4.1. Simplified geological map of the central Catalan Coastal Ranges (modified from 

Santanach et al. 2011). Squares indicate the location of the study areas. T: Tagamanent; MT: 

Martorell; BT: Berta Mine; CM: Caldes de Montbui; LG: La Garriga; CE: Caldes d’Estrac. 

4.1.1. The Barcelona Plain 

The Barcelona Plain is a highly urbanised area, and therefore, with a lack of good and 

extense outcrops. However, the study of the relationship between deformation and fluid 

flow through faults is important in these highly populated areas specially when 

underground tunnels have to be done. We have focused the study of the Barcelona Plain 

on its northeastern sector, between the cities of Sta. Coloma de Gramanet, Badalona and 

Montgat. In this area, different outcrops formed by different lithologies and with a 

broad range of ages (from Ordovician to recent) affected by faults have been chosen. 

The Barcelona Plain is bounded in the northwest by the Hospital fault. 

The Hospital fault is a NE-SW fault zone with increasing dip towards the northeast 

from 29 to 63ºSE that separates the late Hercynian granodiorite (footwall) from the 
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Miocene rocks in the south and from the Triassic rocks in the north (hangingwall) (fig. 

4.2 and 4.3), and shows in its northern ending a splay pattern. It had a minimum normal 

displacement of 1-2 km, estimated from the fault dip (30-50ºSE) and the thickness of 

the absent rocks from the contact aureole (about 800 m). The Hospital fault is cut and 

displaced in segments, from 200-1500 m long, by NW-SE faults. Five outcrops have 

been studied along the Hospital fault. The Hospital, Enric and Sariol outcrops have been 

studied from a structural, petrological and geochemical point of view whereas the 

Siurana and Sastre outcrops, located in the splay area have been analysed from a 

structural point of view.  

 

Figure 4.2. Schematic geological map of the northeastern sector of the Barcelona Plain with 

outcrops location. Cross-sections are shown in figure 4.3. 

The Miocene hangingwall is constituted by conglomerates of the Upper Continental 

Complexes which are affected by minor faults (fig. 4.4). The thickness of the Miocene 

units, controlled by borehole correlation, decreases towards the northeast (fig. 4.2). Due 

to the high urbanization of the area and the low topographic relief, these rocks are 
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Figure 4.4. Schematic map of the southern area of the Miocene hangingwall where main 

outcrops are located. 

barely exposed (fig. 4.4). Two outcrops have been studied, the Caritg and the Hospital 

outcrops. 

The Triassic hanginwall is mainly constituted by Muschelkalk facies M1, M2 and M3. 

Locally, Buntsandstein facies also crop out. Faults affecting M1 facies have been 

studied in the Guixeres outcrop, M3 facies in the Enric outcrop and Buntsandstein 

facies in the Sastre outcrop. 

4.1.2. The Vallès Half-graben 

Tha Vallès Half-graben is bounded to the north by the Vallès-Penedès fault, a major 

NE-SW normal fault that juxtaposes the late Hercynian granodiorite against the 

Miocene deposits that fill the basin. This basement fault had a normal displacement up 

to 4 km during the Neogene extension (Roca et al. 1999). The study is centred on the 

neighbouring of Caldes de Montbui. Two outcrops have been studied (fig. 4.5). The 

Torrent del Corró outcrop (TCO) is located in the granodioritic footwall at 50 m from 

the Neogene main fault plane. The Camí d’en Cisa outcrop (CCO), 600 m to the 

northeast from the previous outcrop, is the contact between the granodiorite and the 

Miocene rocks. 
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Figure 4.5. Schematic geological map of the studied area in the Vallès Half-graben. A) 

Location of the two studied outcrops, the Torrent del Corró in the granodioritic footwall and the 

Camí d’en Cisa outcrop in the contact between the granodiorite and the Miocene. A1) Sketch 

with sample location of the Torrent del Corró outcrop. 

4.2. Deformation phases 

Ten fracture families (or types) have been recognized from structural data acquired in 

the field and from reoriented hand samples and thin sections. The criteria to 

differenciate families has been the crosscutting relationships between fractures but the 

presence of conjugated systems and minor structures related to a main fault were also 

taken into account. In some cases, the geochemistry of cements was used in a later stage 

to separate phases. In turn, the ten families have been encompassed within seven 

deformation phases in function of the stress conditions (fig. 4.6). 

The first deformation phase (D1) is characterized by type 1A faults resulting from 

extensional axes with a WNW-ESE direction. These faults are NE-SW normal faults 

with dip around 49ºSE and NW-SE normal faults with a certain right-lateral component  

with dip from 60 to 90º to the SW and NE. This kind of faults has been uniquely 

recognized in the Triassic hangingwall. 
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The second deformation phase (D2) is characterized by extensional axes with 

orientation from WSW-ENE to NW-SE. It is represented by type 1B faults, which are 

normal faults with NE-SW trending and dip between 24 and 67º to the SE. In the 

Hospital outcrop, slickenlines with 14/076 orientation indicate a certain left-lateral 

motion during normal faulting. Although 1B faults have the same orientation than type 

1A faults, the petrologic and geochemical study of their fault rocks and cements has 

demonstrated their different timing. 

The third deformation phase (D3) is characterized by N-S to NE-SW compressional 

axes. Two types of fractures have been identified: type 2A faults in the Vallès half-

graben and type 2B faults in the Barcelona Plain. Both types are NE-SW reverse faults 

with a certain left-lateral motion and dip from 22 to 44ºSE. This faulting episode was 

the responsible of the formation of the NE-SW oriented folds in the Muschelkalk units 

outcropping in the Barcelona Plain. Minor faults of this group affecting Triassic rocks 

of the horst reactivate previous 1A faults. 

The fourth deformation phase (D4) is characterized by NNW-SSE to NNE-SSW 

extensional axes. Two fracture families are encompassed within this deformation phase, 

type 3A and 3B. Type 3A normal faults show a NE-SW to E-W trend that mostly dip 

towards the southeast. This fracture family has been identified in all the domains. Some 

planes are the reactivation of type 1 and type 2 faults. Type 3B fractures are NW-SE 

joints with dip of 55ºNE that have only been recognized within the Enric outcrop. 

The fifth deformation phase (D5) is defined by NNW-SSE compressional axes that 

produce type 3C seams, which have NNE-SSW orientation and low dip to the NW. 

These seams have only been identified in the Hospital fault. 

The sixth deformation phase (D6) is defined by NE-SW extensional axes and has been 

recognized in the Barcelona Plain. Type 3D and 3E fractures are englobed within this 

phase. Type 3D fractures are normal faults of mainly N-S direction dipping from 30 to 

80ºE and barely to the SW and NE-SW normal faults that are the reactivation of 

previous 3A and 2B faults. Type 3E fractures are open joints, up to 50 cm, of NW-SE 

trend and dip to the SW. They are the reactivation of type 1A faults. 
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The seventh deformation phase (D7) is represented by type 3F dextral strike-slip faults 

of NW-SE and dip between 50 to 65 º to the northeast and southwest. In the Barcelona 

Plain, type 3F faults have been deduced by cartographical criteria. 

4.3. Outcrop description 

4.3.1. Hospital outcrop 

The Hospital fault in this segment acquires a N-S trace because of the topographic 

relief. It juxtaposes the Miocene conglomerates against the late Hercynian granodiorite, 

but in the tectonic contact, Triassic and Silurian rocks are sliced in between (fig. 4.7A-

B). Deformation phases D2, D3 and D6 have been identified.  

Deformation phase D2 is represented by a type 1B normal fault that juxtaposes the 

Middle Triassic clays and sandstones against the late Hercynian granodiorite. This 

major normal fault has low dip (about 30ºSE) and generates a core zone about 70 cm 

width (FC1) with well-defined sharp boundaries. The core is formed by 60 cm of a 

cataclastic green material and by 10 cm of a discontinuous foliated red and black clay 

gouge (fig. 4.7C-D).  

Deformation phase D3 is defined by type 2B reverse faults, which develop two 

decimetric-scale duplexes in the hangingwall that locates the Ordovician phyllites and 

Silurian black shales on top of the Middle Triassic dolostones (fig. 4.7B). Each duplex 

is constituted by different breccias. Breccia FB2a is constituted by dolomitic clasts from 

the Triassic unit M3 whereas breccia FB2b contains clasts of the Ordovician phyllites.  

Finally, the deformation phase D6 is shown by type 3D extensional faults. One major 

fault settles the Miocene in contact with the Silurian black shales. The Silurian acts as a 

detachment level and accommodates all the deformation. In the Miocene conglomerates 

minor type 3D normal faults produce decimetric displacements that tilt the bedding. 

These minor faults form discrete planes that do not develop fault cores and damage 

zones. 

4.3.2. Enric outcrop 

The Enric outcrop have a very bad exposure due to the vegetation. The Hospital fault in 

this outcrop dips 55º towards the SE and places the Middle Triassic clays and 

sandstones (M2 facies) on the late Hercynian granodiorite (fig. 4.8). Fault zone 
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Figure 4.7. Hospital outcrop. A) General view of the Hospital outcrop and interpretation of the 

main features. The black square is enlarged in B. B) Tectonic contact between the granodiorite 

and the Miocene where Triassic, Ordovician and Silurian rocks are sliced inbetween. The three 

main fault families are plotted in the stereogram. C) Green cataclastic fault core generated in the 

type 1B fault. D) Foliated gouge with S-C structure formed also in the type 1B fault. 

architecture is formed by a damage zone around 2 m thick with an irregular boundary 

with the granodiorite and a fault core 20 cm thick with sharp and well defined 

boundaries. The damage zone is formed by a dark green cohesive breccia resulting from 

deformation phases D2, D4 and D5. The fault core is constituted by a greenish-yellow 

semicohesive gouge formed during D4 (fig. 4.9). Both fault rocks resulted from the 

brittle deformation of the granodiorite. 
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Figure 4.8. Schematic map of the Enric hill, where the Hospital fault places the Middle Triassic 

clays and sandstones (M2 facies) on the late Hercynian granodiorite. Within the Middle Triassic 

dolostones (M3 facies), a system of minor faults (type 1A) with a tail geometry is shown. 

In the hangingwall, M3 dolostones are deformed during the first deformation phase D1. 

Type 1A normal faults with listric geometries have been recognized (fig. 4.10A). These 

faults generate fault cores from 1 to 30 cm wide filled by uncohesive breccias with an 

important percentage of a yellowish matrix (fig. 4.10B). The damage zone consists of 

joints and minor faults and is several meters wide. Cohesive breccias are also developed 

in the footwall. Some faults produce a drag in the bedding of their hangingwalls (fig. 

4.10B). 

4.3.3. Sariol outcrop 

The Hospital fault in this segment has a E-W strike, dips about 60ºS and juxtaposes the 

Triassic dolostones of the M3 facies against the late Hercynian granodiorite. The fault  
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Figure 4.9. Enric outcrop. A) View of the poorly outcropping Hospital fault and hand samples 

of the main fault rocks. B) Synthetic cross-section of the Hospital fault at this point with the 

main fault rocks and the identified sets of fractures, which are also plotted in a stereogram. 

Although separated, type 3A faults are minor structures linked with the displacement of the 

main fault plane. 

 

Figure 4.10. Enric outcrop. A) Type 1A listric normal faults affecting the M3 dolostones. B) 

View of the drag developed in the hangingwall in contact with the fault plane. 

zone is not well exposed due to vegetation, antropic actions and the low slope of the 

hill. Apparently, damage zone is absent and, uniquely, a fault core, which thickness is 

around 1-3 m thick, is developed. This fault core is the result of fault activity during 

deformation phases D3 and D6. The fault core is formed by white-greyey breccias and 

cataclasites resulting from the deformation of both the footwall and the hangingwall 
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(fig. 4.11). Also minor faults with NW-SE orientation and variable dip to the SW, 

which formed cataclasites during deformation phase D6, have been identified. 

 

Figure 4.11. Sariol outcrop. A) View of the Hospital fault from the Sariol outcrop to the 

southwest. B) Synthetic sketch of the fault zone at the Sariol outcrop and stereoplot of the sets 

of fractures. Red faults are type 2B faults reactivated during development of type 3D faults (in 

black). C) Thin section of fault rocks developed within the granodiorite. D) Thin section of fault 

rocks and cements developed within the dolostones. 

4.3.4. Siurana outcrop 

This outcrop is located at the beginning of the splay formation, at the northeastern 

ending of the Hospital fault (fig. 4.12). The outcrop consist in a steep trench digged out 

for the construction of a building. It shows a very complex zone due to the 

amalgamation of normal and reverse faults affecting rocks from Silurian to Oligocene 

ages in just a 150 m long outcrop (fig. 4.13A). These faults have a strike from E-W to 

NW-SE and have a high dip (fig. 4.12). From NNE to SSW, the following structures are 

found: 1) normal fault between the granodiorite and the Buntsandstein facies, 2) thrust 

of Ordovician and Silurian rocks over the Buntsandstein facies, 3) normal fault 

juxtaposing the Buntsandstein facies against the Ordovician and Silurian rocks, 4) 
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normal fault between the Buntsanstein and the M2 facies, 5) normal fault juxtaposing 

the Oligocene conglomerates against the M2 facies, and 6) thrust of M3 facies over the 

Oligocene rocks. All these faults have been linked with type 1B, 2B and possibly 3A 

faults. 

 

Figure 4.12. A) Schematic geological map of the northeastern ending of the Barcelona Plain 

(enlarged from figure 4.2). The square marks the location of the Siurana outcrop and the star the 

Sastre outcrop. Darker patches indicate real outcrops. The detailed map of the hills at the SW of 

Montgat Nord is from Parcerisa (2002). B) Stereoplot of normal and inverse (dashed line) fault 

of the Siurana outcrop. 

Fault rocks are poorly developed and cataclasites, gouges and veins have not been 

observed. Only, in two of the faults, one inside the granodiorite and one between the 

granodiorite and the Buntsandstein, a black shale material has been identified filling the 

fault (fig. 4.13B-C). In the former fault, it has a concoidal fracturation whereas in the 



4. Results 

45 

 

 

Figure 4.13. Siurana outcrop. A) Steep trench where the complex structure of the beginning of 

the splay crops out. B) Silurian rocks are sliced in a fault affecting the granodiorite. C) Silurian 

black shales in the fault that places the Buntsandstein on the granodiorite. 

latter fault, this material is more clay-rich. The comparison of the X-Ray Fluorescence 

(FRX) analyses of these materials with Silurian rocks and the granodiorite indicates 

their origin from the Silurian black shales. 
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However, the importance of this ephemeral outcrop lies in that it shows, in a very 

narrow zone, at least two of the main deformation phases and their temporal 

relationships. 

4.3.5. Sastre outcrop 

The Sastre outcrop is located in the hill mainly constituted by Buntsandstein 

conglomerates in the northeast of the studied area (fig. 4.12). This hill is bounded to the 

northeast by a steep normal fault that places these conglomerates on the late Hercynian 

granodiorite, slicing in between Silurian and Ordovician rocks (fig. 4.14A). The fault 

zone, related to type 3A faults, is constituted by a 3 m thick fault core where several slip 

surfaces can be recognized. Silurian rocks consist of black shales that have developed a 

steep penetrative foliation parallel to the bounding fault. Within the Ordovician rocks 

irregular and steep fracture planes are also identified. The Buntsandstein conglomerates 

show a more cataclastic deformation and a certain preferential orientation parallel to 

fault core wall is observed. 

 

Figure 4.14. Sastre outcrop. A) Fault zone between the late Hercynian granodiorite and the 

Buntsandstein conglomerates, slicing metamorphic Paleozoic materials. B) Type 2B faults with 

a white calcite film affecting the Buntsandstein conglomerates. C) Unconformity between the 

Silurian phyllites and the Buntsandstein basal conglomerates. 
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The Buntsandstein conglomerates are also affected by strike-slip faults related to the 

third deformation phase D3. These faults, of decimetric to metric spacing, have a planar 

surface that often is covered by a white and very thin and striated film of calcite (fig. 

4.14B). 

The uncomformity between the Silurian phyllites and the Buntsandstein facies crops out 

further to the south of this hill (fig. 4.12 and 4.14C). 

4.3.6. Caritg outcrop 

The Miocene conglomerates are affected by minor type 3D normal faults which show 

two main orientations: N-S striking faults and dip between 30 and 80º to the E and NE-

SW striking faults with dip between 24 and 50º to the SE (fig. 4.15A-C). Faulting 

produced changes in bedding orientation and dip. Faults are discrete planes that 

generate a narrow fault core, from 0.5 to 7 cm wide, and no damage zone. The fault core 

is constituted of cohesive, reddish mud-to-sandy cataclasites with centimetric host rock 

clasts (fig. 4.15D). 

4.3.7. Guixeres outcrop 

This outcrop, located in the Hospital fault hangingwall, is formed by Triassic dolostones 

of M1 facies dipping to the north. They are affected by four deformation phases: D1, D3, 

D4 and D6. 

Normal faults 1A with sinistral component have both undulouse and planar walls with 

smooth surfaces (fig. 4.16A-B). Deformation is localized in the footwall, generating a 

fault core formed by cataclasites (fig. 4.16B). Deformation decreases gradually across 

the first 6 cm. Type 2B reverse faults are centimetric faults of straight walls that are 

infilled by calcite cement. They usually have a step-like geometry indicative of their 

sense of movement (fig. 4.16C). Type 3A normal faults are discrete planes with 

undulouse walls characterised by slickenside surfaces that denote their normal slip. 

Speleothems and karstic breccias usually cover their walls (fig. 4.16D). Type 3D normal 

faults are discrete planes with irregular walls that have little slip. They clearly crosscut 

previous faults (fig. 4.16A). Finally, 3E open joints have been identified (fig. 4.16E). 

The open joints usually have straight walls but some of them can be very irregular 

probably due to enlargement by dissolution. They can have a width up to 1.5 m and are  
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filled by the Triassic clays of the unit above (M2). Their planes are usually covered by 

speleothems.  

 

Figure 4.15. Caritg outcrop. A-B) Outcrop views of type 3D faults affecting Miocene 

conglomerates. C) Projection of the fault data in a stereoplot. D) Hand sample of a cataclasite. 

Observe the variability in clast size. 

4.3.8. Torrent del Corró outcrop 

The Torrent del Corró outcrop is located in the footwall, 50 m futher to the north from 

the Neogene Vallès fault, where the Paleozoic basement exhibits an intense fracturation 
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Figure 4.16. Generations of fractures affecting Triassic dolostones of M1 facies. A) Outcrop 

view affected by faults 1A, 3A, 3D and 3E. B) Cataclasite formed in the footwall of type 1A 

faults. C) Microfault of type 2B within M1 facies. This thin section is cut parallel to the strike of 

the fault, showing the sinistral component of displacement. D) Type 3A normal fault in M1 

facies characterized by its undulating plane. Observe the detail of  the karstic breccias on the 

fault plane. E) Type 3E open joint in M1 facies filled by clays of the M2 and detail of the 

speleothem covering the walls. 

(fig. 4.5). The outcrop shows a step-like geometry, with blocks up to 2 m long that 

descend from NW to SE, caused by normal faults with a NE-SW strike and high dip to 

the SE (fig. 4.17A-B). Hercynian granodiorites and Ordovician phyllites and 

greywackes are involved in D2, D3, D4 and D7 deformation structures. Phyllites foliation 

has a NE-SW strike and high dip to the SE (155/71). 

The granodiorite thrusts in a northwestern direction (D3) over the phyllites and 

greywackes. In the fault core, a black foliated gouge about 30 cm wide, resulting from 

the deformation of the Ordovician rocks, is developed (fig. 4.17C). Gouge foliation is 

parallel to the fault plane but also some folds are observed (fig. 4.17C). 
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Figure 4.17. Torrent del Corró outcrop. A) Lateral view of the outcrop where the step-like 

geometry can be observed and synthetic outcrop map indicating view location. B) Schematic 

cross-section of the outcrop shown in A, highlighting the step-like geometry and localization of 

foliation and cataclasis. C) Reactivated fault zone between the granodiorite and the phyllites and 

enlarged area showing the crosscutting relationship between the thrust fault and the later normal 

fault. Photograph location is shown in A. D) Detail of the S-C structure developed in the 

phyllites that indicates the normal displacement of the fault. 

The deformation phase D4 is characterized by normal faults with straight planes and 

dip-slip slickenlines. Within the footwall of the faults with the highest scarps (about 1 m 

high), a penetrative foliation parallel to the fault plane and a more aparent cataclasis are 
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developed (fig. 4.17B). Also, the block bounded by these faults is affected by minor 

faults with a spacing about 10 cm dipping to the SE and NW (fig. 4.17B). Cataclasites 

are very cohesive and have a dark green color. The normal fault zone between the 

granodiorite and phyllites and greywackes is about 2 m wide and clearly crosscuts the 

previous thrust. This fault mainly deforms the footwall rocks (fig. 4.17C). Phyllites 

develop a penetrative S-C structure indicative of the normal displacement of the fault 

(fig. 4.17D). Although in the field, these structures are related to D4, the petrologic and 

geochemical observations of fault rocks and cements have shown that D4 faults have 

reactivated previous D2 faults. 

Finally, both normal and thrust faults are offset by a NW-SE system of dextral strike-

slip faults that have been associated with the last deformation phase D7. 

4.3.9. Camí d’en Cisa outcrop 

This outcrop is located at the tectonic contact between the granodiorite and the Miocene 

rocks of the Vallès fault. This contact can not be observed as it is covered by farm fields 

and therefore, only structures in the granodiorite could be studied. The granodiorite is 

affected by subordinated normal faults of the main Vallès fault produced during the 

fourth deformation phase D4. The fault walls present two main morphologies, straight 

and undulouse, and slickenlines are frequent (fig. 4.18). At the vicinity of the main 

fault, fracturation is more intense and the undulouse surfaces generate a 1 m thick zone 

formed by sigmoids (fig. 4.18). These sigmoids indicate a certain left-lateral 

displacement during normal faulting, in accordance with slickenline orientations. 

4.4. Petrology and geochemistry  

In this section are described the petrologic and geochemical characteristics of host rocks 

and fault rocks of the studied areas. 

4.4.1. Host rocks 

The host rocks that are involved in the studied fault zones are Paleozoic, Triassic and 

Miocene ages. 
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Figure 4.18. Camí d’En Cisa outcrop and interpretation of the main normal faults affecting the 

granodioritic footwall of the Vallès fault. 

Paleozoic rocks 

The late Hercynian granodiorite and the Silurian black shales are the two Paleozoic 

rocks that have been involved in a higher deformation. The former constitutes the 

footwall at the vicinity of major faults whereas the latter act as a plastic level clipped in 

faults zones. 

The granodiorite is constituted by quartz, potassic feldspar, plagioclase and biotite 

(<5%) and shows granular texture (fig. 4.19). Grain size is mostly about 2-3 mm, but 

there are feldspars around 5 mm. Quartz crystals are allotriomorphic. The potassic 

feldspar, identified as orthose, is also allotriomorphic and has perthites. Some of the 

orthose crystals are poikilitic with inclusions of prismatic plagioclases and biotites (fig. 

4.19B). The plagioclase has idiomorph prismatic crystals that show polysynthetic twins. 

Finally, the biotite show subidiomorphic shapes and has some interlayered epidote.  

The granodiorite is poorly altered as shown by the partial replacement of orthose and 

plagioclase by kaolinite and sericite, respectively, and a very incipient alteration of 

biotite to chlorite. However, close to the Vallès fault, a localized alteration took place in 

some joints of the granodiorite previouly to the defined deformation phases. This 

alteration is represented by the crystallization of coarse, between 0.2 and 1.1 mm long, 

idiomorphic K-white mica associated to microcline neoformation with tartan-like twin 

(fig. 4.19C-D). 
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The Silurian black shales are constituted by phyllosilicates, quartz, calcite, potassic 

feldspar, plagioclase, jarosite and hematites. Specifically, the phyllosilicates are 65% 

illite, 10% chlorite and 25% illite-smectite. 

Ordovician rocks are phyllites and greywackes. Phyllites are aphanitic rocks that have a 

grey satined color and show a penetrative foliation. Greywackes are formed by quartz, 

quartzite and feldspar clasts, from rounded to subangulouse, up to 1 mm in size and a 

slightly recrystallized quartzitic matrix. Greywackes show a rough cleavage, with a 

spacing about 1 mm, made of chlorite, white mica and oxides. Elongated clasts are 

disposed parallel to cleavage planes. 

 

Figure 4.19. A) Microphotograph of the granodiorite under cross-polarized light. B) Poikilitic 

orthose crystals (cross-polarized light). C) K-white mica resulting from alteration at the vicinity 

of the Vallès fault. D) Microcline crystal with its characteristic tartan-like twin. 

Triassic 

Middle Triassic materials are represented by Muschelkalk facies M1, M2 and M3. The 

Muschelkalk facies M2 are formed by lutites and layers of sandstones. Lutites are 

formed by clays, quartz, calcite, potassic feldspar and plagioclase, being the clays 65% 

illite, 20% illite-smectite, 10% chlorite-smectite and 5% chlorite. The red sandstones are 
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constituted by quartz, potassic feldspar, plagioclase, muscovite and biotite. Grains are 

160 µm in size and are cemented by orange luminescent calcite. 

Muschelkalk facies M1 and M3 are formed by dolostones which consist of 2 to 50 cm 

thick beds. Four different types of dolostones (named HR) have been identified: HR1 

and HR2 in the M1 and HR3 and HR4 in the M3. HR1 dolostone is constituted by clear 

anhedral crystals about 50 µm thick and euhedral crystals with a cloudy nucleus and 

clear borders about 250 µm thick (fig. 4.20A). HR1 shows a brown-yellowish 

luminescence (fig. 4.20B). HR2 consists of an orange luminescent dolmicrite (fig. 

4.20C). HR3 dolostone is constituted of anhedral crystals about 80 µm and euhedral 

crystals about 180 µm in size with a cloudy nucleus and dull red luminescence (fig. 

4.20D-E). Ghosts of coated grains indicate that the replaced rock was at least locally a 

grainstone and that dolomitization was non-destructive. Finally, HR4 is formed by 

anhedral crystals about 60 µm in size with a orange dull luminescence (fig. 4.20F). The 

dolostones have δ
18

O values between -4.6 and -2.7‰ vPDB and δ
13

C values between 

+0.7 and +2.8‰ vPDB (table 1, appendix 1). With regard to their elemental 

geochemistry, HR3 shows higher contents in Mn and Fe and lower contents in Sr than 

the other host rocks. HR4 have contents of Na and Sr below the analytical detection 

limit (table 2, appendix 1). The dolostones of M1 are partially replaced by a clear 

anhedral dolomite with dull red luminescence (RD1) (fig. 4.20A-B). 

 

Figure 4.20. A-B) Microphotographs of dolostone HR1 (plane light and cathodoluminescence). 

HR1 in yellowish and replacive dolomite in red. C) Microphotograph of dolmicrite HR2 

affected by a calcite fracture (plane light). D-E) Microphotographs of dolostone HR3 under 

plane light and cathodoluminescence, respectively. F) Microphotograph of dolostone HR4 

(plane light). 
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Miocene 

The Miocene rocks of the Barcelona Plain are well-stratified conglomerates, probably of 

Langhian age (Parcerisa 2002; Parcerisa et al. 2007), interpreted as alluvial fan deposits 

of the Upper Continental Complexes. Conglomerates have intercalations of lentils of 

sandstones and clays. Bedding is of centimetric order and it is defined by clast 

alineations. 

Conglomerates are matrix supported and heterometric (fig. 4.21). Clasts size range from 

cobble to granule and occasionally some of the clasts can reach a metric size. Clasts are 

derived from the Paleozoic basement and the most abundant are phyllites (45%) and 

quartzites (35%) followed by knotted hornfels (10%), quartz (7%) and porphyries (3%). 

Clasts usually are angular but phyllites and knotted hornfels are rounded. The matrix is 

formed by reddish mud-to-sandy material. The sand size is formed by grains of angular 

quartz and subrounded orthose. The smaller matrix fraction is constituted by quartz, 

potassium feldspar, illite, chlorite, kaolinite, mixed-layer of illite-chlorite, apatite, iron 

oxides and titanium oxides. Conglomerates have voids and fracture porosity. Voids are 

rounded and have a maximum diameter of 2.5 mm (fig. 4.21A). Fracture porosity is the 

most important and tend to border the clasts producing an anastomosing geometry (fig. 

4.21B). Porosity is always open without any kind of cement. 

 

Figure 4.21. Microphotographs of Miocene conglomerates under plane light. A) Subangular 

quartzite clast and phyllite clast with a concavo-convex contact. Observe at the top the irregular 

void within the matrix. B) Fracture porosity bordering the rounded phyllite clasts. 

4.4.2. Fault rocks 

Fault rocks developed within the studied outcrops were formed within the brittle regime 

and consist of gouges, cohesive breccias, cataclasites, ultracataclasites and 
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pseudotachylytes. The textural, mineralogical and geochemical features of the fault 

rocks and cements are briefly analyzed according to their relative chronology and their 

formation during the different deformation phases (fig. 4.22). This link between the 

different deformation phases and the different fault rocks and cements reveal the 

circulation of different fluids through time. 

Deformation phase 1: cataclasites, ultracataclasites and D1, D2 and D3 cements 

This deformation phase has been recognized in the Triassic dolostones of the Barcelona 

Plain. Type 1A faults generated a cohesive cataclasite in the footwall formed by 

subrounded dolostone clasts up to 2 mm in size and a matrix generated by host rock 

comminution, which grains are about 100 µm in size. Cataclasites are cemented by 

bright orange luminescent dolmicrite crystals D1 (fig. 4.23A-D, G). D1 has δ
18

O values 

between -5.9 and -5.4‰ vPDB and δ
13

C values between +2.3 and +2.4‰ vPDB (table 

1, appendix 1). Later frictional processes produced ultracataclasites, which are 

constituted by subrounded dolostone clasts up to 500 µm in size and a matrix formed by 

grains around 50 µm in size. These fault rocks are cemented by a red luminescent 

dolmicrite D2 with δ
18

O values between -7.2 and -6.8‰ vPDB and δ
13

C values between 

+2.5 and +2.6‰ vPDB (fig. 4.23E-G). Dolomite D2 has different Fe content depending 

on the host rock. When precipitates in the dolostone HR2 (D2a) it has Fe contents up to 

870 ppm and an average of 440 ppm whereas when precipitates in HR3 (D2b) it has Fe 

contents up to 7803 ppm and an average of 2813 ppm (table 2, appendix 1). Finally, 

dolomite cement D3 precipitated within micrometric type 1A veins. D3 is formed by 

anhedral crystals of dolomite, about 35 µm in size, with a zoned orange and red 

luminescence, growing in optical continuity with the host rock (fig. 4.23D,G-I). 

Deformation phase 2: breccia, cataclasite, gouge and C1, chlorite, illite and iron 

oxides cements 

This deformation phase is present in both the Barcelona Plain and the Vallès Half-

graben. It is localized in the granodioritic footwall and generates breccias, cataclasites, 

gouges and veins, which show similar cements.  

In the Hospital outcrop, these faults generate a 70 cm wide core zone formed by a green 

cataclastic zone and a foliated gouge in the tectonic contact between the granodiorite 

and the Triassic clays and sandstones. This core zone developed in a zone where 
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Figure 4.23. Dolomite cements related to the first deformation phase. A-B) Plane light and 

cathodoluminescence images of the cataclasite cemented by dolomite D1 in a HR1 dolostone. 

Within the clast, replacive dolomite RD1 is observed. C-D) Plane light and 

cathodoluminescence images of the cataclasite cemented by dolomite D1 in a HR2 dolmicrite. 

E-F) Plane light and cathodoluminescence images of the cataclasite cemented by dolomite D2 in 

a HR3 dolostone. G) Crosscutting relationships among the three cements in a HR1 dolostone. 

H-I) Plane light and cathodoluminescence images of a fracture cemented by dolomite D3 and a 

later generation of calcite CD4 affecting a HR1 dolostone. 

previously quartz geodes had formed (fig. 4.24A-B). The cataclastic zone is the result of 

two successive reactivations that produced a dilatant cohesive random breccia and a 

consequent cohesive cataclasite. The dilatant random breccia is formed by angulouse 

granodiorite clasts, between 300 µm and 2 mm in size, separated by veins of calcite C1 

around 50-100 µm wide (fig. 4.24C). The cataclasite is formed by angulouse 

granodiorite clasts and reworked subangulouse clasts of the previous breccia and range 

from 100 µm to 1 mm in size. The matrix is fine-grained and is predominantly 

cemented by calcite C1 and small amounts of chlorite and iron oxides (fig. 4.24D). 

Calcite C1 has crystals up to 1 mm in size and six generations of calcite C1 (from C1a 

to C1f)  have been established from its variable luminescence from dull to bright (fig. 

4.24A-B, E-F). 
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The gouge is localized in the Triassic clays and it is made up of quartz, calcite, potassic 

feldspar, plagioclase, anhydrite and clays. Clays constitute between 45 and 55% of the 

fault rock of which 65% is illite, 5% chlorite, 20% illite-smectite and 10% chlorite-

smectite. These phyllosilicates form the S-C fabric observed in the field consistent with 

a normal slip (fig. 4.7D, 4.24G). 

 

Figure 4.24. Fault rocks and cements related to D2. A-B) Plane light and cathodoluminescence 

images of quartz crystals (qtz), calcite cements C1a,b,c and later C2a related to deformation 

phase D3. C) Cross-polarized image of the dilatant random breccia. D) Plane light image of the 

cataclasite. Observe the three neoformed minerals linked to this fault rock: chlorite, calcite C1f 

and iron oxides. E) Cathodoluminescence of calcite cements C1c and C1d. F) Image of 

cathodoluminescence of calcites C1d and C1e. G) Foliated gouge with phyllosilicates 

displaying an S-C structure. H) Random breccia affected by fractures filled with chlorite. I) 

Multiepisodic pull-apart cemented by calcite C1 (plane polarized light). J) Cross-polarized light 

of the cataclasites and microfractures formed by chlorite and K-white mica. K) Vein filled with 

chlorite and K-white mica. L) Cathodoluminescence image of calcite C1 filling voids. As in the 

Hospital fault, several generations of calcite C1 with oscillating cathodoluminescence are 

observed. 
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In the Enric outcrop, a random breccia constituting the damage zone is found. Clasts, 

which range from 200 µm to 3 mm in size, are formed by granodiorite and dinamically 

recrystallized quartz-feldspathic rocks. In the fractures, chlorite and epidote precipitated 

(fig. 4.24H). Affecting this breccia, millimetric multiepisodic pull-aparts are formed in 

type 1B faults. These pull-aparts are cemented by calcite C1, which is made of anhedral 

to euhedral bright orange luminescent calcite crystals up to 30 µm in size (fig. 4.24I). 

Within the Vallès Half-graben, type 1B faults have been only identified in the Torrent 

del Corró outcrop. They are characterized by the development of cataclasites, 

ultracataclasites and microfractures. Clasts of cataclasites and ultracataclasites derive 

from the granodiorite and previous pseudotachylytes (see below). The latter tend to be 

more subrounded. Clast size in the cataclasites is very heterometric ranging from 30 µm 

to 1 mm whereas in the ultracataclasites clasts are from 40 to 150 µm in size. In the 

fault rock matrix, amoeboid chlorite precipitates whereas within the microfractures, 15 

to 90 µm in size K-white mica flakes±amoeboid chlorite precipitates (fig. 4.24J-K). 

Also, during this phase, calcite C1 cemented irregular voids of about 2 cm of diameter 

localized next to the fault planes (fig. 4.24L).  

It is difficult to establish the timing of the above mentioned pseudotachylytes because of 

the lack of preferential orientations and their later reworking. However, they clearly pre-

date the cataclasites, ultracataclasites and fractures with chlorite and mica and post-date 

the previous coarse K-white mica. Pseudotachylyte veins show corroded quartz clasts 

and a very fine grained matrix clearly (fig. 4.25). 

 

Figure 4.25. Pseudotachylyte microphotographs. A-B) Pseudotachylyte affected by later 

laumontite and calcite fractures (plane light and cross-polarized light, respectively). C) SEM 

image of the pseudotachylyte. Observe the fine-grained matrix where micrometric micacrystals 

have grown by later alteration and the corroded geometry of the quartz clast. 

Calcite cement C1 has δ
18

O values between -16.4 and -15‰ vPDB and δ
13

C values 

between -6.9 and-5.9‰ vPDB. The isotopic values and elemental composition of this 

cement is shown in table 1 and 2 in appendix 1. 
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Deformation phase 3: gouge, breccia and C2, CD1-CD4 cements 

In the Vallès Half-graben, type 2A reverse faults developed gouge bands as a result of 

the deformation of the Ordovician phyllites. Also, subvertical stylolites have been 

recognized affecting the granodiorite and previous cataclasites. 

In the Barcelona Plain, this deformation phase generates breccias and veins that are 

cemented with calcite C2 and calcitized dolomite cements CD1 to CD4. 

In the Hospital outcrop, major type 2B reverse faults places the Silurian and Ordovician 

rocks over the M3 dolostones. The result is the generation of two breccias, FB2a and 

FB2b. Breccia FB2a is constituted by angulouse centimetric dolomite clasts from the 

M3 dolostones embedded in a yellow matrix resulting from an extreme comminution of 

tha host rocks. Breccia FB2b contains subangulouse centimetric clasts of the Ordovician 

phyllites. Also, calcite cement C2 (C2a) fills vug porosity and joints within the dilatant 

breccia formed during the second deformation phase (fig. 4.26A) and joints of the 

Triassic sandstones of the hangingwall (fig. 4.26B). This cement is constituted by 

anhedral calcite crystals, between 100 and 500 µm in size, with a zoned orange and 

brown luminescence. It has Mn values up to 7168 ppm and Fe values up to 6250 ppm. 

In the Sariol outcrop, the main type 2B reverse fault produced a cohesive random 

breccia made of angulous, from 100 to 900 µm in size, granodiorite clasts and a poorly 

developed matrix. Cohesion is given by the cementation of calcite C2 within the matrix 

and fractures up to 300 µm wide across the clasts. Calcite C2 is constituted by twinned 

calcite crystals up to 300 µm. Two generations have been identified: C2b and C2c, 

being C2b brighter orange luminescent than C2c (fig. 4.26C). C2b has higher contents 

of Mn and Fe, 3366 and 633 ppm on average, respectively than C2c, that has Mn values 

of 459 ppm in average and Fe contents below the detection limit. 

In the Triassic dolostones, calcitized dolomite cements precipitated in reactivated 1A 

veins. Four generations of calcitized dolomite (from CD1 to CD4) have been associated 

with these faults. CD1 to CD4 cements are constituted by anhedral to subhedral crystals 

between 170 and 250 µm in size, and idiomorphic rombohedral crystals pseudomorphs 

of the previous dolomite. These cements differ from each other in their luminescence 

(fig. 4.26D-H). CD1 shows an orange bright zoned luminescence, CD2 shows a 

concentric zonation in orange and black, CD3 is non luminescent with a bright orange 
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Figure 4.26. Cements related to the third deformtaion phase. A) Void within the dilatant breccia 

filled with the zoned orange and brown luminescent calcite C2a. B) Fracture within the Triassic 

sandstones in the hangingwall of the Hospital fault filled with calcite C2a. C) Calcite cements 

C2b and C2c cementing the random breccia developed in the granodiorite at the Sariol outcrop. 

D-E) Fracture filled with calcitized dolomite CD1 and later CD4 under plane light and 

cathodoluminescence, respectively. F) Cathodoluminescence image of calcitized dolomite CD3 

cementing a fracture. Plane light photograph is shown in figure 4.20C. G-H) Plane light and 

cathodoluminescence images of calcitized dolomite CD1 and CD2. Observe corrosion in the 

first cement. I) Patch of calcitized dolostone with luminescence similat to CD3. 

luminescent thin line and CD4 is non luminescent. These cements have Na, Mn and Fe 

contents below the detection limit and Sr contents from 700 to 2200 ppm (table 2, 

appendix 1).  

Calcitization of the Triassic dolostones have been also observed. In M1 facies 

calcitization is localized in small patches inside the original dolostone and has the 

cathodoluminescence similar to cement CD3 (fig. 4.26I). Calcitization of M3 facies is 

localized next to the main fault zone bounding the Triassic rocks and has orange 

luminescence. 

The δ
18

O values of cements C2a,b,c and CD1-CD4 range between -5.9‰ and -4.6‰ 

vPDB and the δ
13

C between -7.4 and -5.4‰ vPDB. The δ
18

O and δ
13

C values of the 

calcitized M1 dolostones fall between the values of the dolostones and the calcite 
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cements, -4.1‰ vPDB and -3.2‰ vPDB, respectively. The δ
18

O and δ
13

C values of the 

calcitized M3 dolostones are between -9.5 and -9.3‰ vPDB and between -4.8 and -

4.7‰ vPDB, respectively (table 1, appendix 1). 

Deformation phase 4: pseudotachylytes, cataclasites and C3, C4 and laumontite 

cements 

In the Barcelona Plain, type 3A faults have different size, geometries and products, 

depending on the outcrop. 

In the Enric outcrop, centimetric 3A faults have straight walls and a sharp contact with 

the random breccia formed during the second deformation phase. They usually show 

bifurcations. Two pulses of activity have been recorded in these faults. The first one led 

to the development of pseudotachylytes. The pseudotachylytes are found in very thin up 

to 125 µm wide fault veins and injection veins (fig. 4.27A). Under transmitted light, 

pseudotachylytes display yellow-brownish colours whereas under polarised light they 

show a dark aphanitic matrix that contain subrounded clasts of quartz and feldspar (fig. 

4.27B-C). The observations with the optical and electronic microscopes point to the 

devitrification of the matrix (fig. 4.27C-E). The second pulse of activity consists of the 

development of crack-seal veins (fig. 4.27F-G). The crack-seals have internal shear 

planes and are cemented by the calcite cement C3a, which is a twinned anhedral to 

euhedral sparry calcite, from micrite to 200 µm in size, with a bright orange 

luminescence (fig. 4.27H). It is characterized by δ
18

O values between -20.8‰ and -

19.6‰ vPDB and δ
13

C values about -6.2‰ vPDB (table 1, appendix 1). The 

displacement produced during crack-seal formation caused the reorientation in localized 

zones of the previously formed random breccia. The result is the generation of a 

cataclasite with foliated fabric marked by planes of oxides, chlorites and epidotes (fig. 

4.27I). The cataclasite is formed by a 50% of angulouse to subrounded clasts between 

50 and 500 µm in size and 50% of fine-grained matrix. In a late stage, in a major 3A 

fault, a greenish-yellow semicohesive gouge was formed. It is formed by very fine-

grained matrix constituted by smectite, chlorite and illite and isolated angulouse clasts 

of granodiorite up to 300 µm in size. It results from a completely comminution and 

alteration of the original granodiorite. 

In the Guixeres outcrop, decimetric type 3A normal faults have been identified affecting 

M1 dolostones. These faults have undulouse walls and are characterised by a localized 
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Figure 4.27. Fault rocks and cements of the Enric outcrop. A) Pseudotachylyte vein with 

banded structures crosscutting the previous random breccia. B) Plane light photograph of a 

pseudotachylyte vein. Observe the yellow color due to opaque inclusions. C) Under cross-

polarized light, a micromosaic resulting of devitrification constituting the pseudotachylyte 

matrix is observed. D) SEM image of the pseudotachylyte. A clast of albite is embedded in the 

crystalline mosaic. Note the difference in size and morphology between the clast and the 

crystals of the mosaic. E) SEM image of the mosaic. It is formed by polygonal crystals (red 

arrow) that show triple points. F) Crack-seal veins of calcite C3a overprinting a pseudotachylyte 

vein and type 3B joint crosscutting both. G) Detail of the crack-seal structures and the internal 

shear planes (cross-polarized light). H) Cathodoluminescence image of calcite cements C3a and 

C3b showing their crosscutting relationship. I) Slightly foliated cataclasite coeval to crack-seal 

displacement. 

deformation that generates slickensides. 

In the Vallès Half-graben, this deformation phase is characterized by cataclasite, 

ultracataclasite and breccia development. Cataclasites are formed by subangulouse 

clasts of granodiorite from 50 to 500 µm in size which sum the 50% of rock volume and 

50% of matrix (fig. 4.28A-B). Ultracataclasites are very fine-grained with clast size 

below 50 µm and show banded structures (fig. 4.28C). The matrix of these two fault 

rocks was cemented by chlorite and laumontite L1 and less commonly by calcite C4. 

Also, along reactivated type 1B and new 3A fault veins, alternating precipitation of 
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Figure 4.28. Fault rocks and cements of the Vallès fault formed in D4. A-B) Cataclasite formed 

during D4 that crosscuts three previous cataclasites formed during D2. Plane and cross-polarized 

light, respectively. C) Ultracataclasite (cross-polarized light). D) Cataclasite developed in type 

3A normal fault and chlorite vein parallel to the fault plane (plane light). E) Vein formed by 

laumontite L1 (plane light). F) Detail of the laumontite crystals of the first generation (cross-

polarized light). G) Calcite C4 crosscutting a laumontite L1 vein (cross-polarized light). H) 

Calcite vein resulting from the opening of a previous stylolite (plane light). I) Zoned 

cathodoluminescence of calcite C4. J) Calcite C4 replaced by laumontite L2. K) Vein formed by 

laumontite L2. Crystal size grows towards the center. L) Breccia cemented by laumontite L2. 

laumontite and calcite C4 coeval to irregular and ameboid chlorite crystals precipitation 

occurred (fig. 4.28D). The first generation of laumontite (L1) is made of translucent, 

anhedral and up to 50 µm in size crystals (fig. 4.28E-G). L1 precipitation was followed 

by calcite C4, which precipitated in fractures that in some cases are the result of the 

opening of the stylolites formed in the previous deformation phase (fig. 4.28H). Calcite 

C4 also constitutes the slickenlines observed in faults 3A. Calcite C4 is formed by 
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bright and dull orange zoned twinned calcite crystals with δ
18

O values about -23‰ 

vPDB and δ
13

C values about -7.5‰ vPDB (fig. 4.28I). Finally, the second generation of 

laumontite (L2) precipitated and replaced calcite C4 at the wall of some fractures (fig. 

4.28J). Laumontite crystals are tabular, brownish under plane light and from 

cryptocrystalline to 70 µm in size (fig. 4.28K-L). It cements joints up to 1 mm thick and 

dilatant breccias, which are formed by granodiorite clasts from 15 to 150 µm in size 

separated by fractures up to 50 µm wide cemented by laumontite L2 (fig. 4.28L). 

Chlorite, laumontite L1 and calcite C4 were mainly precipitated in the Torrent del Corró 

outcrop, whereas laumontite L2 is the main neoformed mineral cementing most of the 

fractures and breccias in the Camí d’en Cisa outcrop. 

Type 3B joints have been only recognized in the Enric outcrop. They have irregular 

walls up to 250 µm wide and are cemented by calcite C3b. This calcite is formed by 

anhedral crystals up to 30 µm in size with orange luminescence increasing in brightness 

towards the borders (fig. 4.27H). This increase in luminescence is also reflected in the 

increase in Mn content, up to 6445 ppm (table 2, appendix 1). Its δ
18

O value is -18.4‰ 

vPDB and its δ
13

C value is -6.1‰ vPDB (table 1, appendix 1). 

Deformation phase 5: iron oxide wispy seams 

Iron oxide seams are thin (<1 mm), undulouse and discontinuous and have been 

classified as wispy seams (Koepnick 1984). They crosscut both type 3A crack-seals and 

type 3B joints filled by calcite C3b (fig. 4.29). 

 

Figure 4.29. Wispy seam crosscutting a crack-seal vein (plane light). 

Deformation phase 6: cataclasites and C5, C6, PC1 and diagenetic products 

Type 3D include the reactivation of previous main 3A faults and newly formed faults 

affecting the Miocene conglomerates. 
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In the Hospital outcrop, a type 3D normal fault puts in contact Silurian rocks with late 

Miocene rocks. No deformation products have been observed in the Miocene rocks. On 

the opposite, the Silurian black shales accomodate all the deformation through the 

development of a penetrative foliation. 

In the Enric outcrop, the gouge is affected by mode I fractures filled by cement C5 (fig. 

4.30A-B). Cement C5 consists of bright orange luminescent microsparite calcite 

crystals with a δ
18

O value of -5.8‰ vPDB and a δ
13

C value of -7.7‰ vPDB (table 1, 

appendix 1). This cement has Mg content up to 9265 ppm (2981 ppm in average) (table 

2, appendix 1). 

In the Sariol outcrop, 3D faults generate up to 5 mm wide cataclasite bands in the 

previous breccia and in the calcitized dolostone. In the former, subangulous clasts, from 

10 µm to 2 mm in size, are contained in a fine grained matrix whereas in the cataclasite 

of the calcitized dolostone, subrounded clasts from 200 µm to 5 mm in size have a 

heterogeneous distribution. Both fault rocks are cemented by a non-luminescent 

microsparitic calcite-to-dolomite cement C6 (fig. 4.30C-F). Fe content of cement C6 

ranges from 576 to 8698 ppm and its δ
18

O values range from -2.9 to -2.6‰ vPDB and 

the δ
13

C is about -7.6‰ vPDB. Finally, some faults were cemented by palisade cement 

PC1 (fig. 4.30G-H). This cement displays a laminar disposition parallel to the fault wall 

and it is formed by submillimetric thick laminae. The palisade is formed by 200 µm 

long and 10 µm wide bladed crystals of low-Mg calcite, high-Mg calcite and dolomite. 

The first laminae are constituted by non-luminescent dolomite and high-Mg calcite 

(PC1a) and the last laminae are constituted by orange luminescent low-Mg calcite 

(PC1b). Vug porosity in the calcitized dolostone cataclasite is cemented by the first 

cement (PC1a) (fig. 4.30E-F) whereas in the granodiorite cataclasite is cemented by the 

second cement (PC1b) (fig. 4.30I). PC1b has higher Mn and Fe contents than PC1a. The 

palisade cement has δ
18

O values between -2.7 and -1.9‰ vPDB and δ
13

C values around 

-7.8‰ vPDB. 

Type 3D faults affecting the rocks of the hangingwall, generally, do not develop fault 

cores and damage zone, with the exception of the Caritg outcrop, where cataclasites 

were formed. Cataclasites are formed by a red muddy matrix and clasts ranging from 

less than 1 mm to 3 cm that represent about 7 to 25% of the rock volume. As in the 

Miocene conglomerates, clasts have a wide range of lithologies with phyllites and 
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Figure 4.30. A-B) Plane and cross-polarized images of fractures filled with calcite C5 affecting 

the gouge. C-D) Plane and cross-polarized images of the cataclasite developed on the previous 

granodiorite random breccia. E-F) Plane and cross-polarized images of the cataclasite developed 

in the calcicitez dolostone of the hanging-wall. Observe vug porosity filled with cement PC1a. 

G-H) Palisade PC1 domain. I) Porosity filled with calcite PC1b in the granodiorite cataclasite. 

quartzites (approx. 43% each one) the dominant types. Other clasts are monocrystalline 

and polycrystalline quartz, knotted hornfels, orthose grains, sandstones and porphyries. 

As also occurs in the host rock, clasts are mostly angular but phyllites and hornfels are 

subrounded. Clasts show a random fabric. The matrix is formed by grains smaller than 

50 µm. These grains are quartz, potassium feldspar, apatite, iron oxides (probably 

goethite), titanium oxides, illite, chlorite, kaolinite, mixed-layers of illite–chlorite. 

However, the fabric of these fault rocks is overprinted by diagenetic processes. 

According to the texture and the delimitation of conspicuous domains, the main 

diagenetic products are (fig. 4.31A-I): 1) orange bladed calcite aggregates. Two 

aggregates are present, spherulites, up to 2-3 mm in diameter, and palisades. Orange 

bladed calcite is non-luminescent or bright orange luminescent. The former is found in 

all the aggregates, whereas the luminescent is only present in the nucleus of some 

spherulites and palisades; 2) white bladed calcite domains. Calcite crystals are 

translucent and show a bright orange luminescence. They form palisades but not so well 
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Figure 4.31. Diagenetic products developed in the cataclasites of the Caritg hill. A) Plane light 

image of a palisade aggregate formed by orange bladed calcite. B-C) Plane light and 

cathodoluminescence images of an orange bladed calcite palisade. Observe the luminescent 

nucleous and the non-luminescent borders. D-E) Plane light images of spherulites of orange 

bladed calcite. F-G) Plane and cross-polarized light images of the contact between the orange 

and white bladed calcites. H) Micrite strip and channel porosity. I) Vug porosity partially filled 

with bladed calcite alternating with clays (plane light). J-L) Plane light images of spherulites 

crosscut by microfractures. 

defined as in the previous domain; 3) micrite strips. Micrite strips are 4 mm wide and 

are constituted by non-luminescent crystals; and, 4) calcite cement filling vug and 

channel porosity. Vugs are irregular and range from 0.3 to 2.5 mm in diameter. 

Channels have a variable width between 0.1 and 0.7 mm and generally have 

anastomosing arrangements. There are three types of cements in the porosity: blocky 

calcite, rim bladed calcite and alternating layers of clear bladed calcite with clays. All 

porosity cements are non-luminescent. These diagenetic products are aligned along two 
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main directions in the fault rock. One direction is subparallel to the fault plane, whereas 

the other forms at an angle of 30-45º relative to the fault plane. In turn, these products 

are crosscut by late microfractures filled with calcite cement (fig. 4.31J-L). Orange 

bladed calcite, white bladed calcite and micrite do not show important isotopic 

differences and plot in the same area. The δ
18

O ranges from -4.4 to -3.9‰ vPDB and the 

δ
13

C has negative values that range from -10.3 to -9.0‰ VPDB (table 1, appendix 1). 

Elemental composition of all the diagenetic products is shown in table 3 (appendix 1). 

The second fracture family of this deformation phase are type 3E open joints, which 

result from the opening of previous faults (fig. 4.16E).  

Deformation phase 7: soils and karst 

The last fault generation identified in the study areas is type 3F strike-slip faults. 

Soil and karstic processes developed in previous fault planes after tectonic activity, as it 

is shown by the lack of fractures affecting them. 

The event of soil development occurred in the fault gouge of the Enric outcrop, giving 

cohesivity to the fault rock. Two cements are recognised: cement C7 consists of micritic 

orange luminescent high-Mg calcite crystals that form nodules between 1 mm and 1 cm 

of diameter that include fragments of quartz and feldspar (fig. 4.32A). Cement C8 is 

constituted by anhedral sparitic non-luminescent high-Mg calcite crystals up to 30 µm 

in size that forms a centimetric carbonate level that contains the nodules of cement C7 

(fig. 4.32B). Crystals show spherulitic and “corn-cob” arrangements (fig. 4.32C). This 

cement has δ
18

O values between -2.9 and -2.5‰ vPDB and δ
13

C values between -8.5 

and -8.3‰ vPDB. 

The karstic system developed in M1 dolostones produced collapsed breccias and 

precipitation of speleothems on the fault planes of fractures 3A and 3E. Speleothems are 

made of calcite, aragonite, high-Mg calcite and dolomite and are formed by bladed and 

fibrous palisades, rafts or cavern pearls (fig. 4.32D-F). These speleothems have high Sr  

contents, especially the ones formed by high-Mg calcite and aragonite, which can reach 

13800 ppm and has 7506 ppm in average. δ
18

O values of speleothems range between -

5.3 and -2.6‰ vPDB (being the more enriched the dolomitic ones) and δ
13

C values 

between -9.8 and -8.2‰ vPDB. 
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Figure 4.32. Soil and karst products. A) Calcite nodule C7 embedded in an horizon formed by 

calcite C8 (plane light). B-C) Plane light images of calcite C8 with spherulitic (B) and corn-cob 

(C) arrangements. D) Cross-polarized image of speleothem formed by High-Mg calcite bladed 

crystals. E) Speleothem constituted of fibrous aragonite crystals and sparry dolomite and calcite 

crystals (cross-polarized light). F) Pearls and fragments of rafts (plane light). 

4.5. Pressure and temperature estimates 

As P-T conditions are estimated from chlorite and mica equilibrium, a brief 

petrographic description of these minerals is required. 

Two types of chlorite were identified. The first one is the result of biotite alteration and 

it is only identified in the Hospital outcrop (fig. 4.33A). This chlorite is recognized 

because it alternates with biotite sheets and has prismatic morphology and/or a marked 

cleavage of the previous biotite. It has a strong pleocroism from yellow to bright or dark 

green. The second type is constituted by neoformed chlorite that precipitates in type 1B 

and type 3A faults or as patches in the cataclasite matrix (fig. 4.33B). The crystals are 

larger when precipitate in fractures (200 µm-1 mm) than in the cataclasite matrix (7-150 

µm). This chlorite usually shows an irregular and amoeboid morphology and has slight 

or no pleocroism. 

Two groups of K-white mica have been texturally differentiated: a coarse idiomorphic 

K-white mica between 0.2 and 1.1 mm long in the slightly brecciated granodiorite of the  

Vallès fault and later small flakes of K-white mica between 15 and 90 µm in size that 

crystallize along type 1B faults crosscutting or overgrowing detrital flakes of the 

previous mica (fig. 4.33C-D). The coarse K-white mica is formed by a core with 

marked cleavage (M1) rimmed by another white mica with poor cleavage (M2). The 



4. Results 

72 

 

Figure 4.33. Microphotographs of chlorite and mica from Hospital and Vallès faults. A) 

Chlorite resulting from biotite alteration. B) Neoformed chlorite between cataclasite clasts. C) 

Coarse white mica M1 rimmed by M2. D) Small white mica flakes overgrowing and 

crosscutting coarse detrital flakes of M1 and M2 mica. E-F) Plane and cross-polarized light 

photographs of chlorite and mica association in a type 1B fracture. 

small flakes crystallize together with chlorite in type 1B faults (fig. 4.33E-F). These 

flakes are named M3 and M4 according to chemical criteria (see section 4.5.1). 

4.5.1. Chemical variations and thermobarometry 

K-white mica 

The two groups of K-white mica previously described, coarse idiomorphic (M1-M2) 
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and later small flakes (M3-M4), show muscovite/pyrophyllite ratios of 0.9 and 0.8, 

respectively (fig. 4.34). M1-M2 mica is muscovite-richer than M3-M4 mica. However, 

independently from this ratio, both kinds show the same trend, which is marked by an 

increase of the celadonite proportion associated with a decrease in muscovite and 

pyrophyllite end-member proportions from M1 to M2 and M3 to M4, respectively 

(black arrows, figure 4.34). The small flakes that postdate M1-M2 mica are named M3 

and M4, where M4 are the celadonite-rich ones. These two trends correspond to two 

growing events characterized by different mica shapes, P-T conditions and probably 

bulk rock compositions. The average K-white mica compositions of each group and the 

corresponding structural formulas are listed in table 4 (appendix 1).  

 

A P-T line corresponding to the equilibrium between K-white mica, quartz and water 

was calculated for each mica composition using the method proposed by Dubacq et al. 

(2010) (fig. 4.35). At a fixed pressure of 1 kbar, muscovite-rich M1 and M2 K-white 

mica show higher temperature (360 and 310ºC, respectively) than the pyrophyllite-rich 

M3 and M4 K-white mica (270 and 250ºC, respectively). 

 

Figure 4.35. P-T diagram showing 

the results of mica-quartz-water 

thermometer for the four groups of 

mica. 

Figure 4.34. Ternary plot 

muscovite (mus)-celadonite (cel)- 

pyrophyllite (pyr) of mica in fault 

rocks of the Vallès fault. 
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Chlorite 

The chlorite compositions were plotted into a (Mg, Fe)-amesite, clinochlore+daphnite 

and (Mg, Fe)-sudoite ternary diagram, using the structural formulas calculated with the 

Fe
3+

 content predicted by the convergence of R1 to R4. The chlorite compositions 

evolve along a trend corresponding to a decrease in amesite, clinochlore and daphnite 

and an increase in sudoite end-member proportion (fig. 4.36). Sudoite proportion 

increases from 0.2 to 0.6 in the Vallès fault and 0.2 to 0.45 in the Hospital fault. The 

chlorite compositions and corresponding structural formulas are listed in table 5 and 6 

(appendix 1). 

 

Figure 4.36. Ternary plot amesite (am)-clinochlore+daphnite (clin+daph)- sudoite (sud) of 

chlorite in fault rocks. A) Vallès fault. B) Hospital fault. 

The chlorite-quartz-water equilibria (R1 to R4) are located at temperatures between 125 

and 310ºC in the Vallès fault and between 240 and 310ºC in the Hospital fault at 1 kbar 

(absolute error about ± 50ºC). The temperature histogram allows to differentiate four 

generations of chlorites within the Vallès fault: CHL1 from 260 to 310ºC (XFe
3+

=0.24), 

CHL2 from 240 to 260ºC (XFe
3+

=0.28), CHL3 from 190 to 240ºC (XFe
3+

=0.33), and, 

CHL4 from 125 to 190ºC (XFe
3+

=0.41) (fig. 4.37A, table 5 and 6 (appendix 1)). The 

former two groups, CHL1 and CHL2, were also identified in the Hospital fault (fig. 

4.37B). The chlorite crystallization temperatures were estimated at 1 kbar, due to 

regional constraints. Changing the value of pressure within + 1 kbar does not change 

significantly the temperature estimates, because equilibria R1 to R4 are mostly 

dependent on T over this range of P-T conditions. 
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Figure 4.37. Histograms of chlorite temperatures. A) Vallès fault. B) Hospital fault. 

The uncertainty on the chlorite temperature steaming from the analytical error was 

investigated in order to verify that the groups of composition-temperature identified 

above were not an artifact resulting from the analytical uncertainties of the EMPA 

measurements. A Monte Carlo method was used: 1000 compositions of chlorites were 

randomly simulated from the average group compositions using a normal distribution. 

The simulated distribution was set in order to reproduce the measured precision at + 

1wt%. The temperature and Fe
3+

-content of each composition was estimated and the 

results are plotted in the figure 4.38. The estimated temperatures of the groups of 

chlorite in the Vallès fault are 283 ± 20.4 °C, 253 ± 13.0 °C, 228 ± 11.7 °C and 142 ± 

13.1 °C. The temperatures of the two groups in the Hospital fault are 307 ± 17.7 °C and 

245 ± 7.7 °C. These results show that the identified groups of chlorites correspond to 

true distinct groups of composition and temperature of formation. The above Monte 

Carlo analysis does not take into account the errors resulting from the uncertainties of 

the thermodynamic data, which cannot be assessed. However, it is emphasized that such 

errors have a systematic effect on the absolute temperature, but not on the relative 

values of the chlorite groups. This is the reason why an absolute uncertainty on the 

temperature estimates of ± 50°C was used.  

The generations of chlorites are established by chemical criteria and do not correlate 

with the types of chlorites differentiate petrographically. The relationships with the 

structural locations are not easy to identify due to the complexity of the recrystallization 

of chlorite at low temperature (see example in Lanari et al. 2012). However, some 3A 

faults are mainly filled by low temperature chlorites (corresponding to the CHL4 group) 
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Figure 4.38. Histogram of chlorite temperature for each group of chlorite calculated with the 

compositions from the Monte Carlo simulation. 

and most of these chlorites form a rim around high-T chlorites (CHL1 to CHL3 groups), 

indicating their later formation. 

4.5.2. P-T estimates 

Chlorite-mica-quartz-water multi-equilibrium approach was applied to chlorite and mica 

of the Vallès fault. Only equilibrium between chlorite and M3 and M4 mica was 

obtained, which is coherent with the petrological observations, as only these mica show 

structural and spatial relationships with chlorite. 

The P-T estimates from the chlorite-mica multi-equilibrium show groups of chlorite-

mica associations coherent with the previously established chlorite generations (fig. 

4.39). The first association is defined by the equilibrium between chlorite and M3 mica 

and ranges from 260 to 310ºC at pressures between 0 and 3.5 kbar ± 2.5 kbar. The 

second is defined by the equilibrium between chlorite and M3 and M4 mica. This stage 

 

 

Figure 4.39. P-T path of fault rocks in the Vallès fault. Squares represent chlorite in equilibrium 

with M3 mica and diamonds represents chlorite in equilibrium with M4 mica. The different 

colours represents the four chlorite generations. The blue area indicates the location of chlorites 

under 190ºC, which are not in equilibrium with mica. 
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ranges from 240 to 260ºC at P between 0 and 1 ± 2.5 kbar with M3 and P between 1 and 

3 kbar with M4. Finally, the third group is defined by chlorite in equilibrium with M4 

mica. The P-T conditions of this stage ranges from 190 to 240ºC at pressures between 0 

and 0.6 ± 2 kbar. Although the scatter and the uncertainty on the calculated P-T 

conditions are significant, the inferred P-T path followed by the fault rocks in the Vallès 

fault describes general trend of decreasing temperature and pressure (fig. 4.39). 
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5. DISCUSSIO
 

Several points can be discussed from the results presented in this thesis. Basically, there 

are three points to take into account as: 1) which is the origin of the fluids? 2) how do 

the fluids evolution during fault development? and, 3) why or how were faults 

reactivated? 

5.1.  Evolution and origin of fluids  

In relation to fluids, this thesis questions the origin and timing for dolomitization, the 

effect of diagenetic processes in fault rocks and the timing of the different deformation 

phases from the geochemical characteristics of fluids and the degree of fluid-rock 

interaction. 

5.1.1. Diagenesis of the Triassic dolostones 

Deposition of the Muschelkalk facies occurred in 

carbonate ramps during the Anisian (M1) and 

Ladinian (M3) (Calvet et al. 1990), 

synchronously to the first Mesozoic rifting event 

that lasted from Late Permian to Middle Jurassic 

(Salas & Casas 1993; Salas et al. 2001). Previous 

studies interpreted the dolomitization of M1 

facies penecontemporaneous to sedimentation 

(Virgili 1957) and Ramon & Calvet (1987) 

especified that the lower dolomitic units were 

the result of a mixed water model of 

dolomitization. With regard to M3 facies, 

Tucker & Marshall (2004) proposed an early 

dolomitization process from seawater and a later 

recrystallization process as the responsible of the δ18O-shift towards more depleted 

values. The δ18O and δ13C values of the M1 and M3 dolostones cropping out in the 

studied area fall within the box of the Anisian-Ladinian seawater (Veizer et al. 1999) 

(fig. 5.1). Moreover, these Triassic dolostones show non-destructive fabrics indicating 

that dolomitization occurred during an early event (Tucker & Marshall 2004). Both 

points suggest that dolomitization was produced by marine Triassic waters almost 

Figure 5.1. δ18O-δ13C plot of the 
Triassic host rocks and the first 
fault-related dolomitic cements. 
Dolomitic cements (D1 and D2) 
are progressively more δ18O-
depleted than the host rocks but 
mantein their δ13C values. 
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coevally to sedimentation. However, M1 facies suffered two dolomitization processes 

as denoted by the presence of the replacive dolomite RD1, which is probably related 

with the dolomitization of M3 facies, and therefore not all the observed dolomitization 

is syn-sedimentary. 

5.1.2. Diagenesis of the Miocene fault rocks 

The Miocene fault rocks are affected by pedogenic processes. Overprinting 

relationships between fractures and diagenetic products modify the nature of the 

original fault rock and therefore also its preliminary classification. 

The following features related to these diagenetic products support the interpretation of 

the textures as Microcodium: 1) the calcite mineralogy of crystals; 2) the equant and 

bladed habit of calcite crystals and their internal fibrous textures (Kabanov et al. 2008) 

(fig. 5.2 A-D); 3) the crystal arrangement forming spherulites, palisades and “corn-

cobs” (fig. 5.2C-F) (Lucas & Montenat 1967; Bodergat 1974; Klappa 1978; Kabanov et 

al. 2008; Košir 2004); 4) the destructive and principally matrix selective replacement of 

the fault rock through the dissolution front surrounding the calcite crystals (Klappa 

1978); and, 5) the concentration of replacement along discontinuity surfaces, fractures 

in this case (Alonso-Zarza & Jones 2007; Kabanov et al. 2008). 

In the studied case, pedogenic products are only present in the faults. Inside the fault 

rock, they are oriented following two main directions, probably related to previous 

microfractures. However, typical Microcodium crystals have a rounded border and are 

translucent whereas the crystals here are orange and are formed by fibrous aggregates. 

The spherulites and palisades described here are also very similar to the 

pseudospherulitic fibrous calcite of Rossi and Cañaveras (1999) who interpreted them 

as the calcitization of bacterial colonies (fig. 5.3). In both cases, their 

cathodoluminescence behaviour shows concentric changes but their spherulites are 

composed of a single crystal and not polycrystalline aggregates (fig. 5.4).  

Traditionally, the more extended interpretation of Microcodium is of originating as the 

result of the calcitization of root cells, with or without a mycorrhizal association (Calvet 

et al. 1975; Klappa 1978; Košir 2004). However, other investigations point to an 

induced mineralization driven by saprotrophic microorganisms or a microbial 

association (Lucas & Montenat 1967; Bodergat 1974; Kabanov et al. 2008). In this case, 
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Figure 5.2. Comparison of Microcodium images of Košir (2004) (left column) with images of 
the pedogenic structures within the fault rocks of the Miocene conglomerates (right column, 
plane light). A-B) Equant calcite mosaic. Scale bar in A is 200 µm. C-D) Bladed crystals 
forming palisades. Scale bar in C is 0.5 mm. E-F) Spherulites. Scale bar in E is 100 µm. 

the low δ13C values (from -10.3 to -9.0‰ VPDB) indicate the influence of soil-derived 

CO2. Thus, a pedogenic process led to the growth of the calcite crystals that corroded 

the fault rock. This, together with the lack of microbial observations during the SEM 

analysis, point to processes associated with roots. 

In the meteoric environment, where pedogenic processes take place, local waters have 

low Mg/Ca ratio, low content of Sr and δ18O values lower than -4‰ SMOW. Therefore, 

the dominant carbonate mineral is low-Mg calcite. Then, how to explain the presence of 

high-Mg calcite (up to 18766 ppm), high contents of Sr (up to 4311 ppm) and high 

values of δ18O (up to -3.9‰ VPDB) in a pedogenic environment? Watts (1980) showed 

the presence of high-Mg calcite, aragonite and dolomite in Quaternary calcretes from 
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Figure 5.3. Comparison of the diagenetic features of Rossi & Cañaveras (1999) (left column) 
with images of the pedogenic structures within the fault rocks of the Miocene conglomerates 
showing clear resemblances. 

the Kalahari area (southern Africa). He explained that high-Mg calcite and aragonite 

precipitate when there is a rapid evaporation and/or CO2 loss whereas low-Mg calcite 

precipitates when there is a slow evaporation and/or CO2 loss. In addition, McQueen et 

al. (1999) observed a vertical and lateral evolution of the carbonate mineralogy of 

regolith carbonates of southeastern Australia. They found an increase of the Mg content 

with depth due to changes in pH and pCO2 during the percolation of rainwater and 

argued that the lateral evolution was caused by lateral groundwater movements along 

the bedrock-alluvium boundary. None evidence of vertical and lateral evolution from 
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Figure 5.4. Difference between the pseudospherulites of Rossi & Cañaveras (1999) (left 
column) and spherulites of the fault rocks of the Miocene conglomerates. A) Spherulites are 
formed by an unique crystal (cross-polarized light). B) Spherulites are formed by different 
crystals showing independent extinction (cross-polarized light). 

calcite to dolomite has been detected. So, to determine the origin of the fluid 

responsible for the calcite precipitation, we have compared the studied setting with the 

high-Mg calcite settings described by Watts (1980).  

In the first setting, the calcretes described by Watts (1980) developed in Mg-rich host 

materials where high-Mg calcite precipitates from vadose waters enriched in Mg. The 

Miocene conglomerates have not sufficient Mg to produce this water enrichment. In 

addition, the fluids cannot be derived from the basement because faults are narrow, 

shallow and enclosed by clay-rich layers and the δ18O values, from -4.4 to -3.9‰ 

VPDB, do not support elevated temperatures. 

In a second case study, Watts (1980) outlines the development of calcretes in and 

around saline depressions where groundwaters are enriched in Mg compared to vadose 

water and carbonate precipitation is stimulated by CO2 loss during capillary rise. 

Although no brines have been identified, the outcrops are only 1.5 km far from the 

Mediterranean Sea. Moreover, during the late Burdigalian, Langhian and Serravallian, 

marine transgressions and highstand sea levels extended into the study area (Cabrera & 

Calvet 1996). It is therefore possible that the groundwaters were a mixture of meteoric 

and marine waters, which would be enriched in Mg and Sr. This would explain the 

mineralogy and elemental composition and also the δ18O values (James & Choquette 

1990). In addition, cathodoluminescence would reflect the dominant water in the mixing 

zone, marine in luminescent cements and meteoric in non-luminescent cements. 

However, the elevated Sr contents of cements suggest a formation water composition 

for the fluid rather than a marine origin. 
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Figure 5.5. Stable isotope results of the main diagenetic products. For the orange bladed calcite, 
luminescence variations (from luminescent in the nucleus to non-luminescent in the borders) are 
related to an increase in the influence of soil-derived CO2 and a decrease of evaporation. 

In the third case, high-Mg calcite appears in immature calcretes developed in Mg-poor 

sands with a low Mg/Ca ratio of vadose waters and carbonate precipitation occurs 

because of an enhanced evaporation. As earlier stated, the samples in this study have 

δ18O values ranging from -4.4 to -3.9‰ VPDB (fig. 5.5). If we assume precipitation 

temperature of 25ºC, calcites would have precipitated from fluids with -2.2‰ SMOW, 

which marks the loss of 16O by evaporation. Moreover, paleoclimatic conditions 

between the Burdigalian and Langhian were warm, seasonal and arid tropical-

subtropical with paleotemperatures between 15.5 and 24.6ºC, even higher in the 

Serravallian (Cabrera & Calvet 1996). This paleoclimate could account for the required 

evaporation. In addition, the forced crystallization of carbonates in our study does not 

produce metastable thermodynamic equilibrium between high-Mg calcite and waters, so 

partition coefficients cannot be applied (Watts 1980; Tucker & Wright 1990). Finally, 

cathodoluminescence changes are probably related to oscillations of the water table that 

generate Eh-pH variations during the development of the diagenetic products. However, 

high-Mg calcite in this context was only formed as anhedral micrite. Although this third 

case is consistent with the observations in this study, we suggest that biota plays an 

important role and, together with evaporation, induces high-Mg calcite precipitation 

from a meteoric water. The δ13C values lower than -9‰ VPDB support biota 

implication. The luminescent calcite, the first to precipitate, is always low-Mg calcite 
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whereas the non-luminescent calcite is both low-Mg and high-Mg calcite. The 

mineralogical change is caused by an initial increase of temperature, followed by an 

increase of CO3
2- supply rate. The CO3

2- is the result of increased CO2 generation by 

plant respiration and the decomposition of organic acid anions exuded by the roots 

(Manning 2008).  Luminescent cements precipitated from meteoric water that increased 

its Mg/Ca ratio because of evaporation but still precipitated low-Mg calcite (fig.5.6). As 

vegetation or microorganisms matured, the rate of CO3
2- supply increased. This would 

have caused the change from low-Mg bladed calcite precipitation to high-Mg bladed 

calcite and to acicular aragonite precipitation (Tucker & Wright 1990) and would 

explain why crystals pass from bladed to an aggregate of fibres (fig.5.6). During this 

last period, evaporation decreased. The change of evaporation conditions and the 

influence of soil are marked by δ18O and δ13C, respectively. The luminescent nucleus of 

orange bladed calcites, the first to precipitate, have more enriched δ18O and δ13C values 

than non-luminescent calcites (fig.5.5). This change of evaporation implies a decrease 

of temperature that could be related to climatic or seasonal fluctuations. 

 

Figure 5.6. Factors controlling the precipitation of the pedogenic products. 1) Evaporation 
increases the Mg/Ca ratio but still low-Mg calcite precipitates. 2) Biota activity become more 
important and increases the rate of CO3

2− supply. This increase causes the change from low-Mg 
bladed calcite to high-Mg bladed calcite and to acicular aragonite precipitation. This explains 
the morphology zonations of the orange calcite aggregates (modified from Tucker & Wright 
1990). 

However, another hypothesis about calcite mineralogy is possible: a neomorphism 

process that begins in the nucleus of the agreggates and spreads towards the outer part. 

The reason is that the calcite of the nucleus is more metastable because: 1) it is the first 

to precipitate and 2) the organic matter of the nucleus is also the first to decompose. 

This process of neomorphism is similar to that described in calcareous red algae (Calvet 

1979). This explanation is supported by a limit between both cements and because 

luminescent cements show a less preserved morphology. Up to now, we do not have 
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arguments to accept or reject one or another hypothesis about the initial mineralogy of 

the nucleus. 

On the other hand, it is important to note that these fault rocks because of its cohesive 

appearance at the outcrop scale and the volume of clasts, from 7 to 25%, were 

preliminary classified as cataclasites (Sibson 1977). However, the petrologic study has 

revealed that cohesiveness was given later by the pedogenic products. Thus, the original 

fault rock was uncohesive, and therefore, it probably was an incohesive cataclasite in 

origin, which forms in shallower conditions than cohesive ones. 

5.1.3. Relationships among fluids, deformation phases and tectonic events 

The crosscutting relationships of fractures, the P-T estimates from chlorite and mica, 

and the fault rocks and cements characteristics established in this thesis, together with 

previous studies about sedimentology (Ramon & Calvet 1987; Calvet et al. 1990), 

diagenesis (Parcerisa 2002), petrology and geochemistry of veins (Cardellach et al. 

2002; Solé et al. 2002; Baqués et al. 2012a,b) and structural works (Bartrina et al. 1992; 

Roca et al. 1999) has lead to reconstruct the link between paleofluids and fracturing in 

the studied areas through time. 

The Hercynian compression is characterized by the development of a regional 

penetrative foliation associated with tight folds verging to the SW and a later 

crenulation cleavage (Julivert & Durán 1990a). Also, mylonitic bands of the Enric 

outcrop have been related to the this tectonic event. After deformation, late-Hercynian 

igneous rocks intruded the previous Paleozoic sequence and generated contact 

metamorphism (Enrique 1990). During magma solidification, due to thermal retraction, 

a network of joints is formed in the border of the igneous mass. In the Vallès fault, 

crystallization of muscovite, named M1 and M2, and microcline has been observed. 

Although these micas resemble result of igneous crystallization, two-mica granodiorites 

have never been described in the area (Enrique 1990). Therefore, these micas have been 

interpreted as deuteric minerals lining the granite thermal joints (Demange et al. 1996). 

This kind of alteration is produced by igneous water-rich fluids when the igneous mass 

is already solidified (Shelley 1983). Therefore, M1 muscovite is formed in fractures 

produced during the exhumation of the granodiorite at temperatures between 330 and 

370ºC (range established between the minimum temperature estimated with the mica-

quartz-water equilibrium lines and the estimated temperature at 1.5 kbar, depth of 
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granodiorite emplacement). Pluton exhumation took place during the Permian and 

reached the surface as denoted by the unconformity between the granodiorite and 

Triassic materials of Buntsandstein facies outcropping in the area (Gómez-Gras & 

Ferrer 1999). During this exhumation, M1 muscovite was in turn partially overgrown by 

M2 muscovite at lower temperatures (between 290 and 330ºC). 

The first deformation phase is characterized by faults with NE-SW and NW-SE 

orientations and has been attributed to the first Mesozoic rifting because: 1) it has been 

only identified affecting Triassic rocks, and 2) the isotopic values of the dolomitic 

cements D1, D2 and D3 precipitated within these faults are consistent with Triassic 

seawater. The first dolomite cement D1 associated with fractures type 1A fall within the 

Triassic seawater values, indicating the onset of the Triassic rifting under marine 

conditions (fig. 5.1). Dolomite cement D2, and probably also D3, associated with 

fractures type 1A, show more δ18O-depleted values but the same δ13C values than the 

host rocks and cement D1. Moreover, the elemental geochemistry of dolomite cement 

D2 is controlled by the host rock in which is precipitating, indicating a high fluid-rock 

interaction. These facts point to the crystallization of dolomite cements from the 

Triassic marine water during increasing burial, produced by the rifting, in a closed 

hydrological regime. 

The second deformation phase is characterized by the precipitation of chlorite (190-

310ºC), M3-M4 mica, calcite C1 and quartz in type 1B normal faults. Fission-track and 

(U-Th)/He studies with apatites and zircons show that the 190ºC isotherm (closure 

temperature for zircon PAZ) was only crossed during the Mesozoic extension (Juez-

Larré 2003), locating the neoformation of chlorite (and their associated minerals), and 

by extension the second deformation phase (D2), within this extensional tectonic event 

(Fig. 5.7A). However, as the Mesozoic extension is characterized by two rifting events, 

the obtained data were compared with other works on hydrothermal veins in the Catalan 

Coastal Ranges and the Iberian Chain in order to match the formation of these minerals 

with one of the two Mesozoic rift stages (Fig. 5.7B). Cardellach et al. (2002) have 

attributed temperatures between 190 and 230ºC in calcites and quartz of the Berta mine 

(Montnegre Horst), named calcites CI, to the second Mesozoic rifting. These calcites CI 

have the same isotopic characteristics than the calcites C1 defined in this work, which 

are also associated with quartz. Similarly, Martín-Martín et al. (2008) have also 

associated temperatures between 120 and 300ºC in illite-kaolinite and illite-pyrophyllite 
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associations of the Espadán Ranges (Iberian Chain) with this second Mesozoic rift 

stage. Comparison with these two areas suggests the formation of chlorite (T>190ºC), 

K-white mica M3 and M4 and calcite C1 in type 1B normal faults during this second 

Mesozoic rift stage (Late Jurassic-Late Cretaceous). 

 

Figure 5.7. A) P-T path of fault rocks in the Vallès fault and interpretation of the age through 
fission-track constraints. Squares represent chlorite in equilibrium with M3 mica and diamonds 
represents chlorite in equilibrium with M4 mica. The different colours represents the four 
chlorite generations. The blue area indicates the location of chlorites under 190ºC, which are not 
in equilibrium with mica. B) Temperature and age comparison with other mineralizations of the 
Catalan Coastal Ranges (Berta, Rigròs and Atrevida) and the Iberian Chain (Espadán Ranges). 
The asterisk marks the new data obtained in this thesis. 1) Cardellach et al. (2002); 2) Piqué et 
al. (2008); 3) Martín-Martín et al. (2006, 2008, 2009); 4) Canals et al. (1992). 

The temperature estimates from chlorite, linked to a surface paleotemperature of 20ºC 

and the depth conditions during the Mesozoic (up to 3.6 km), yields to a geothermal 

gradient higher than the regional gradient during the Mesozoic (27-35ºC/km according 

to Juez-Larré (2003)), indicating that hydrothermal fluids migrated upwards through the 

faults. The equations of Clayton et al. (1972) and O’Neil et al. (1969) were applied in 

quartz and calcite, respectively, to establish the parental fluid of the hydrothermal brine. 

The first equation gives values of δ18Owater between -1.2 and +3.2‰ SMOW indicating 

that the brine had a marine origin, as it was already postulated by Cardellach et al. 
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(2002). However, the equation of O’Neil et al. (1969) indicates that calcite C1 

precipitated from water with δ18O values between +7 and +10‰ SMOW. Most granitic 

rocks have δ18O values between +7 and +13‰ SMOW and δD values between -85 and -

50‰ SMOW (Taylor 1977). Isotopic studies of the Late Hercynian intrusive rocks of 

the Montnegre Horst (Catalan Coastal Ranges) show δ18O values up to +6.1‰ SMOW 

and δD values up to -35‰ SMOW suggesting the hydrothermal alteration of the rock by 

a δ18O-depleted fluid with a low water-rock ratio (Solé et al. 2002). The δ18O-depleted 

fluid could have had different origins as its original signal has been completely buffered 

by interaction with the granitic host rock. The low δ13C values of the calcite (from -7.8 

to -5.9‰ VPDB)  could result of this fluid-rock interaction due to influence of organic 

matter or be directly the meteoric water signal. If the former point occurred, the most 

probable source for the low δ13C is the Silurian black shales that crop out in the area, 

with TOC content between 3 and 8.6%. 

Therefore, which is the origin of the fluids and the hydrothermalism during the second 

Mesozoic rifting? 

Crustal thinning and volcanism have been rejected to explain the Mesozoic 

hydrothermalism as the regional geothermal gradient can not produce such temperatures 

at 3.6 km depth (maximum depth previous to the Paleogene compression) and because 

magmatism has not been evidenced in the central Catalan Coastal Ranges. Moreover, 

fission-track data in this area are in agreement with structural and sedimentological 

observations and only next to fault zones, fission-track data are reset (Juez-Larré 2003). 

The second Mesozoic rifting mostly took place under marine conditions; however, 

prolonged periods of emersion occurred during Berriasian-Barremian times (Ebro 

Massif), probably controlled by normal faulting. These emersions are shown by the 

presence of karstification and bauxite formation in Kimmeridgian rocks outcropping 

close to the Barcelona Plain (Combes 1969; Molina & Salas 1993; Salas et al. 2004). 

Therefore, taking into account the geomorphological configuration during this period, 

the most plausible mechanism for hydrothermal fluids resposible of calcite C1 

precipitation was the infiltration of meteoric waters through the emerged areas, which 

warmed at depth and interacted with the host rocks, and that upflow through the main 

fault. Possibly during their upflow, hot fluids mixed with marine waters expulsed from 

the sediments by compaction (fig. 5.8A). This mixing between fluids could have been 

the responsible for the oscillating cathodoluminescence behavior of cements C1. 
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The third deformation phase (D3), characterized by type 2 reverse faults and their 

related cements C2a to C2c and CD1 to CD4 in the Hospital fault and by the gouge and 

stylolites in the Vallès fault, is attributed to the Paleogene compression. On one hand, 

orientation and compressional axes are coincident with the directions postulated for this 

tectonic event (Guimerà 1978; Guimerà & Santanach 1978; Anadón et al. 1979). On the 

other hand, these cements show δ18O and δ13C values ranging from -5.9 to -4.6‰ 

VPDB and -7.4 to -5.4‰ VPDB, respectively, coinciding with the values of the calcites 

described by Parcerisa (2002) affecting the Oligocene rocks of the horst (fig. 5.9), 

which were attributed to the last compressional stage that occurred during the Chattian. 

The isotopic signal indicates their meteoric origin. The δ18O and δ13C values of the 

calcitized dolostone, from -9.5 to -4.1‰ VPDB and from -4.8 to -3.2‰ VPDB, 

respectively, fall between those of the Triassic dolostones and those of the cements 

attributed to this period (fig. 5.9). In conclusion, the Paleogene compression is 

characterized by the opening of the hydrological system favoured by the uplift of the 

horst, which allows the percolation of meteoric fluids responsible of the calcite cements 

precipitation and the calcitization of the dolomite (fig. 5.8B).  

In the Vallès fault, the traces of the Mesozoic normal fault and the Paleogene thrust do 

not coincide in surface. The thrust fault occurred 125 m further to the north producing, 

during thrusting, the uplift of part of the footwall with the previous normal faults. This 

offset is the responsible of the lack of cements linked to compression overprinting the 

Mesozoic cements of the Vallès fault and of the formation of subvertical stylolites. 

Instead, a gouge is generated in the thrust planes (fig. 5.8B). 

Figure 5.8. Evolution of the Vallès and Hospital faults from Mesozoic to Neogene. A) 
Mesozoic extensional event. Topographically driven meteoric fluids, percolating in emerged 
areas, are warmed at depth and upflow through faults. Due to the submarine conditions of the 
major part of the basin, these fluids are mixed with marine waters at shallower settings. B) 
Paleogene compressional event. In the Vallès fault a thrust system uplifts the previous normal 
fault. Deformation is localized in the thrust faults generating a blue gouge. In the Hospital fault, 
the previous Mesozoic fault is inverted and percolation of low-temperature meteoric waters 
occurs. C) Neogene extensional event. During this event, the Neogene normal Vallès fault is 
formed (CCO) and the reactivation of some of the Mesozoic structures occurs (TCO). 
Hydrothermal fluids are topographically driven meteoric fluids warmed at depth. In the Hospital 
fault, syn-rift and post-rift stages differ. During the syn-rift, meteoric hot fluids are mixed with 
marine waters, as occurred during the Mesozoic. On the opposite, the post-rift is dominated by 
low-temperature meteoric fluids. TCO, Torrent del Corró outcrop; CCO: Camí d’en Cisa 
outcrop; FPT, Frontal Paleogene thrust. 
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Figure 5.9. Stable isotope plot of the fault rock cements related to their deformation phase. 
Values of the cements studied by Parcerisa (2002) (sparry calcite and oncoliths) and Cardellach 
et al. (2002) (calcite I and calcite II) have been included and marked in the legend with an 
asterisk. 

Normal faults belonging to deformation phases from D4 to D7 crosscut the previous 

reverse faults, pointing to their formation during the 
eogene extension. 

The fourth deformation phase (D4) is characterized by the formation of 

pseudotachylytes and the later precipitation of cements of chlorite (T<190ºC), calcite 

C3 and C4 and laumontite. The temperature conditions of low-temperature chlorite were 

achieved during both the Mesozoic and the Neogene extensions, as denoted by fission-

track and fluid inclusion studies. Fission-track studies demonstrated that the 110ºC 

isotherm (closure temperature for apatite PAZ) was crossed at the onset of the Neogene 

extension. Studies of fluid inclusions in veins of the Catalan Coastal Ranges have 

shown that temperatures between 110ºC and 190ºC were reached during both rifting 

events, i.e. Mesozoic fluorites of the Rigròs veins (Piqué et al. 2008) and Neogene 

calcites CII of the Berta mine (Cardellach et al. 2002) (Fig. 5.7B). However, fluorites 

are not present in the studied outcrops whereas calcite is a common neoformed mineral. 

Calcites C3 and C4 defined in this thesis show δ18O-depleted values similar to those 

reported by Cardellach et al. (2002) (fig. 5.9), who attributed these values to the 

Neogene syn-rift based on the fact that the 87Sr/86Sr ratio of vein minerals reflects the Sr 
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isotopic composition of the host granodiorite nowadays. Summarazing, type 3A and 3B 

fracture development and their related cements low-temperature chlorite (+calcites C3 

and C4 and laumontite) took place during the 
eogene syn-rift.  

The development of pseudotachylytes in type 3A faults of the Hospital fault indicates 

the seismic activity of some fault segments at the onset of the Neogene extension at 

about 2.3 km depth (maximum depth conditions according to Juez-Larré (2003)). The 

temperatures of the later cements, linked to a surface paleotemperature of 20ºC and the 

depth conditions during the syn-rift, yields to a geothermal gradient higher than the 

regional geothermal gradient during the Neogene (30ºC/km according to Juez-Larré 

(2003)), indicating the hydrothermal character of the fluids, as occurred during the 

Mesozoic. From the δ18O composition of calcites C3 and C4 (-20 and -23‰ VPDB, 

respectively) and the medium value of temperature obtained from chlorite (150ºC), the 

origin of the parental fluid of these cements has been inferred applying the equation of 

Craig (1965). The results indicate fluids with δ18O values around 0‰ SMOW for C3 

and -4.1‰ SMOW for C4.  

These fluids have been interpreted as meteoric fluids infiltrated through the uplifted and 

subaerial exposed fractured horsts that during their circulation have suffered a strong 

interaction with host rocks, especially with the granodiorite, causing the buffering of 

their δ18O signal. As postulated for Mesozoic fluids during D2, the low δ13C values of 

these calcites (from -8 to -6.2‰ VPDB) can be due to the influence of organic matter 

widely present in the Silurian rocks or to soil-derived CO2 present in these meteoric 

waters. These brines increased their temperature at depth and later upflowed through the 

main faults. In the Hospital fault, due to its position close to the Miocene shoreline, 

these fluids could have been mixed with marine water yielding to their more enriched 

δ18O values (fig. 5.8C). This mechanism of topographically-driven fluid flow has been 

also postulated at the onset of the Neogene in the Penedès half-graben (Bitzer et al. 

2001). 

Type 3C iron oxide wispy seams have been related to a small compression event (D5) 

that took place during the early post-rift (late Langhian to Serravalian) by comparison 

with similar type and orientation of fractures in the neighbour Penedès graben (Baqués 

et al. 2012a,b). 
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The sixth deformation phase (D6) has been linked with the late post-rift as faults affect 

Miocene conglomerates of the Upper Continental Complexes. Cements C5, C6, PC1 

and Microcodium are characterized by an important increase of the Mg content (ranging 

from calcite to dolomite), more enriched δ18O values and more depleted δ13C values 

than the previous cements (fig. 5.9). These geochemical characteristics indicate the 

opening of the system and percolation of meteoric waters with a stronger influence of 

soil-derived CO2 (fig. 5.8C). Microcodium development affected by later microfractures 

related to C5, C6 and PC1 cements and the morphology of palisade PC1 indicate that 

fault activity occurred under subaerial conditions, in the vadose zone. Also 

cathodoluminescence variations in Microcodium aggregates and the PC1 cements point 

to fluctuations of the water table during their formation. 

Finally, the seventh deformation phase (D7) has been related to the small compression 

stage produced during the Messinian at the end of the late post-rift.  

After cessation of fault activity, speleothems affecting the Triassic dolostones and soils 

developed within the Hospital fault in the Enric outcrop formed. Similar isotopic 

compositions to these diagenetic products have also been described in Pleistocene 

speleothems in the south of the Iberian Peninsula and in the Mallorca Island (Jiménez 

de Cisneros et al. 2003; Vesica et al. 2000) and in Tertiary speleothems developed in the 

Ramales Platform (Basque-Cantabrian Basin) (Dewit et al. 2012), suggesting a 

widespread event of karstification in the Iberian Peninsula from the Tortonian to recent. 

These values have been interpreted as originated from meteoric waters in a colder 

period than present (Jiménez de Cisneros et al. 2003; Vesica et al. 2000). 

It is noteworthy that nowadays, hot springs along the Vallès fault have superficial 

temperatures up to 70ºC and calculations of the reservoir temperature reach 110-120ºC 

(Trilla 1974; Albert 1975). With the reservoir temperature and the -7‰ SMOW δ18O 

value of these thermal waters (Trilla 1974), the δ18O value of the calcites that could 

precipitate nowadays would be about -23‰ VPDB, which is also the value of calcites 

C4. In turn, calcite C4 is related to the presence of laumontite. The stability of 

laumontite is constrained at very low carbon dioxide contents in the solution (mole 

fraction of CO2 below 0.1) and neutral to slightly alkaline waters in conditions of low 

pressure and low temperature (Liou et al. 1985). The present-day thermal waters of 

Caldes de Montbui have pH values between 7.9 and 8.35 and values of dissolved CO2 of 
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0.88 mg/l, yielding in the laumontite stability field. In fact, the precipitation of calcite 

C4 or laumontite is caused by very low fluctuations in the CO2 content of waters, as 

laumontite is very sensitive to these variations (Ivanov & Gurevich 1975). Thus 

hydrothermalism in the Vallès fault has remained active from the onset of the Neogene 

extension up to nowadays characterized by the precipitation of calcite C4, laumontite 

and LT chlorite. In contrast, hydrothermalism in the Hospital fault only took place 

during the Neogene syn-rift stage, as shown by precipitation of calcite C3 (fig. 5.8C). 

5.2.  Controls in the migration paths for fluids 

Along both the Vallès and Hospital faults different neoformed mineral associations are 

evidenced. These mineralogical differences along the fault mark preferential paths for 

fluids in certain periods of time, probably related to the independent tectonic activity of 

fault segments, fault zone architecture changes, inherited structures, and/or localized 

migration paths of certain fluids. 

5.2.1. The Barcelona Plain 

The Hospital fault is formed by different fault segments with independent tectonic 

activity, which is evidenced by the differences in strike and dip between the fault 

segments and also by the thickness of the Triassic rocks and distribution of the cements.  

During the Triassic extension, the Hospital fault was formed by two fault segments that 

controlled the Triassic sedimentation and therefore the variation in thickness of the 

Triassic rocks (fig. 5.10A). The low angle of the southern segment (<30ºSE) led to a 

thinner accommodation space than in the northern segment (55ºSE). The causes for 

such a low dip in a normal fault are discussed in section 5.3.1. 

Cements associated with the Cretaceous rifting are only identified in the southern 

segment, indicating a localized migration of hot fluids ascending through the fault 

during its activity (fig. 5.10B). The lack of these cements in the north could be due to 

the inactivity of this segment or to the erosion of the cements associated with this 

period.  

After the Mesozoic extension, the Paleogene compression inverted the previous normal 

faults and produced the exhumation and folding of the Triassic units. The uplift of the 
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Triassic rocks in the north favoured the percolation of meteoric fluids and the 

calcitization of the dolostones and dolomite cements (fig. 5.10C). 

During the Miocene extension, the fault tip of the southern segment was located in the 
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area of the Enric outcrop controling the thickness of the Miocene rocks, which 

decreases towards the northeast. Propagation of the fault tip to the north is also shown 

by the fault rocks and cements attributed to the Neogene syn-rift in the Enric outcrop.  

Tip propagation produced the migration of the process zone to the north, which is 

formed by fracture sets parallel to the southern segment and to the new fault trace that it 

is being formed between the two segments (fig. 5.10D, fig. 5.11). Each slip event of the 

main fault involved the propagation and linkage of the previous arrays generating 3A 

microfaults. These linking structures develop friction melts (Swanson 1992), what 

would explain the formation of pseudotachylytes in type 3A faults in this point. Studies 

in seismically active fault systems have also shown the spatial relationship between 

seismicity and linking structures between main faults (Tavarnelli & Pasqui 2000). Later 

crack-seals cemented by calcite C3a could have been generated during the pre-seismic 

stage of a new earthquake (Sibson 1986). Deformation under an extensional stress 

regime generates structures in the process zone that enhance dilation and therefore 

increase permeability, generating zones of localized hydrothermal upflow (Rowland & 

Sibson 2004). Moreover, outflows of water following earthquakes is a frequent 

phenomenon (seismic pumping (Sibson et al. 1975)), which can precipitate cement in 

the accessible extension fractures, such as 3B joints.  

During the late post-rift, both segments had some displacement at shallow conditions in 

the presence of low-temperature meteoric fluids (fig. 5.10E). Minor faults affecting the 

Miocene conglomerates were formed with narrow and poorly developed fault cores and 

damage zones. This configuration before the precipitation of the pedogenic products 

allowed a cross-fault flux between the porous layers of the host rock (Rowland & 

Sibson 2004) (fig. 5.12). However, the later growth of vegetation and associated 

microorganisms induced the neoformation of different pedogenic products, which 

reduced the effective porosity of the fault rock and its permeability. The result was the 

Figure 5.10. Structural evolution of the basin and distribution and evolution of fluids through 
time in the northern sector of the Barcelona Plain from Late Permian to recent. A) Deposition of 
the Triassic rocks and dolomitization during the first Mesozoic rifting event. B) Cretaceous 
rifting localized in the southern segment and circulation of ascending hot fluids. C) Basin 
inversion, folding, erosion and percolation of low-temperature meteoric fluids that produced the 
calcitization of previous dolomites. D) Segment connection through fault growth and upflow of 
hot fluids in the relay area during the Neogene syn-rift. E) Propagation of the Hospital fault to 
the surface and percolation of low-temperature meteoric fluids. F) Generation of the NW-SE set 
of fractures that segmented the Hospital fault and development of soil and speleothems. 
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Figure 5.11. Sketch of the mechanism of fault growth by tip propagation of the southern 
segment at kilometric scale. PST: pseudotachylyte. 

 

Figure 5.12. Effects of pedogenesi in cross-fault fluid flow within Miocene conglomerates. 

sealing of the fault zones and the restriction of fluid flow (fig. 5.12). 

Finally, NW-SE strike-slip faults segmented again the Hospital fault generating the 

current disposition probably during the Messinian compression (fig. 5.10F). 

Large-scale horizontal fluid flow in the Hospital fault did not occur due to the marked 

structural heterogeneities produced by the variations of fault zone architecture along 

strike.  
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5.2.2. The Vallès fault 

In the Vallès fault, the different associations of neoformed minerals are attributed to the 

different structural position of the outcrops within the footwall. The Camí d’En Cisa 

outcrop (CCO) is located in the contact with the Miocene rocks and only the formation 

of laumontite L2 related to the Neogene extension is registered. On the other hand, the 

Torrent del Corró outcrop (TCO), located 50 m from the contact, shows all the 

deformation stages, mainly chlorite-mica, chlorite and calcite veins. As mentioned 

above, mica-chlorite veins and calcite C1 have been related to the Mesozoic extension 

whereas low-T chlorite, laumontite and calcite C4 have been related to the Neogene 

extension. This means that the TCO outcrop represents the location of a Mesozoic fault 

zone reactivated during the Neogene deformation whereas the CCO outcrop represents 

the location of a newly formed Neogene fault. These observations point to an offset 

between the Mesozoic and the Neogene extensional faults (fig. 5.8). 

5.3.  Controls on fault reactivation 

The stratigraphy, the fault rock kinematic indicators and the crosscutting relationships 

of cements point to successive reactivations of the Hospital and the Vallès faults. This 

fact perfectly fits with the evidence of reactivation of other main structures forming the 

Catalan Coastal Ranges proposed by other authors (Anadón et al. 1985; Bartrina et al. 

1992; Roca 1996; Gaspar-Escribano et al. 2004; Santanach et al. 2011). However, 

nobody has focused in the controls for fault reactivation. In this section, a preliminary 

result about the causes for reactivation is proposed but further work needs to be done. 

5.3.1. The role of the Hercynian structures during the Mesozoic extension 

Although previous works in the Catalan Coastal Ranges agree in the reactivation of 

structures from Mesozoic to Recent (see references above), few authors have proposed 

the possible reactivation of Hercynian structures (Solé Sugrañes 1978; Anadón et al. 

1979). As shown in section 4.5, M1 and M2 muscovite resulting from deuteric 

alteration during pluton exhumation and later M3 and M4 phengite formed during 

deformation phase D2 are texturally and spatially related, indicating that Hercynian 

exhumation fractures were reactivated during the Mesozoic extension (fig. 5.13). This 

reactivation is favoured by two reasons. Firstly, exhumation fractures display a radial 

disposition around the pluton border generating a wide range of fracture orientations 
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with subvertical dips suitable for reactivation in an extensional regime. Secondly, 

exhumation produced dilatancy in the fractures, lowering the fault cohesion. 

Furthermore, the only minerals that precipitate along fractures are phyllosilicates which 

could reduce the friction coefficient. 

In the Hospital fault, no mica precipitation has been observed though, in the Enric 

outcrop, Cenozoic and Mesozoic structures overprint ancient dynamically 

metamorphosed rocks, indicating also the reactivation of Hercynian structures. But, why 

is there no mica crystallization in the Hospital fault when both granodiorites are similar 

in composition? The location of M1 and M2 mica only in the Vallès fault probably 

indicates that the outcrops of the Vallès fault were near the pluton border, the highest 

fractured and altered area, whereas the outcrops of the Hospital fault were in an inner 

position or in a less fractured zone. This fact is supported by cartographic criteria. In the 

Hospital area, the contact between the granodiorite and the rocks forming the 

metamorphic contact aureole is about 2 km to the north and highly dips to the north 

(IGC 2011). The prolongation of this surface to the south simulating the concave shape 

of the pluton yields to a minimum distance from this surface to the current topography 

at the fault trace of about 1 km, far from the fractured and altered pluton border. On the 

opposite, in the Vallès fault, this contact aureole is even cut by the normal fault, clearly 

pointing that the outcrops are within the pluton border. This different location of the 

outcrops of both faults in the pluton is also reflected in the later fault zone architectures. 

The high density of fractures close to the pluton border would have been the responsible 

of the thicker fault zone in the Vallès fault (60 m) in front of the narrower Hospital fault 

zone (1-3 m). M1 and M2 muscovite formation changes the bulk rock composition of 

the granodiorite, controlling the crystallization of later M3 and M4 mica only in the 

Vallès fault and also explaining the lack of these late mica groups in the Hospital fault. 

In conclusion, pre-existing Hercynian structures controlled the location and architecture 

of the Hospital and Vallès faults (fig. 5.13). 

The Hospital fault in its southwestern section (Hospital outcrop) has a very low dip 

(<30ºSE). Fault rocks developed within this fault plane have been interpreted as formed 

during the Mesozoic extension. Low-angle normal faults associated to the Mesozoic 

extension have been also described in other hills of the Barcelona Plain to the SW of the 

study area (Santanach et al. 2011) and in the Garraf Horst (Salas, personal 
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Figure 5.13. Schematic model of fracture formation during evolution of the granodiorite and 
reactivation of these previous structures during later tectonic events in the Vallès half-graben 
(modified from Yoshida et al. 2012). 

communication). However, under an Andersonian regime, normal faults in the brittle 

regime should not form at dips below 45° (Anderson 1951). 

Several hypothesis about the origin of this segment can be postulated: 1) As proposed 

by Santanach et al. (2011), these low angle normal faults are deep sections of listric 

faults that have been exposed due to the uplift and erosion produced during the 

Paleogene compression; 2) This segment is the result of the reactivation as a normal 

fault of the Permian unconformity between the granodiorite and the Triassic rocks that 

crops out along the Catalan Coastal Ranges; and, 3) It is the result of the reactivation of 

an Hercynian thrust.  

If the second case is true, although the Permian unconformity is also a weak plane, other 

parameters must act in order to reactivate a plane dipping 30º as a normal fault. 

Probably, the exposure surface underwent meteoric alteration which could produce a 

certain disgregation of the rock, reducing the cohesivity. Besides, upflowing 

hydrothermal brines could also increase the fluid pressure favouring reactivation. 

The latter could be ruled out as thrusts only occurred at shallow structural levels in the 

Upper Paleozoic rocks whereas at deep-seated domains, only foliations with variable 

attitude and degree of penetration developed (Casas et al. 1989; Carreras & Debat 1995; 

Ábalos et al. 2002; Santanach et al. 2011). 
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5.3.2. Reactivation during the Paleogene 

As pointed before, it is widely accepted the reactivation of Mesozoic normal faults as 

thrusts during the Paleogene compression along the Catalan Coastal Ranges. In the 

study areas, different fault behaviors have been observed associated with this tectonic 

event. 

In the Vallès fault, Mesozoic structures close to the surface have a very high dip 

(between 70 and 90º) to be inverted during compression, causing the propagation to the 

north of thrust shortcuts. These newly formed structures profit the foliated and 

phyllosilicate-rich metamorphic rocks to develop and generate gouges. 

In the Hospital outcrop, the pre-existing low-angle normal fault does not reactivate 

during this compressional event. This lock, despite the favourable orientation and dip of 

the fault, is probably due to the cementation produced by calcite cements C1, which 

increase the fault rock cohesion by hardening. Instead, new thrusts are formed using the 

plastic Silurian black shales as a detachment level. On the opposite, in the Sariol 

outcrop, the pre-existing Mesozoic normal fault, which has a higher dip (about 50ºSE), 

is reactivated during the Paleogene. High-angle reverse faults are anomalous structures 

in the classical theory of Anderson (1951) and an increase in the fluid pressure is 

required to reactivate them (Sibson et al. 1988), as evidenced in this case by the 

dilatancy observed in the random breccia cemented by calcite C2b-c. 

5.3.3. Reactivation during the 
eogene 

In the Vallès fault, most of the low temperature chlorites (125-190ºC) form a rim 

around high temperature chlorites (T>190ºC), indicating the reactivation of the 

Mesozoic structures with phyllosilicates during the Neogene. This reactivation was 

possible due to the low friction coefficient of chlorite and K-white mica and their 

arrangement in localized fracture planes under hydrated conditions (fig. 5.14A) (Lacroix 

2011; Behnsen & Faulkner 2012; Buatier et al. 2012). Nevertheless, despite this 

reactivation, a new Neogene fault was formed 50 m in front of the Mesozoic structures, 

as it is observed in the CCO outcrop. The presence in this outcrop of dilatant breccias 

cemented by laumontite L2 could indicate an increase in the fluid pressure that would 

induce the failure of the intact rock. This relay between the Mesozoic and Neogene 
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faults have been also described in the Penedès Half-graben (Baqués et al. 2012a), 

although no reasons have been postulated for the formation of a new fault. 

In contrast to the Vallès fault, low temperature chlorites were not formed in the Hospital 

fault although both faults reached the same temperature conditions and both faults had 

previous chlorites, as observed in the Hospital and Enric outcrops. In the case of the 

Hospital outcrop, the absence of Neogene chlorite is due to: 1) the unfavorably oriented 

fault zone, with dip <30º; 2) the lack of a strong preferred orientation of chlorite crystals 

together with the lack of connection between them within the foliation, which could 

have reduced the friction coefficient to enhance failure (fig. 5.14B); and, 3) the 

hardening caused by calcite C1 cementation in fault rock matrix, which increased the 

fault zone cohesion. Therefore, during the Neogene extension a new fault was formed in 

this section of the Hospital fault, using the plastic Silurian black shales as a detachment 

level. The low friction coefficient of these Silurian rocks allowed the several 

reactivations of this fault during the Neogene. 

In the Enric outcrop, together with the lack of a strong preferred orientation of chlorites, 

the canalization of fluids along well-defined veins (C3a crack-seals and C3b joints) 

avoided the circulation of fluids towards the chloritized random breccia that constitutes 

the veins host rock.  

 

Figure 5.14. A) Plane light image of a fracture filled by chlorite in the Vallès fault. B) Foliation 
plane formed by chlorites in the Hospital fault. Chlorites are disconected and misoriented 
avoiding sliding (plane light). 
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6. CO�CLUSIO�S 

The Catalan Coastal Ranges display a horst and graben structure limited by NE-SW 

listric faults, which are offset by later NW-SE to NNW-SSE trending faults. This study 

is focused on two of these NE-SW faults, the Vallès and Hospital faults, that bound to 

the north the Vallès Half-graben and the Barcelona Plain, respectively. 

The Vallès and the Hospital faults record successive reactivations linked with 

polyphasic fluid systems, which have been inferred from regional to thin section scale 

observations combined with geochemical analyses.  

In these two faults, deformation is mainly localized in the basement granodiorite of the 

footwall, although minor faults have been also identified affecting the Triassic and 

Miocene rocks of the Hospital hangingwall. 

The fault rocks identified in this study (gouges, cataclasites, breccias and 

pseudotachylytes) are not characteristic of the different deformation phases. However, 

pseudotachylytes have been only related to extensional events. On the opposite, the 

geochemistry of fault-related cements together with their crosscutting relationships have 

been useful to discern up to seven deformation phases encompassed within four tectonic 

events. 

The Hercynian compression is characterised by a penetrative foliation linked with tight 

folds and dynamically metamorphosed rocks. After this first compressional event and 

during the exhumation of the pluton, crystallization of M1 and M2 muscovite and 

microcline occurred in the Vallès fault as result of deuteric alteration, at temperatures 

between 330ºC and 370ºC.  

The Mesozoic extension is divided into two deformation phases. Deformation phase D1 

corresponds to the Late Permian-Middle Jurassic rifting stage. During this phase, the 

Hospital fault controlled the thickness and distribution of the Triassic sediments, having 

their depocentre to the north. Early dolomitization produced by Triassic seawater took 

place at shallow conditions. Dolomite cements in type 1A fractures precipitated from 

the Triassic seawater during increasing burial in a relatively closed hydrological regime. 

The second deformation phase D2, related to the Late Jurassic-Late Cretaceous rifting, is 
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characterized by precipitation of M3 and M4 phengite together with chlorite and calcite 

C1 at temperatures between 190 and 310ºC. 

The Paleogene compression, or deformation phase D3, is characterized in the Hospital 

fault by percolation of low-temperature meteoric fluids favoured by tectonic uplift. 

These fluids are the responsible of precipitation of calcites C2 and calcitization of 

previous dolomite cements and Triassic host dolostones. In the Vallès fault, the 

Paleogene compression generated a shortcut that produced a gouge and the uplift of the 

Mesozoic structures, avoiding the reactivation of the former structures but generating 

subvertical stylolites. 

The Neogene extension is subdivided into four deformation phases (D4 to D7). During 

the syn-rift (D4), cements such as chlorite, calcite C4 and laumontite in the Vallès fault 

and calcite C3 in the Hospital fault precipitated at temperatures between 125 and 190ºC. 

During this deformation phase, the southern segment of the Hospital fault grew by 

propagation of its northern tip generating pseudotachylytes and the later precipitation of 

calcite C3. Thus, the increase in dilatancy produced in the process zone together with a 

seismic pumping effect controlled the upflow during fault growth.  

The post-rift is divided into three deformation phases, from which D5 is related to a 

small compression stage during the early post-rift (Langhian-Serravalian), D6 is related 

to the late post-rift (Serravalian-Tortonian) and D7 is related to a new compressional 

period during the late post-rift (Messinian). Post-rift stages in the Barcelona Plain 

developed at shallow conditions under low-temperature meteoric regime. At the same 

period, the Vallès fault was dominated by hydrothermal fluids. This hydrothermalism 

remains active until nowadays. 

The estimated temperatures of crystallisation of chlorites indicate that during the two 

extensional events (Mesozoic and Neogene) faults acted as conduits for hot fluids 

producing anomalous high geothermal gradients (50ºC/km minimum). These 

hydrothermal fluids are the result of meteoric fluids moved by a topographically-driven 

mechanism, favoured by the shoulder uplift produced during normal faulting. During 

the flow, meteoric fluids warmed at depth and suffered a strong interaction with the host 

rocks. During the Mesozoic, the ascending warm fluids mixed with marine waters in 

both studied main faults. During the Neogene, the ascending fluids mixed with marine 

waters in the Hospital faults and with meteoric waters in the Vallès fault. 
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The estimated decrease of pressure from chlorite and mica equilibrium is consistent 

with exhumation produced during Alpine compression and Mesozoic and Neogene 

extensions. During the Neogene extension, exhumation of the granodiorite followed a 

nearly isobaric cooling path. 

Most Neogene normal faults of the central Catalan Coastal Ranges are the reactivation 

of previous faults. In fact, in this thesis is demonstrated that Hercynian structures play 

an important role on the localization of later structures. The main controls that enable 

fault reactivation are the presence of phyllosilicates generating continuos planes and the 

increase in fluid pressure. On the other hand, cementation avoids reactivation because of 

a hardening effect. Silurian black shales are commonly sliced between rocks generating 

good detachment level due to their plastic, low frictional behavior. 

Pedogenic products developed along the Neogene faults play an important control on 

cross-fault fluid flow by reducing the fault core permeability. 

To summarize, the tectonic regime, the fault zone architecture, the seismic activity, the 

deuteric alteration processes and also pedogenic processes controlled the fluid regime 

and the fluid flow pathways through faults from Hercynian to recent. 
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Table 1. Stable isotope data (δ
18

O-δ
13

C) of host rocks and cements of the studied area 

Description δ18O‰ VPDB δ13C‰ VPDB Sample Outcrop 

HR1 -3.6 0.7 G-12n42 Guixeres 

-3.4 2.2 G-12n44 Guixeres 

  -4.6 2.6 G-15p3 Guixeres 

HR2 -3.3 0.9 G-9p27 Guixeres 

-2.7 2.3 G-11p34 Guixeres 

-3.2 2.3 G-11p35 Guixeres 

-2.7 0.9 G-11p36 Guixeres 

-3.5 2.6 HOS-16E Hospital 

  -3.7 2.8 HOS-16C Hospital 

D1 -5.9 2.3 G-15p1 Guixeres 

  -5.4 2.4 G-15p2 Guixeres 

D2 -7.2 2.5 G-16n1 Guixeres 

  -6.8 2.6 G-16n2 Guixeres 

C1a -15.6 -6.5 HOS-3 Hospital 

-15.6 -6.5 HOS-4 Hospital 

  -15.0 -6.3 HOS-5 Hospital 

C1f -16.2 -5.9 HOS-10A Hospital 

  -16.4 -6.2 HOS-10B Hospital 

C1 -15.1 -6.9 EN-2E Enric 

  -15.0 -7.8 MTB-22 Torrent del Corró 

C2a -4.9 -7.1 HOS-6 Hospital 

-4.6 -6.5 HOS-7 Hospital 

  -5.5 -7.0 HOS-8 Hospital 

C2b-c -5.8 -7.2 TS-2 Sariol 

CD1+CD2 -5.9 -7.1 G-9p22 Guixeres 

  -5.6 -6.1 G-9n13 Guixeres 

CD1+CD4 -5.5 -6.3 G-12n38 Guixeres 

CD3 -5.3 -6.8 G-9n11 Guixeres 

-5.2 -7.4 G-9n12 Guixeres 

-5.1 -6.3 G-9n17 Guixeres 

-5.2 -5.6 G-9p23 Guixeres 

-4.9 -5.7 G-11p33 Guixeres 

  -5.2 -5.4 G-5p6 Guixeres 

Calcitized dolostones M1 -4.1 -3.2 G-4n2 Guixeres 

Calcitized dolostones M3 -9.3 -4.7 TS-1 Sariol 

  -9.5 -4.8 TS-1 Sariol 

C3a -20.5 -6.2 EN-2A Enric 

-20.0 -6.2 EN-2B Enric 

-20.3 -6.2 EN-2C Enric 

-20.8 -6.1 EN-2D Enric 

-20.3 -6.2 EN-2G Enric 

  -19.6 -6.2 EN-2H Enric 

C3b -18.4 -6.1 EN-2F Enric 

C4 -22.2 -7.7 MTB-1pA Torrent del Corró 

-20.9 -8.0 MTB-1pB Torrent del Corró 

-22.8 -7.2 MTB-2pB Torrent del Corró 

  -22.7 -7.7 MTB-21 Torrent del Corró 

C5 -5.8 -7.7 EN-3D Enric 

C6 -2.6 -7.6 TS-1 Sariol 

  -2.9 -7.6 TS-2 Sariol 

C8 -2.9 -8.4 EN-1A Enric 
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Description δ18O‰ VPDB δ13C‰ VPDB Sample Outcrop 

C8 -2.9 -8.5 EN-1B Enric 

  -2.5 -8.3 EN-1C Enric 

PC1 -2.6 -7.7 TS-1 Sariol 

  -1.9 -7.7 TS-1 Sariol 

Microcodium (luminescent spherulites) -4.1 -9.0 BAD-5E Caritg 

  -3.9 -9.0 BAD-5F Caritg 

Microcodium (non-luminescent spherulites) -4.1 -9.6 BAD-1A Caritg 

Microcodium (white bladed) -4.3 -9.8 BAD-1C Caritg 

  -4.4 -10.3 BAD-1D Caritg 

Microcodium (micrite strips) -4.2 -10.1 BAD-5A Caritg 

-4.3 -9.9 BAD-5B Caritg 

-4.4 -10.2 BAD-5C Caritg 

  -4.2 -9.5 BAD-5D Caritg 

HMC speleothem -4.7 -9.8 G-11p29 Guixeres 

-4.8 -9.6 G-11p30 Guixeres 

-4.7 -8.5 G-11p31 Guixeres 

  -5.3 -9.8 G-11p32 Guixeres 

Dolomite speleothem -2.6 -9.3 G-12n39 Guixeres 

Aragonite speleothem -4.2 -9.2 G-12n41 Guixeres 

-4.3 -9.2 G-12n45 Guixeres 

  -4.6 -9.8 G-12n40 Guixeres 

HMC rafts -4.6 -9.0 G-5p1 Guixeres 

-3.4 -8.6 G-5p2 Guixeres 

-3.3 -8.2 G-5p3 Guixeres 
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Table 2. Elemental composition of Triassic dolostones and calcite and dolomite cements 

Label Ca ppm Mg ppm Na ppm Mn ppm Fe ppm Sr ppm Total Description 

G-12n-c1-35 216464 131235 355 110 512 700 999000 HR1 

G-12n-c1-36 211248 130316 369 45 496 597 982500 HR1 

G-12n-c1-37 215610 131029 310 31 848 517 996300 HR1 

G-12n-c2-38 216960 128308 410 114 150 531 989200 HR1 

G-12n-c2-39 215464 132095 309 98 690 376 999200 HR1 

G-12n-c2-40 212470 129624 370 88 447 548 983000 HR1 

G-12n-c2-41 218109 129030 246 98 604 511 995100 HR1 

G-15p-c3-55 218115 132250 212 0 131 677 1005300 HR1 

G-15p-c5-64 217932 130315 297 0 17 621 998000 HR1 

G-15p-c5-65 214437 152760 336 5 459 603 1068100 HR1 

G-15p-c5-66 216099 152094 211 160 1269 543 1071500 HR1 

G-15p-c5-67 214909 132630 454 58 223 591 999300 HR1 

G-15p-c5-68 219995 129197 249 0 339 448 999500 HR1 

G-15p-c5-69 217380 134259 116 36 3 509 1009700 HR1 

G-15p-c5-70 218711 131904 66 0 280 568 1005300 HR1 

G-11p-c1-24 214347 129776 235 24 923 457 988600 HR2 

G-11p-c1-25 221167 129742 296 18 4800 354 1013500 HR2 

G-11p-c1-27 216578 128544 299 110 1119 720 991100 HR2 

G-11p-c1-28 202598 130245 350 115 17845 0 995700 HR2 

G-9p1-c2-1 216348 125113 354 15 237 716 976700 HR2 

G-9p1-c2-2 219617 131516 136 42 1047 584 1008100 HR2 

G-9p1-c2-3 219683 128969 307 36 495 796 999000 HR2 

G-9p1-c2-4 221559 131546 107 52 937 542 1012700 HR2 

G-9p1-c2-5 219537 128200 289 169 329 857 996000 HR2 

G-9p1-c1-19 216796 129849 111 150 1800 411 996700 HR2 

G-9p1-c1-20 222456 121744 265 53 3455 544 986600 HR2 

G-16n-c5-103 217435 128621 210 127 426 638 991800 HR2 

G-16n-c5-104 218470 132336 292 38 593 32 1006600 HR2 

G-16n-c5-105 217355 129542 247 4 436 551 994500 HR2 

G-16n-c5-106 216185 127152 212 75 464 614 983500 HR2 

G-16n-c5-107 219149 130720 295 63 375 462 1003000 HR2 

G-16n-c6-112 222716 129071 208 0 0 554 1005200 HR2 

G-16n-c6-113 216606 132719 166 188 760 474 1004400 HR2 

G-16n-c6-114 220193 129270 211 43 50 475 999700 HR2 

G-16n-c6-115 221784 130780 235 0 258 539 1009400 HR2 

G-16n-c6-116 216089 131857 313 43 152 828 999500 HR2 

G-16n-c6-117 218200 129841 311 113 592 546 998300 HR2 

EN-5-c2-130 217476 128146 146 0 667 368 989900 HR3 

EN-5-c2-131 218000 130392 182 0 977 550 1000000 HR3 

EN-5-c2-132 216091 126129 76 350 3844 406 986600 HR3 

EN-5-c2-133 217763 126860 217 242 2445 564 990800 HR3 

EN-5-c3-136 216150 128766 330 39 597 525 989300 HR3 

EN-5-c3-138 222811 126493 439 63 685 501 998500 HR3 

EN-5-c3-139 214268 127659 382 14 736 326 980800 HR3 

EN-5-c3-140 218074 128627 154 217 2114 553 996800 HR3 

HOS-15-c1-165 220142 125106 517 496 1244 469 989200 HR3 

HOS-15-c1-166 221015 131589 206 548 919 541 1012700 HR3 

HOS-15-c3-174 221537 130146 207 435 1382 475 1009700 HR3 

HOS-15-c3-176 214495 123851 145 486 3212 347 973800 HR3 

HOS-15-c5-190 222072 126787 36 389 826 546 997800 HR3 

HOS-15-c5-192 224409 129395 162 532 1159 525 1013900 HR3 
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Label Ca ppm Mg ppm Na ppm Mn ppm Fe ppm Sr ppm Total Description 

HOS-15-c5-193 217189 127740 225 641 1721 545 991700 HR3 

HOS-16-c3-210 217590 135569 85 56 759 335 1016000 HR3 

HOS-16-c3-213 225332 120667 63 779 1950 283 987500 HR3 

HOS-16-c3-214 215251 133237 25 135 1548 271 1003600 HR3 

HOS-16-c3-215 217401 128792 111 187 874 367 992700 HR3 

HOS-16-c4-222 213966 124982 201 165 699 309 970600 HR3 

HOS-16-c4-224 245753 104916 100 960 2556 363 985700 HR3 

EN-10-c2-1 220549 131053 - 205 1703 9 1009300 HR4 

EN-10-c2-2 220404 128822 - 126 1731 0 1001000 HR4 

EN-10-c2-3 221039 129583 - 173 2571 0 1007100 HR4 

EN-10-c2-4 218605 129888 - 82 2240 0 1001200 HR4 

EN-10-c2-5 217614 127839 - 188 3164 0 993800 HR4 

EN-10-c2-6 218981 127827 - 242 1705 23 994300 HR4 

EN-10-c2-7 216910 128990 - 337 939 0 991700 HR4 

EN-10-c1-15 216001 126829 - 164 977 0 981600 HR4 

EN-10-c1-17 220306 127589 - 325 1459 24 996400 HR4 

EN-10-c1-20 215966 128276 - 398 1674 33 988600 HR4 

EN-10-c1-21 217966 130337 - 252 1859 0 1000700 HR4 

EN-10-c1-23 217515 128459 - 232 1412 0 992100 HR4 

EN-10-c1-26 216868 128394 - 271 741 0 989000 HR4 

EN-10-c1-27 217089 126808 - 195 923 64 984300 HR4 

EN-10-c1-30 216517 130544 - 147 2065 15 998100 HR4 

G-15p-c3-56 217625 130737 0 108 846 382 999500 RD1 

G-15p-c5-57 222721 134409 0 35 422 506 1024100 RD1 

G-15p-c5-58 217407 130630 30 205 922 405 999100 RD1 

G-15p-c5-59 218325 132781 13 70 323 372 1007200 RD1 

G-15p-c5-60 220982 131055 10 0 304 434 1007800 RD1 

G-15p-c5-61 220087 132706 56 41 435 473 1011800 RD1 

G-15p-c5-62 216438 131760 0 0 165 366 998400 RD1 

G-15p-c5-63 222372 129305 130 67 97 485 1005200 RD1 

EN-5-c3-134 217576 130622 0 53 1197 337 999500 RD1 

EN-5-c3-135 216663 132160 0 30 927 268 1001900 RD1 

EN-5-c3-137 220374 132307 0 156 1466 610 1013600 RD1 

HOS-16-c3-209 221270 128123 0 61 322 305 998200 RD1 

HOS-16-c3-211 218111 130453 62 47 442 416 999000 RD1 

HOS-16-c3-212 219559 136806 200 42 273 248 1024300 RD1 

HOS-16-c4-220 222747 130909 209 45 219 317 1011800 RD1 

G-9p1-c1-13 217226 129033 0 63 1274 532 993600 D1 

G-9p1-c1-14 219077 130125 263 18 1013 563 1002100 D1 

G-9p1-c1-15 219908 129854 225 94 566 607 1002400 D1 

G-9p1-c1-16 217744 129693 303 85 642 697 996900 D1 

G-9p1-c1-17 221285 130660 277 120 462 776 1008900 D1 

G-9p1-c2-6 216704 128429 336 62 906 618 990400 D1 

G-9p1-c2-8 216990 129345 407 86 831 487 994100 D1 

G-9p1-c2-9 220915 129244 290 56 578 606 1002900 D1 

G-9p1-c2-10 213612 127664 256 93 1048 592 980200 D1 

G-9p1-c2-11 218656 133086 73 38 168 475 1009000 D1 

G-9p1-c2-12 221042 128069 470 95 418 732 999500 D1 

G-11p-c1-29 216202 131606 202 54 1129 658 1000400 D1 

G-11p-c1-30 219350 130367 73 127 730 628 1002900 D1 

G-11p-c1-31 214654 132083 131 48 575 551 996700 D1 

G-11p-c1-33 217947 131314 100 38 318 532 1001600 D1 

G-11p-25-39 217400 130900 0 0 1200 700 1000500 D1 



Appendix 1 

133 

 

Label Ca ppm Mg ppm Na ppm Mn ppm Fe ppm Sr ppm Total Description 

G-11p-26-45 216800 131500 100 0 1800 800 1002900 D1 

G-11p-26-46 217800 129800 100 100 1100 600 997700 D1 

G-11p-26-47 217600 129500 100 100 800 800 996000 D1 

G-11p-26-48 221700 129600 100 200 700 500 1005800 D1 

G-15p-c1-43 216946 130934 331 52 114 736 998200 D1 

G-15p-c1-44 218754 132403 379 0 208 579 1007800 D1 

G-15p-c1-45 221182 129710 115 37 197 544 1003900 D1 

G-15p-c1-46 214113 134565 294 151 315 751 1004300 D1 

G-15p-c1-47 217426 132032 261 162 299 571 1003400 D1 

G-15p-c2-48 220081 131797 0 201 810 261 1009200 D1 

G-15p-c2-49 218889 130874 153 113 639 515 1003300 D1 

G-15p-c2-50 219604 129947 151 70 251 487 1000900 D1 

G-15p-c2-51 218061 131039 125 104 551 499 1001500 D1 

G-15p-c3-53 216695 129842 61 33 186 529 992900 D1 

G-15p-c3-54 217198 130642 187 87 292 616 997700 D1 

G-16n-c3-91 221213 128950 55 88 340 176 1001000 D1 

G-16n-c3-92 217168 127909 221 147 78 559 987900 D1 

G-16n-c3-93 217608 129193 216 73 419 457 993800 D1 

G-16n-c3-94 221864 127591 61 94 552 0 998000 D1 

G-16n-c3-95 219220 129727 258 20 237 517 999400 D1 

G-16n-c1-74 218399 123803 138 74 374 525 976900 D2a 

G-16n-c1-75 216961 127726 262 106 426 609 987500 D2a 

G-16n-c1-78 222478 129215 187 41 362 589 1006000 D2a 

G-16n-c1-79 221416 131422 256 14 493 681 1011500 D2a 

G-16n-c1-80 220636 131800 50 72 554 454 1010300 D2a 

G-16n-c2-81 219637 128219 102 67 560 128 994900 D2a 

G-16n-c2-82 217962 129034 299 98 561 556 994800 D2a 

G-16n-c2-84 214197 130083 113 177 870 639 989600 D2a 

G-16n-c2-85 220986 127551 123 21 355 0 995300 D2a 

G-16n-c2-86 216159 129627 304 37 324 481 991600 D2a 

G-16n-c2-87 216995 129310 218 61 380 542 992700 D2a 

G-16n-c1-73 220205 129240 257 56 379 667 1000800 D2a 

G-16n-c4-96 217470 129766 56 92 657 392 995500 D2a 

G-16n-c4-97 216875 127213 220 0 92 437 984200 D2a 

G-16n-c4-98 218043 129238 0 22 222 352 993800 D2a 

G-16n-c4-99 221684 130566 119 53 573 460 1008800 D2a 

G-16n-c4-100 223924 129847 351 3 203 477 1011600 D2a 

G-16n-c4-101 216647 126508 206 33 527 431 982100 D2a 

EN-5-c1-118 220580 127711 106 225 2749 503 1001000 D2b 

EN-5-c1-119 219723 127611 230 125 1960 30 996200 D2b 

EN-5-c1-120 221205 132549 160 68 424 478 1014300 D2b 

EN-5-c1-121 219581 128876 157 119 3095 422 1003100 D2b 

EN-5-c1-122 217558 121831 98 173 7319 391 982300 D2b 

EN-5-c1-123 217380 128270 27 20 1695 329 991900 D2b 

EN-5-c1-124 220173 131383 79 0 883 384 1008100 D2b 

EN-5-c5-148 221022 128229 156 247 3198 467 1005000 D2b 

EN-5-c5-149 217407 128477 207 799 7803 294 1007300 D2b 

EN-5-c5-150 216844 132860 223 86 1305 555 1006600 D2b 

EN-5-c5-151 218507 130452 85 147 2299 0 1003400 D2b 

EN-5-c5-152 216494 129271 0 313 2677 347 995800 D2b 

EN-5-c5-153 218734 131168 0 103 1162 336 1004300 D2b 

G-11p-c1-21 217637 132163 23 0 1103 464 1005000 D3 

G-11p-c1-22 221626 129416 79 60 1061 612 1005800 D3 
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G-11p-c1-23 218857 129096 187 53 1185 548 998200 D3 

G-11p-25-31 215800 132600 0 100 1500 700 1003100 D3 

G-11p-25-32 213200 130900 0 0 1000 700 989700 D3 

G-11p-25-33 220800 130000 100 200 1500 800 1007400 D3 

G-11p-26-40 215400 132200 0 200 1500 800 1001100 D3 

G-11p-26-43 218100 130300 0 100 1000 800 1000000 D3 

G-11p-26-49 219700 129600 0 100 700 500 1000500 D3 

G-11p-26-51 218700 129100 100 100 1000 700 997400 D3 

G-11p-26-52 223500 129900 0 0 1200 700 1012100 D3 

G-16n-c1-71 224203 128771 129 74 501 578 1009000 D3 

G-16n-c1-72 220431 127827 84 115 573 448 996200 D3 

G-16n-c3-88 219223 127422 44 0 452 477 991200 D3 

G-16n-c3-89 219963 127234 67 128 605 528 993100 D3 

G-16n-c3-90 219169 128591 130 29 630 490 995800 D3 

G-16n-c6-109 219895 129188 122 54 474 557 999500 D3 

G-16n-c6-110 218953 127341 126 103 478 488 990700 D3 

G-16n-c6-111 224411 126284 149 66 631 536 1001100 D3 

G-12n-30-202 210900 129800 200 100 900 800 980900 D3 

G-12n-30-203 212000 129000 100 100 700 800 980000 D3 

G-12n-30-204 212200 129900 0 0 1100 900 984100 D3 

G-12n-30-205 216300 127900 0 100 400 800 985900 D3 

HOS-6n-37-404 391591 0 168 1681 89 1199 984000 C1a 

HOS-6n-37-405 396633 0 155 2080 172 1290 997700 C1a 

HOS-6n-37-406 393495 0 43 2202 48 1342 989700 C1a 

HOS-6n-37-410 394817 0 101 2673 18 1212 993800 C1a 

HOS-6n-38-416 393057 0 241 3778 0 1113 991900 C1a 

HOS-6n-38-417 395141 0 0 3156 37 1301 995600 C1a 

HOS-6n-38-418 393016 0 241 4425 16 1261 993400 C1a 

HOS-6n-38-420 392676 0 140 2566 170 1339 988900 C1a 

HOS-6n-41-435 393278 105 11 3998 326 1154 993500 C1a 

HOS-6n-41-436 394347 0 90 2812 67 968 992600 C1a 

HOS-6n-41-437 396148 0 5302 300 2983 1044 1010100 C1b 

HOS-6n-37-411 393691 0 133 1630 0 1055 988600 C1c 

HOS-9p-57-311 394585 0 140 848 234 1454 990400 C1c 

HOS-9p-57-312 391695 0 138 865 211 1687 983600 C1c 

HOS-9p-57-313 393077 0 241 736 44 1463 986200 C1c 

HOS-9p-57-314 391155 0 135 817 0 1519 981400 C1c 

HOS-9p-57-315 391968 0 73 1230 64 1546 984300 C1c 

HOS-9p-58-321 394791 0 133 905 333 1436 991200 C1c 

HOS-9p-58-325 394013 0 159 821 518 1481 989600 C1c 

HOS-9p-59-333 396970 0 243 853 39 1462 996200 C1c 

HOS-9p-59-334 395331 0 86 1622 131 1557 993700 C1c 

HOS-9p-59-335 396251 0 146 1279 23 1296 994800 C1c 

HOS-9p-59-337 397361 0 163 821 0 1306 996600 C1c 

HOS-9p-59-338 399890 0 0 1063 69 1553 1003600 C1c 

HOS-9p-60-342 399557 0 217 880 87 1266 1002400 C1c 

HOS-9p-60-343 403308 0 245 592 0 1409 1011300 C1c 

HOS-9p-60-346 400551 0 168 274 30 1252 1003400 C1c 

HOS-9p-60-348 399682 0 80 430 0 1283 1001300 C1c 

HOS-9p-60-351 396242 0 178 394 46 1419 993200 C1c 

HOS-9p-60-352 401906 0 26 751 2 1195 1007300 C1c 

HOS-9p-60-353 397057 0 105 458 9 1496 995300 C1c 

HOS-9p-60-354 400267 0 84 376 0 1280 1002700 C1c 
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HOS-9p-60-355 397457 0 103 459 0 1369 996000 C1c 

HOS-9p-60-356 400588 0 15 439 131 1370 1003900 C1c 

HOS-9p-60-356 397829 0 194 1476 156 1273 999500 C1c 

HOS-9p-60-358 399198 0 71 344 23 1327 1000000 C1c 

HOS-9n-51-359 396296 0 0 295 2 1248 992400 C1c 

HOS-9n-51-360 393593 0 15 472 5 1172 985900 C1c 

HOS-9n-51-361 400026 0 125 352 179 1299 1002500 C1c 

HOS-9n-54-377 397089 0 189 255 48 1297 994900 C1c 

HOS-9n-54-383 399166 0 0 190 186 1136 999500 C1c 

HOS-6n-36-393 397867 16 58 735 0 1240 997400 C1c 

HOS-6n-36-394 398202 0 161 406 0 1578 998300 C1c 

HOS-6n-36-395 396280 0 125 910 0 1265 993900 C1c 

HOS-6n-36-396 397354 0 157 269 0 1422 995600 C1c 

HOS-6n-36-397 396799 0 13 367 96 1271 994000 C1c 

HOS-6n-37-407 396109 0 93 717 1078 1043 994900 C1c 

HOS-6n-37-408 399948 0 228 837 138 1410 1003700 C1c 

HOS-6n-37-409 397761 0 275 869 0 1423 998100 C1c 

HOS-6n-42-439 394057 0 262 2330 0 1250 991600 C1c 

HOS-6n-42-442 396543 0 88 364 0 1396 993600 C1c 

HOS-6n-42-443 393120 0 88 2998 0 1423 990600 C1c 

HOS-6n-42-444 387489 180 366 3784 351 1626 980500 C1c 

HOS-6n-42-447 395239 0 86 1178 67 1015 991500 C1c 

HOS-6n-42-448 396789 0 198 1307 117 1208 996300 C1c 

HOS-9p-57-318 387038 1049 0 4442 745 1388 983300 C1c 

HOS-9n-55-387 393156 83 189 411 62 1401 981900 C1c 

HOS-9n-56-389 390302 666 172 2246 459 293 983500 C1c 

HOS-9n-56-391 389954 244 229 5031 1015 1365 990100 C1c 

HOS-6n-40-427 396208 0 110 728 46 1512 993800 C1c 

HOS-6n-40-428 402335 0 155 1240 119 1488 1010400 C1c 

HOS-6n-40-429 396975 0 178 1186 94 1432 996800 C1c 

HOS-6n-40-430 397885 0 69 1842 234 1388 1000400 C1c 

HOS-9p-57-316 390171 8 45 1887 94 1580 981300 C1d 

HOS-9p-57-317 393578 0 114 908 83 1517 987700 C1d 

HOS-9p-59-340 395492 155 112 2487 697 1539 997700 C1d 

HOS-9n-53-370 391514 849 95 3269 1000 1437 992200 C1d 

HOS-9n-53-372 390573 234 108 3537 819 1141 987400 C1d 

HOS-9n-54-382 386130 1367 149 3504 1034 1296 981000 C1d 

HOS-9n-55-384 390706 266 140 2481 316 1438 985200 C1d 

HOS-9n-55-385 394167 0 56 366 9 1331 987500 C1d 

HOS-9p-58-324 391551 285 90 1738 179 1282 985100 C1e 

HOS-9p-58-326 394000 0 116 1013 624 1426 990000 C1e 

HOS-9p-58-327 393584 0 185 1771 427 1272 990000 C1e 

HOS-9p-58-328 398156 5 103 761 236 1458 999100 C1e 

HOS-9p-58-332 402147 0 211 594 317 1545 1009200 C1e 

HOS-9n-54-375 391093 0 116 1160 195 1212 981800 C1e 

HOS-9n-54-376 391509 2260 236 2120 734 1867 995200 C1e 

HOS-10-2-42 403700 0 49 351 96 480 1010000 C1f 

HOS-10-2-43 400000 0 230 342 54 413 1000900 C1f 

HOS-10-2-44 402300 0 168 557 82 476 1007300 C1f 

HOS-10-2-45 405700 0 35 233 87 299 1014300 C1f 

HOS-10-2-46 397900 0 100 367 544 372 996500 C1f 

HOS-10-3-50 414500 0 71 348 85 384 1036800 C1f 

HOS-10-3-51 409300 0 123 263 0 282 1023300 C1f 
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HOS-10-3-52 390100 206 1888 640 823 300 982900 C1f 

HOS-10-3-54 395700 0 1906 381 917 351 995800 C1f 

HOS-10-3-55 402100 0 0 466 0 158 1005400 C1f 

HOS-10-3-56 412300 0 38 391 42 417 1031300 C1f 

EN-2-2-105 397700 0 68 1109 498 385 997300 C1 

EN-2-2-106 404100 0 95 472 108 433 1011200 C1 

EN-2-2-107 402000 0 216 798 59 590 1007000 C1 

EN-2-2-108 397900 0 90 1066 183 590 997400 C1 

EN-2-2-109 406200 0 149 1095 64 512 1018100 C1 

EN-2-2-110 402700 2550 106 991 168 552 1018100 C1 

EN-2-2-111 411300 98 111 1085 221 455 1031300 C1 

EN-2-2-112 404200 0 114 1005 228 415 1013000 C1 

EN-2-2-113 385500 4980 0 83 610 251 981900 C1 

EN-2-2-114 396800 317 29 236 326 433 994000 C1 

EN-2-2-115 398600 976 195 1160 398 523 1003400 C1 

HOS-9p-60-344 384720 1982 125 4174 2535 1138 999300 C2a 

HOS-9p-60-349 394661 1305 99 4617 1433 1309 981000 C2a 

HOS-9p-60-350 397393 148 110 3019 1493 1310 999100 C2a 

HOS-9n-52-364 386974 0 80 674 5895 1236 991100 C2a 

HOS-9n-52-366 396375 0 346 1031 826 1880 982200 C2a 

HOS-9n-52-367 398602 0 284 1202 466 1450 984900 C2a 

HOS-9n-52-368 395607 12 145 488 4523 1615 990900 C2a 

HOS-6n-37-399 386257 924 127 5134 1095 1170 983100 C2a 

HOS-8-44-273 391273 672 233 2329 576 1438 988400 C2a 

HOS-8-44-274 390594 385 17 815 6250 1275 993600 C2a 

HOS-8-44-275 395121 1584 52 1939 0 1395 998700 C2a 

HOS-8-44-276 387570 1535 104 7168 266 1137 990900 C2a 

HOS-8-44-278 387077 966 103 4752 264 1225 982800 C2a 

HOS-8-44-279 389931 1618 147 4266 1101 1187 992900 C2a 

HOS-8-44-280 386093 1787 0 3350 854 1193 981100 C2a 

HOS-8-44-281 393234 602 0 2491 569 1207 992500 C2a 

HOS-8-44-282 393258 645 168 444 448 1238 988600 C2a 

HOS-8-45-283 400837 718 92 454 23 1329 1006900 C2a 

HOS-8-45-284 387247 2249 0 4232 1170 1178 988100 C2a 

HOS-8-45-285 397487 154 131 780 83 1662 998000 C2a 

HOS-8-45-286 389386 151 75 2255 647 1439 981600 C2a 

HOS-8-45-287 392710 357 0 6144 21 971 996500 C2a 

HOS-8-45-288 385352 595 114 6974 231 1452 982200 C2a 

HOS-8-45-289 387575 636 4 5574 73 1233 984000 C2a 

HOS-8-45-290 391682 1501 114 970 0 1498 988100 C2a 

HOS-8-46-293 385374 492 231 4735 4326 1593 986200 C2a 

HOS-8-46-295 385299 572 166 6800 0 1194 980800 C2a 

HOS-8-47-297 386234 1458 145 4800 1909 1381 986200 C2a 

HOS-8-47-298 388443 1976 0 2651 973 995 986100 C2a 

HOS-8-48-301 394523 1263 185 3137 1103 1849 1002000 C2a 

HOS-8-48-302 385544 2990 202 4397 1623 1581 988800 C2a 

HOS-8-48-303 400536 575 114 78 324 1396 1005700 C2a 

HOS-8-48-304 394164 0 297 877 365 1758 990500 C2a 

HOS-8-49-305 387743 2657 362 4810 1201 1739 993800 C2a 

HOS-8-49-306 389755 325 0 1991 638 1325 982100 C2a 

HOS-8-49-307 388942 2213 179 4321 1377 1692 994100 C2a 

HOS-8-49-308 393118 261 286 2398 653 1794 992700 C2a 

HOS-8-50-309 391617 223 60 1094 294 1346 984000 C2a 
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HOS-8-50-310 393016 264 82 2091 578 1347 990400 C2a 

TS-2-c3-41 386100 1239 0 5168 991 346 982000 C2b 

TS-2-c3-43 393000 694 0 3877 608 313 993600 C2b 

TS-2-c3-44 389900 127 0 2736 831 431 982400 C2b 

TS-2-c3-45 398800 82 0 1086 95 184 998800 C2b 

TS-2-c3-46 389800 1430 0 5629 1064 464 993000 C2b 

TS-2-c3-49 388200 1128 0 3856 699 338 983300 C2b 

TS-2-c3-50 400200 0 0 1212 142 157 1002500 C2b 

TS-2-c3-32 403200 111 0 235 0 445 1008600 C2c 

TS-2-c3-33 401900 0 0 263 119 389 1005200 C2c 

TS-2-c3-34 399800 141 0 665 136 300 1001100 C2c 

TS-2-C3-35 405600 215 0 232 0 288 1014500 C2c 

TS-2-C3-36 402400 0 0 663 131 305 1007100 C2c 

TS-2-C3-38 397800 170 0 525 138 229 995700 C2c 

TS-2-C3-39 401300 128 0 770 152 340 1005100 C2c 

TS-2-c3-47 400800 0 0 300 16 198 1001900 C2c 

TS-2-c3-48 401600 186 0 446 12 280 1005000 C2c 

TS-2-c3-51 401700 0 0 487 233 315 1005100 C2c 

EN-2-6-137 398900 122 78 938 17 513 999700 C3a 

EN-2-6-138 403000 0 16 768 97 506 1009000 C3a 

EN-2-6-139 401800 0 73 832 50 418 1006000 C3a 

EN-2-6-140 404100 0 33 791 89 497 1011800 C3a 

EN-2-6-141 401800 0 82 1013 0 497 1006500 C3a 

EN-2-6-142 403500 0 89 733 3 474 1010200 C3a 

EN-2-6-143 400800 0 87 996 182 405 1004200 C3a 

EN-2-6-144 397500 0 87 700 87 466 995300 C3a 

EN-2-5-130 396900 0 197 1004 0 546 994600 C3a 

EN-2-5-131 402000 0 168 656 150 562 1007000 C3a 

EN-2-5-132 404900 0 144 963 93 410 1014300 C3a 

EN-2-5-134 409300 0 97 885 65 528 1025100 C3a 

EN-2-5-135 404300 0 125 1084 177 450 1013200 C3a 

EN-2-7-154 404700 0 104 1645 6 379 1014900 C3a 

EN-2-7-155 396900 0 20 641 30 581 993600 C3a 

EN-2-7-156 397000 0 80 1379 72 434 995400 C3a 

EN-2-7-157 402900 0 0 1133 81 320 1009200 C3a 

EN-2-7-158 408300 97 136 885 58 445 1023100 C3a 

EN-2-8-159 400100 0 154 1344 223 505 1003500 C3a 

EN-2-8-160 399000 0 73 1305 0 582 1000200 C3a 

EN-2-8-161 404200 0 127 1684 146 610 1014500 C3a 

EN-2-8-162 402100 0 96 1132 313 351 1008000 C3a 

EN-2-8-163 401200 0 0 2299 227 453 1007800 C3a 

EN-2-8-164 400000 0 0 1047 82 396 1001800 C3a 

EN-2-8-165 400700 0 68 1220 145 399 1004400 C3a 

EN-2-8-168 403100 0 88 994 183 597 1010300 C3a 

EN-2-10-169 402200 0 0 965 0 309 1006900 C3a 

EN-2-10-171 396200 0 88 1196 58 449 993100 C3a 

EN-2-10-172 399200 0 7 749 53 506 999500 C3a 

EN-2-10-173 400800 0 1 1521 118 500 1005100 C3a 

EN-2-10-174 404700 0 121 1775 57 376 1015300 C3a 

EN-2-3-122 404900 0 97 1304 65 400 1015000 C3a 

EN-2-3-123 409200 0 143 779 89 428 1024600 C3a 

EN-2-3-124 400100 0 47 1162 137 409 1002600 C3a 

EN-2-3-125 405000 0 143 1200 273 503 1015600 C3a 
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EN-2-3-126 402900 0 64 693 73 507 1008800 C3a 

EN-2-3-128 401400 0 34 1709 272 317 1007000 C3a 

EN-2-3-129 399700 0 123 740 0 468 1000900 C3a 

EN-2-3-116 403000 0 163 1285 34 635 1010600 C3b 

EN-2-3-117 400800 0 59 1185 635 568 1005800 C3b 

EN-2-3-118 392100 0 297 1102 6576 0 995900 C3b 

EN-2-3-119 402500 0 48 1199 115 574 1009000 C3b 

EN-2-6-145 403300 0 105 925 131 391 1010100 C3b 

EN-2-7-146 403000 0 50 1089 108 377 1009500 C3b 

EN-2-7-147 397500 0 330 6445 496 879 1009300 C3b 

EN-2-7-148 397400 0 155 1269 40 418 996100 C3b 

EN-2-7-149 410400 0 226 1299 246 562 1029600 C3b 

EN-2-7-150 396300 0 8 4954 347 432 1001600 C3b 

EN-2-7-151 405000 0 0 1578 317 417 1016100 C3b 

EN-2-7-152 406700 0 216 1786 194 641 1021400 C3b 

EN-2-7-153 404300 0 112 5312 252 521 1022400 C3b 

EN-2-8-166 404900 0 73 1041 280 485 1015000 C3b 

EN-2-8-167 403100 0 0 1943 523 392 1012400 C3b 

MTB-1b-c2-105 393200 26 0 1872 154 318 986700 C4 

MTB-1b-c2-106 397700 88 0 1967 219 330 998500 C4 

MTB-1b-c2-107 396100 0 0 1475 87 202 992800 C4 

MTB-1b-c2-108 396000 0 0 2091 182 416 994500 C4 

MTB-1b-c2-109 398000 0 0 1975 115 470 999200 C4 

MTB-1b-c2-110 400300 0 0 908 124 865 1003300 C4 

MTB-1b-c2-111 401000 0 0 802 80 546 1004100 C4 

MTB-1b-c2-112 398700 0 0 709 16 599 998100 C4 

MTB-1b-c2-113 401000 0 0 887 124 884 1005100 C4 

MTB-1b-c2-114 398600 0 0 860 65 455 998100 C4 

MTB-1b-c2-115 396100 0 0 943 45 620 992300 C4 

MTB-1b-c3-116 397500 13 0 1957 144 216 997400 C4 

MTB-1b-c3-117 397700 0 0 2107 233 273 998600 C4 

MTB-1b-c3-118 399100 0 0 1881 202 385 1001500 C4 

MTB-1b-c3-119 392900 155 0 1558 118 299 985800 C4 

MTB-1b-c3-120 400800 0 0 717 21 288 1003000 C4 

MTB-1b-c3-121 397400 0 0 1946 279 560 998000 C4 

MTB-1b-c3-122 397200 0 0 587 69 539 994200 C4 

MTB-1b-c5-123 392500 227 0 1752 129 258 985300 C4 

MTB-1b-c5-124 398500 0 0 994 54 658 998400 C4 

MTB-1b-c5-125 395100 0 0 1815 28 489 991400 C4 

MTB-1b-c5-126 401300 0 0 1075 28 530 1005400 C4 

MTB-1b-c5-127 398200 109 0 1539 0 274 998400 C4 

MTB-1b-c5-128 398900 0 0 1002 159 369 999200 C4 

MTB-1b-c5-129 395200 0 0 1338 31 245 990100 C4 

MTB-1b-c5-130 390100 45 0 1453 82 37 977700 C4 

MTB-1b-c5-131 402100 0 0 782 122 314 1006600 C4 

MTB-1b-c5-132 397300 0 0 1020 103 529 995400 C4 

MTB-1b-c5-133 392800 0 0 652 10 653 983300 C4 

MTB-1b-c5-134 400900 0 0 909 117 259 1003600 C4 

MTB-1b-c5-135 391200 56 0 2305 139 373 982900 C4 

EN-3-5-3 381300 5131 83 613 255 559 973000 C5 

EN-3-5-7 382800 3317 97 319 339 533 969900 C5 

EN-3-2-24 390800 588 90 820 1579 410 983900 C5 

EN-3-2-25 389000 1779 192 187 2475 601 984500 C5 
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EN-3-2-26 403600 235 145 1484 454 443 1013800 C5 

EN-3-4-11 380400 5026 0 3735 814 561 977900 C5 

EN-3-4-12 382900 2422 31 4569 1884 239 978400 C5 

EN-3-4-18 383600 7635 0 0 0 657 985500 C5 

EN-3-4-19 380500 8292 0 1589 223 550 983500 C5 

EN-3-4-20 378100 6062 48 5421 2228 377 982000 C5 

EN-3-3-23 403500 1970 0 3474 1311 423 1025100 C5 

EN-3-2-28 385300 9265 230 81 286 714 996900 C5 

EN-3-2-30 394200 994 126 4528 1409 420 1001300 C5 

EN-3-1-40 390500 3162 0 2085 1038 195 993000 C5 

EN-3-1-32 387800 1069 70 786 431 492 975600 C5 

EN-3-1-33 407200 0 119 961 189 411 1020300 C5 

EN-3-1-34 395900 0 107 851 1393 365 994100 C5 

EN-1-5-87 400600 0 112 874 104 411 1003400 C5 

EN-1-5-88 402700 0 191 1328 76 633 1010100 C5 

EN-1-5-91 389200 2679 0 1611 400 577 986300 C5 

TS-2-c5-20 341800 40327 0 946 1646 936 1000400 C6 

TS-2-c5-21 268600 57314 0 262 8698 787 889600 C6 

TS-2-c5-22 209200 104973 0 0 1083 1429 891100 C6 

TS-2-c5-23 270400 84993 0 160 576 1191 973600 C6 

TS-2-c5-24 370300 9174 0 4401 919 325 968100 C6 

TS-2-c5-25 323400 33072 0 2704 2482 622 934100 C6 

TS-2-c5-26 388600 761 0 3606 694 278 982500 C6 

TS-1-c5-85 320900 49777 0 0 1298 721 978000 C6 

TS-1-c1-58 237400 112418 0 41 1075 1019 986600 PC1a 

TS-1-c1-60 380500 12859 0 118 834 223 997200 PC1a 

TS-1-c1-64 336200 43256 0 61 2285 552 995500 PC1a 

TS-1-c1-66 362200 24015 0 0 836 278 990000 PC1a 

TS-1-c5-99 384900 358 0 6477 2764 298 982300 PC1a 

TS-1-c6-101 234300 113885 0 0 470 916 982600 PC1a 

TS-1-c6-102 392800 2916 0 87 446 252 992500 PC1a 

TS-1-c6-103 388000 0 0 6644 941 92 985000 PC1a 

TS-1-c6-104 395300 2600 0 89 433 195 997600 PC1a 

TS-1-c5-90 239800 114046 0 0 306 735 996200 PC1a 

TS-1-c5-91 225900 121058 0 0 91 625 985300 PC1a 

TS-1-c5-92 242300 111994 0 0 179 730 995200 PC1a 

TS-1-c5-93 228400 117914 0 48 178 1013 981600 PC1a 

TS-2-c4-3 386200 203 0 3713 4351 347 982600 PC1b 

TS-2-c4-5 384600 455 0 7766 1348 205 981400 PC1b 

TS-2-c4-6 388700 655 0 5155 898 385 986300 PC1b 

TS-2-c4-7 387300 752 0 4366 771 336 981000 PC1b 

TS-2-c4-10 391600 0 0 4757 986 187 990300 PC1b 

TS-2-c4-11 387300 152 0 5097 987 95 980500 PC1b 

TS-2-c4-13 388300 342 0 5489 846 163 984500 PC1b 

TS-2-c4-14 392000 1123 0 5548 2750 383 1000800 PC1b 

TS-1-c1-53 385100 918 0 7088 1331 238 982900 PC1b 

TS-1-c1-55 383400 492 0 7357 1402 283 977800 PC1b 

EN-1-4-79 366700 20224 212 114 593 1159 989700 C7 

EN-1-4-80 349700 39585 336 266 211 1599 1015100 C7 

EN-1-4-81 340200 35703 238 0 395 1541 977300 C7 

EN-1-4-82 382000 12986 0 0 0 0 999000 C7 

EN-1-4-83 373400 24000 14 0 491 1191 1018800 C7 

EN-1-5-92 406800 0 73 1000 89 500 1019200 C7 
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EN-1-5-93 397600 0 97 2381 148 488 999300 C7 

EN-1-1-57 382800 17810 46 0 342 779 1019900 C8 

EN-1-1-58 380600 17068 82 0 1066 762 1013400 C8 

EN-1-1-61 383500 15759 0 61 580 655 1014800 C8 

EN-1-1-62 370800 19999 141 0 744 975 998800 C8 

EN-1-1-63 383900 12510 113 108 840 1064 1006100 C8 

EN-1-1-64 370700 23823 38 0 206 348 1009400 C8 

EN-1-1-65 361700 29628 0 59 179 864 1007900 C8 

EN-1-2-72 365800 24249 0 0 76 281 998100 C8 

EN-1-2-73 379300 11338 60 162 480 901 989600 C8 

EN-1-3-74 376000 18457 108 27 315 819 1005300 C8 

EN-1-3-75 371800 20032 157 0 275 1017 1000500 C8 

EN-1-3-76 373100 19952 355 301 404 1271 1005500 C8 

EN-1-3-77 384800 14764 0 0 381 179 1013300 C8 

EN-1-4-85 374700 24602 51 0 1025 560 1024300 C8 

EN-1-4-86 382500 12637 5 0 81 504 1000000 C8 

EN-3-5-9 378200 11294 0 1573 528 782 989200 C8 

EN-3-4-13 366700 17220 119 95 277 297 977000 C8 

EN-3-4-16 371800 15225 122 49 240 511 983100 C8 

EN-3-2-29 377600 19556 258 310 284 1056 1014400 C8 

EN-3-1-41 366700 17903 101 111 520 793 980700 C8 

EN-1-5-89 360100 29213 0 0 0 1041 1002400 C8 

EN-1-5-90 366800 27758 0 0 0 1034 1013900 C8 

G-11p-22-1 371400 18200 100 0 100 6800 1002900 High-Mg calcite speleothem 

G-11p-22-2 366800 24900 400 100 200 6200 1014200 High-Mg calcite speleothem 

G-11p-22-3 372900 21800 600 200 100 5300 1017500 High-Mg calcite speleothem 

G-11p-22-4 367200 20900 400 100 0 6300 1000900 High-Mg calcite speleothem 

G-11p-22-5 372200 19800 500 100 100 6500 1010500 High-Mg calcite speleothem 

G-11p-22-6 369900 20500 500 100 100 6200 1006800 High-Mg calcite speleothem 

G-11p-22-7 375000 19700 400 0 0 5500 1015200 High-Mg calcite speleothem 

G-11p-22-8 377700 18400 200 100 100 7800 1020800 High-Mg calcite speleothem 

G-11p-22-9 366000 18400 500 0 100 5400 988400 High-Mg calcite speleothem 

G-11p-22-10 384000 10900 200 100 0 7500 1010000 High-Mg calcite speleothem 

G-11p-24-23 384400 8800 200 100 0 8100 1004500 High-Mg calcite speleothem 

G-11p-24-24 385800 12100 0 0 0 5900 1015600 High-Mg calcite speleothem 

G-11p-24-25 383600 13000 200 100 100 8600 1018300 High-Mg calcite speleothem 

G-11p-24-26 378500 14000 200 200 100 9000 1010000 High-Mg calcite speleothem 

G-11p-24-27 380500 12600 0 100 100 9000 1009700 High-Mg calcite speleothem 

G-11p-24-28 381700 14300 100 100 0 9700 1019600 High-Mg calcite speleothem 

G-11p-24-29 360400 20300 300 0 100 13800 994600 High-Mg calcite speleothem 

G-11p-27-54 396300 3500 100 0 100 2200 1005900 Calcite speleothem 

G-11p-27-55 392200 3600 200 100 100 2500 996700 Calcite speleothem 

G-11p-27-57 398700 3800 300 100 100 2600 1014400 Calcite speleothem 

G-12n-29-192 388000 6700 0 100 100 2400 996600 Calcite speleothem 

G-12n-29-189 250300 102900 500 0 0 2300 987000 Dolomite speleothem 

G-12n-29-196 236600 110600 400 0 0 3700 981800 Dolomite speleothem 

G-12n-34-228 389300 0 400 0 0 8200 987100 Aragonite speleothem 

G-12n-34-229 393200 0 200 0 0 4800 990700 Aragonite speleothem 

G-12n-34-230 395800 0 100 0 100 5500 998300 Aragonite speleothem 

G-12n-34-231 393500 0 100 0 0 7700 996100 Aragonite speleothem 

G-12n-34-232 390700 0 400 0 100 6900 988400 Aragonite speleothem 

G-12n-34-233 392600 0 500 100 0 7600 994800 Aragonite speleothem 
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Label Ca ppm Mg ppm Na ppm Mn ppm Fe ppm Sr ppm Total Description 

G-5p-4-84 309900 64300 600 0 300 3300 1004400 High-Mg rafts 

G-5p-4-85 354600 31700 1300 200 0 2200 1002800 High-Mg rafts 

G-5p-4-86 350300 29400 1000 0 100 2200 983100 High-Mg rafts 

G-5p-4-87 357200 25800 1400 100 0 2500 989100 High-Mg rafts 

G-5p-4-88 357400 29300 1100 0 0 2400 1000700 High-Mg rafts 

G-5p-4-89 310100 62900 900 0 0 2800 999500 High-Mg rafts 

G-5p-4-93 308600 63600 700 200 200 3100 998700 High-Mg rafts 

G-5p-4-94 336200 42500 600 0 0 2700 992800 High-Mg rafts 

G-5p-4-90 328900 52900 1000 200 100 2600 1011900 Pearls 

G-5p-4-91 326300 53000 1100 400 100 3100 1007300 Pearls 

G-5p-4-92 311900 61800 800 200 200 3500 1001900 Pearls 

 

 

 

 



 



Appendix 1 

143 

 

Table 3. Elemental composition of diagenetic products within the faults rocks 

developed in the Miocene conglomerates 

Label Ca ppm Mg ppm Na ppm Fe ppm Mn ppm Sr ppm Total Description 

BAD-1n-10-1 380000 3220 90 5190 10 0 971200 Non-luminescent orange bladed calcite  

BAD-1n-10-6 380400 4360 140 3030 80 0 971700 Non-luminescent orange bladed calcite  

BAD-1p-2-61 381400 6070 210 2730 10 0 979800 Non-luminescent orange bladed calcite  

BAD-1p-8-72 380500 8040 110 1760 0 0 982000 Non-luminescent orange bladed calcite  

BAD-1p-1-77 384100 4330 170 2460 40 0 979900 Non-luminescent orange bladed calcite  

BAD-1p-1-82 381300 4620 140 1940 0 0 972500 Non-luminescent orange bladed calcite  

BAD-1p-1-84 377900 6450 360 2670 0 0 972500 Non-luminescent orange bladed calcite  

BAD-1p-1-85 377700 5820 90 3110 0 0 970000 Non-luminescent orange bladed calcite  

BAD-1p-1-86 381600 5010 40 2080 10 0 974800 Non-luminescent orange bladed calcite  

BAD-7n-1-108 382900 6190 60 3610 100 0 985500 Non-luminescent orange bladed calcite  

BAD-7n-1-109 397900 4380 20 340 0 0 1009500 Non-luminescent orange bladed calcite  

BAD-7n-1-112 386700 2930 70 2350 60 0 980900 Non-luminescent orange bladed calcite  

BAD-7n-10-101 400300 1310 30 100 0 0 1004500 Non-luminescent orange bladed calcite  

BAD-7n-10-102 400400 2210 50 200 0 0 1008100 Non-luminescent orange bladed calcite  

BAD-1p-9-28 383900 10370 210 120 0 0 995400 Non-luminescent orange bladed calcite  

BAD-1p-2-58 378300 9290 200 860 70 0 979400 Non-luminescent orange bladed calcite  

BAD-11p-6-7 374241 10104 316 4781 20 1528 982900 Non-luminescent orange bladed calcite  

BAD-11p-4-18 390739 2845 209 1149 0 1372 990800 Non-luminescent orange bladed calcite  

BAD-11p-3-23 381577 10660 385 370 0 1935 994800 Non-luminescent orange bladed calcite  

BAD-11p-3-26 389411 3017 207 4023 0 1262 993900 Non-luminescent orange bladed calcite  

BAD-11p-3-27 389856 5974 229 5191 78 1497 1008300 Non-luminescent orange bladed calcite  

BAD-11p-3-29 390323 6350 758 7619 79 1415 1016800 Non-luminescent orange bladed calcite  

BAD-11p-2-35 391709 2466 168 3895 88 1421 997800 Non-luminescent orange bladed calcite  

BAD-11p-2-39 377516 9969 261 2173 25 1617 985200 Non-luminescent orange bladed calcite  

BAD-1p-17-82 399727 1844 85 0 0 1362 1007100 Non-luminescent orange bladed calcite  

BAD-1p-17-83 396414 2339 134 1311 0 1170 1003000 Non-luminescent orange bladed calcite  

BAD-11n-7-111 361634 18766 392 5127 20 1868 982900 Non-luminescent orange bladed calcite  

BAD-11n-8-116 361267 14795 590 6272 0 1407 970200 Non-luminescent orange bladed calcite  

BAD-11n-10-124 373820 8062 554 3245 0 1446 971900 Non-luminescent orange bladed calcite  

BAD-11n-10-126 392200 1430 168 3620 6 1157 994200 Non-luminescent orange bladed calcite  

BAD-11n-11-133 380436 7236 161 180 0 1358 978200 Non-luminescent orange bladed calcite  

BAD-11n-11-139 396142 5013 145 1281 0 1542 1012200 Non-luminescent orange bladed calcite  

BAD-11n-11-140 391110 4226 0 215 30 1450 994300 Non-luminescent orange bladed calcite  

BAD-11n-12-150 389348 8207 480 444 58 2015 1006300 Non-luminescent orange bladed calcite  

BAD-11p-5-9 376264 4371 199 6345 34 1477 971000 Non-luminescent orange bladed calcite  

BAD-1n-10-2 380300 5940 90 300 1590 0 974300 Luminescent orange bladed calcite  

BAD-11p-5-10 380452 5176 166 374 8691 1564 990000 Luminescent orange bladed calcite  

BAD-11p-2-32 373704 2435 101 410 12431 1513 971300 Luminescent orange bladed calcite  

BAD-11p-2-34 377240 1810 0 453 24912 1342 1003600 Luminescent orange bladed calcite  

BAD-11p-1-41 392156 997 50 175 13972 1220 1014500 Luminescent orange bladed calcite  

BAD-11p-1-42 373554 3514 10 278 25503 1270 1001100 Luminescent orange bladed calcite  

BAD-11p-1-44 390366 3408 154 892 3860 1567 999600 Luminescent orange bladed calcite  

BAD-11p-1-45 368791 4529 72 0 26870 1406 995400 Luminescent orange bladed calcite  

BAD-1p-17-86 380257 3165 91 1307 5620 1191 977200 Luminescent orange bladed calcite  

BAD-1p-17-88 379752 3246 0 684 5877 1099 975100 Luminescent orange bladed calcite  

BAD-5n-15-102 375974 4077 192 1367 13036 1296 985800 Luminescent orange bladed calcite  

BAD-11n-7-107 374824 2018 0 306 22622 1188 993000 Luminescent orange bladed calcite  

BAD-11n-9-119 364479 3540 80 1338 26400 1193 982700 Luminescent orange bladed calcite  

BAD-11n-9-120 391825 3365 4 825 16334 1377 1028400 Luminescent orange bladed calcite  

BAD-1p-21-49 372761 3366 149 1418 12444 1327 974100 White bladed calcite 

BAD-1p-21-50 393369 743 0 0 4702 1415 997100 White bladed calcite 

BAD-1p-21-52 388346 6897 386 0 28 1336 996900 White bladed calcite 

BAD-1p-18-76 378055 3319 183 0 16055 1822 992700 White bladed calcite 
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Label Ca ppm Mg ppm Na ppm Fe ppm Mn ppm Sr ppm Total Description 

BAD-1p-18-78 374328 2366 155 586 13738 1305 975500 White bladed calcite 

BAD-1p-18-79 392558 5716 95 115 9927 1330 1023600 White bladed calcite 

BAD-1p-18-80 386246 3178 50 0 15921 1723 1011900 White bladed calcite 

BAD-1p-18-81 390298 6285 314 227 260 1604 1000900 White bladed calcite 

BAD-1p-7-54 378300 1680 30 0 12620 0 976900 White bladed calcite 

BAD-1p-7-55 368500 5560 40 50 15060 0 971200 White bladed calcite 

BAD-1p-7-56 373100 4250 0 70 12560 0 972900 White bladed calcite 

BAD-5n-14-89 379608 9924 469 821 121 2333 989300 Micrite strips 

BAD-5n-14-91 369380 18331 474 275 46 2652 992200 Micrite strips 

BAD-5n-14-95 372578 12026 480 1223 0 2285 979600 Micrite strips 

BAD-5n-14-98 389653 3846 230 277 0 1631 990200 Micrite strips 

BAD-5n-14-100 376982 7954 508 2263 19 1955 978200 Micrite strips 

BAD-5n-14-92 364326 16328 1396 122 89 4056 976900 Blocky calcite in micrite strips porosity 

BAD-5n-14-93 369837 15974 924 252 0 2494 985800 Blocky calcite in micrite strips porosity 

BAD-5n-14-96 376245 11493 1007 49 72 4311 989300 Blocky calcite in micrite strips porosity 

BAD-5n-14-97 395756 2556 409 171 220 1641 1001700 Blocky calcite in micrite strips porosity 

BAD-1p-20-54 395877 6573 245 160 0 1388 1014600 Sparry calcite in porosity 

BAD-1p-20-55 387034 8014 368 69 0 1681 998100 Sparry calcite in porosity 

BAD-1p-20-56 388786 6335 202 0 25 1532 996000 Sparry calcite in porosity 

BAD-1n-10-7 379300 10350 170 110 0 0 983700 Sparry calcite in porosity 

BAD-1p-9-34 379900 7540 220 210 70 0 975800 Sparry calcite in porosity 

BAD-1p-5-41 377800 7370 340 240 190 0 970600 Sparry calcite in porosity 

BAD-1p-5-42 377400 8770 210 180 0 0 973600 Sparry calcite in porosity 

BAD-1p-8-65 389400 3340 60 100 0 0 984300 Sparry calcite in porosity 

BAD-1p-8-67 392000 4060 70 90 50 0 993500 Sparry calcite in porosity 

BAD-1p-8-68 389100 4310 100 0 0 0 986900 Sparry calcite in porosity 

BAD-1p-8-69 394900 3940 140 0 0 0 1000100 Sparry calcite in porosity 

BAD-1p-8-70 390400 3690 110 40 0 0 987900 Sparry calcite in porosity 

BAD-7n-3-113 391500 4010 10 120 0 0 991700 Sparry calcite in porosity 

BAD-7n-3-114 390300 7380 70 0 0 0 1000500 Sparry calcite in porosity 

BAD-7n-3-115 394500 3790 30 100 60 0 998700 Sparry calcite in porosity 

BAD-7n-3-116 394300 4640 60 0 20 0 1001000 Sparry calcite in porosity 

BAD-5n-11-11 391400 4100 40 30 0 0 991800 Sparry calcite in porosity 

BAD-5n-11-12 397900 4040 20 100 0 0 1007800 Sparry calcite in porosity 

BAD-5n-11-13 393900 5460 120 140 0 0 1003200 Sparry calcite in porosity 

BAD-1p-1-87 386900 6040 290 230 20 0 988400 Sparry calcite in porosity 

BAD-1p-1-88 380800 6160 280 350 60 0 973700 Sparry calcite in porosity 

BAD-1p-1-89 380700 9000 40 220 0 0 982400 Sparry calcite in porosity 

BAD-7n-4-123 397700 5560 20 40 0 0 1012600 Sparry calcite in porosity 

BAD-7n-4-124 390500 7090 140 0 0 0 1000000 Sparry calcite in porosity 

BAD-7n-4-126 394600 4780 0 40 0 0 1002100 Sparry calcite in porosity 

BAD-7n-4-127 393500 5300 0 0 0 0 1001100 Sparry calcite in porosity 

BAD-7p-8-14 385800 7550 200 60 100 0 990300 Bladed calcite  with clays in porosity 

BAD-7p-8-15 386400 5310 60 2250 10 0 988200 Bladed calcite  with clays in porosity 

BAD-7p-8-16 395700 4500 110 270 0 0 1004500 Bladed calcite  with clays in porosity 

BAD-7p-9-22 370700 8070 550 8190 10 0 972000 Bladed calcite  with clays in porosity 

BAD-7p-9-25 380400 12040 80 100 0 0 992200 Bladed calcite  with clays in porosity 

BAD-7p-9-27 379300 6500 60 5630 0 0 981500 Bladed calcite  with clays in porosity 

BAD-11p-6-1 389345 7442 382 139 41 1837 1002400 Non-luminescent microfractures 

BAD-11p-6-2 386786 9349 539 270 0 1904 1003300 Non-luminescent microfractures 

BAD-11p-6-3 385463 11474 536 284 39 2159 1007900 Non-luminescent microfractures 

BAD-11p-4-14 389555 4344 79 0 0 1292 990200 Non-luminescent microfractures 

BAD-11p-4-15 381283 11409 467 257 46 2115 997000 Non-luminescent microfractures 

BAD-11p-4-16 394722 3539 434 349 257 2559 1004500 Non-luminescent microfractures 

BAD-11p-4-17 386154 11522 379 166 207 2286 1009800 Non-luminescent microfractures 

BAD-11p-4-19 391652 7067 1819 217 0 1472 1009700 Non-luminescent microfractures 
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Label Ca ppm Mg ppm Na ppm Fe ppm Mn ppm Sr ppm Total Description 

BAD-11p-4-20 384398 8906 333 298 60 2057 995800 Non-luminescent microfractures 

BAD-11p-4-21 386432 9781 61 217 19 1582 1002200 Non-luminescent microfractures 

BAD-11p-4-22 399520 350 146 721 16 1430 1003200 Non-luminescent microfractures 

BAD-11p-3-25 373809 10801 652 185 108 2123 976600 Non-luminescent microfractures 

BAD-11p-3-28 397855 973 0 55 0 1306 999200 Non-luminescent microfractures 

BAD-11p-2-37 390110 8306 170 185 122 1811 1007100 Non-luminescent microfractures 

BAD-11p-2-38 400523 5712 173 37 102 1591 1023400 Non-luminescent microfractures 

BAD-11n-8-112 389784 9908 299 97 187 1698 1011900 Non-luminescent microfractures 

BAD-11n-8-113 399108 3627 75 0 0 1215 1011500 Non-luminescent microfractures 

BAD-11n-8-114 388555 12379 230 314 108 1877 1017800 Non-luminescent microfractures 

BAD-11n-11-127 381462 10361 250 106 7 1588 992000 Non-luminescent microfractures 

BAD-11n-11-129 396150 5173 253 74 52 1560 1010700 Non-luminescent microfractures 

BAD-11n-11-130 387536 10112 421 155 215 2378 1008600 Non-luminescent microfractures 

BAD-11n-11-131 395876 8394 355 49 180 1828 1022100 Non-luminescent microfractures 

BAD-11n-11-132 380538 10698 358 324 0 1953 992200 Non-luminescent microfractures 

BAD-11n-11-135 392465 6229 151 42 0 1410 1004500 Non-luminescent microfractures 

BAD-11n-11-136 393550 4218 79 0 0 1368 999900 Non-luminescent microfractures 

BAD-11n-11-137 397728 1707 0 157 0 1229 1001500 Non-luminescent microfractures 

BAD-11n-11-138 392748 3053 212 37 10 1832 995000 Non-luminescent microfractures 

BAD-11n-13-152 386120 8548 286 275 10 2092 998600 Non-luminescent microfractures 

BAD-11n-13-153 377718 9899 248 312 24 1998 982200 Non-luminescent microfractures 

BAD-11n-13-154 390146 9687 248 88 0 1658 1011400 Non-luminescent microfractures 

BAD-11n-13-155 384691 12650 123 183 68 1781 1008300 Non-luminescent microfractures 

BAD-11n-13-156 384617 12197 287 321 74 2210 1008000 Non-luminescent microfractures 

BAD-11n-13-157 382948 10847 188 238 22 2089 998400 Non-luminescent microfractures 

BAD-11n-13-159 390001 11728 484 229 200 1969 967700 Non-luminescent microfractures 

BAD-11n-13-160 380212 9682 500 280 0 2006 1019900 Non-luminescent microfractures 

BAD-11n-13-161 385368 6104 421 187 110 2057 988200 Non-luminescent microfractures 

BAD-1p-20-59 390838 8669 55 28 896 1313 988600 Non-luminescent microfractures 

BAD-1p-20-60 392958 9039 41 60 0 1229 1014900 Non-luminescent microfractures 

BAD-1p-19-64 399809 1955 130 62 83 1669 1008600 Non-luminescent microfractures 

BAD-1p-19-65 390560 7327 65 19 0 1289 1003100 Non-luminescent microfractures 

BAD-1p-19-66 396899 3270 79 23 0 1319 1004900 Non-luminescent microfractures 

BAD-1p-19-68 401213 3270 191 116 36 1435 1016400 Non-luminescent microfractures 

BAD-1p-19-69 391858 7152 114 201 26 1457 1006500 Non-luminescent microfractures 

BAD-1p-21-46 396088 6844 194 62 138 1630 1016500 Non-luminescent microfractures 

BAD-1p-21-48 396157 4262 423 250 114 1306 1008000 Non-luminescent microfractures 

BAD-1p-21-51 390007 7861 251 155 0 1415 1004500 Non-luminescent microfractures 

BAD-1p-20-53 389103 8698 278 88 0 1686 1005500 Non-luminescent microfractures 

BAD-1p-18-72 384764 9272 348 224 0 1474 996700 Non-luminescent microfractures 

BAD-1p-18-73 387640 8039 125 18 0 1419 998600 Non-luminescent microfractures 

BAD-1p-18-74 388751 10781 241 462 16 1515 1012300 Non-luminescent microfractures 

BAD-1p-18-75 393055 6646 271 331 82 1608 1008800 Non-luminescent microfractures 

BAD-11p-6-4 393552 2550 86 164 0 1502 994700 Non-luminescent microfractures 

BAD-11p-6-5 397896 1984 238 171 53 1556 1004100 Non-luminescent microfractures 

BAD-11p-2-30 394754 3270 134 331 92 1642 1001100 Non-luminescent microfractures 

BAD-11p-2-31 398952 1841 118 125 0 1403 1005500 Non-luminescent microfractures 

BAD-11n-12-147 380004 15631 339 125 66 1974 1007700 Non-luminescent microfractures 

BAD-1p-20-57 384077 3357 169 0 14832 1144 1004100 Luminescent  microfractures 

BAD-1p-20-58 382366 3778 89 0 17146 1270 1006200 Luminescent  microfractures 

BAD-1p-20-61 389657 2407 56 0 12683 1179 1010100 Luminescent  microfractures 

BAD-1p-20-62 380025 3969 135 0 13636 1556 994200 Luminescent  microfractures 

BAD-1p-20-63 389736 4095 73 0 9903 1478 1010800 Luminescent  microfractures 

BAD-1p-19-67 374135 3336 0 0 18488 1298 986700 Luminescent  microfractures 

BAD-1p-19-70 389588 2957 107 46 18368 1240 1024000 Luminescent  microfractures 

BAD-1p-19-71 387097 0 0 0 15064 2066 1001700 Luminescent  microfractures 

BAD-7p-8-18 397600 2890 10 0 840 0 1004700 Luminescent  microfractures 
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Label Ca ppm Mg ppm Na ppm Fe ppm Mn ppm Sr ppm Total Description 

BAD-7p-8-20 389000 2270 60 0 870 0 981300 Luminescent  microfractures 

BAD-1p-5-44 370100 5190 50 0 15530 0 974700 Luminescent  microfractures 

BAD-1p-4-45- 386400 3960 30 0 6170 0 991600 Luminescent  microfractures 

BAD-1p-4-46 394300 3730 50 120 2610 0 1003400 Luminescent  microfractures 

BAD-1p-4-47 382300 1550 50 0 7180 0 975100 Luminescent  microfractures 
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1. Introduction

Brittle fault zones are composed of a fault core and a damage zone.
The fault core, where most displacement is accommodated, is highly
deformed and it is constituted by the fault rocks, as gouges, breccias,
cataclasites and pseudotachylites, whereas the damage zone is made
up of little faults and joints, somewith cementation, affecting the host
rock or protolith (Caine et al., 1996; Labaume et al., 2004). The
circulation of fluids during extensive fracturing is shown by the
presence of minerals precipitating in veins or as cements.

Thus, fault rocks are the result, among others, of fault displacement,
different events and mechanisms of deformation and different
diagenetic processes related to different fluids that have circulated
through the faults. Therefore, the microstructural, petrographic and
geochemical study of fault rocks, together with the structural study of
faults provides an understanding of the geodynamic and hydrogeologic
evolution of the basin because faults can act successively as conduits or
barriers for fluids (Caine et al., 1996; Rowland and Sibson, 2004).

This paper deals with the temporal relationship between pedo-
genic processes and the Neogene fracturing that affects Miocene
conglomeratic deposits of the Caritg Hill (Barcelona) and the
subsequent fault rock transformation, particularly on attributes such
as chemical characteristics, reology and composition. The aims of this
paper are: 1) to characterize petrologically and geochemically the
fault rock and its diagenetic products; 2) to determine the
composition of the fluids that circulated through the faults; and, 3)
to determine the role of pedogenic processes in fault rock evolution.
2. Geological setting

The Valencia Trough is a NE–SW oriented basin generated during
the Neogene extension (late Oligocene–middle Miocene). This basin,
in the north-western Mediterranean between the Iberian Peninsula
and the Balearic Promontory, is divided into two domains: the Betic–
Balearic and the Catalan–Valencian (Bartrina et al., 1992). The Catalan
margin forms the NW limit of the basin and is characterized by a
complex system of horsts and grabens limited by listric faults striking
NE–SW and NNE–SSWwith a detachment level at 12–16 km (Gaspar-
Escribano et al., 2004). One of these grabens corresponds to the
Barcelona Plain, which is about 40 km long and 2–10 km wide. It
consists mainly of Miocene continental-transitional siliciclastic
deposits and Quaternary fluvio-deltaic deposits. To the NW, it is
bounded by the SE-dipping Collserola Fault and the Collserola Horst,
which is composed of Paleozoic materials (Fig. 1B).

The Neogene extension was divided into three stages: 1) syn-rift
(late Oligocene–early Miocene); 2) early post-rift (Burdigalian–early
Serravallian); and, 3) late post-rift (Serravallian–Pliocene) (Calvet
et al., 1996).

The three outcrops selected for this study are located on a hill
inside the city of Badalona, 8 km from Barcelona. The faults studied
affect Miocene conglomerates, probably of Langhian age (Parcerisa,
2002; Parcerisa et al., 2007), which have been interpreted as alluvial
fan deposits.

Two fault systems have been recognized in the studied outcrops.
One system has a N–S striking direction and dips 30 to 60º towards the
E–SE. The other system has a NW–SE striking direction and dips 60 to
80º towards the NE (Fig. 1B). Both systems have a fault core made of a
cohesive, red mud-to-sandymaterial with centimetric host rock clasts
and do not have a damage zone (Fig. 2).
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Fig. 1. A) Geological setting of the Barcelona Plain. B) Simplified geological map of the studied area and location of the outcrops.
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3. Methods and analytical techniques

X-ray diffraction of bulk rock and oriented aggregates have been
performed with a Bragg–Brentano PAnalytical X'Pert PRO MPD alpha
1 operating at 1.5406 , 45 kV and 40 mA.

Thin sections of host rock and fault rock have been studied using
optical and cathodoluminescence microscopes. A Technosyn Cold
Cathodoluminiscence Model 8200 MkII operating at 16–19 kV and
350 µA gun current was used. Some thin sections and chips were
examined under ESEM Quanta 200 FEI, XTE 325/D8395 scanning
electronic microscope.

After the petrographic study, some samples were selected for
elemental analyses of the carbonate cements with a CAMECA model
SX-50 microprobe. It was operated using 40 nA of current intensity
and 20 kV of excitation potential. The detection limits are 140 ppm for
Na, 544 ppm for Ca, 517 ppm for Mg, 227 ppm for Fe, 160 ppm for Mn
and 223 ppm for Sr.

Samples for carbon and oxygen stable isotopes were powdered
with a microdrill. Collected samples were reacted with phosphoric
acid at 70 ºC for two minutes in an automated Kiel Carbonate Device
attached to a Thermal Ionization Mass Spectrometer Thermo Electron
(Finnigan) MAT-252. The results are expressed in δ‰ VPDB standard.
Standard deviation is ±0.02‰ for δ13C and ±0.05‰ for δ18O.

4. Host rock petrology

The conglomerates are matrix supported and heterometric. Clasts
range from cobble to granule and occasionally some of the clasts are
up to metric size. Clasts are derived from the Paleozoic basement and
the most abundant lithologies are phyllites (45%) and quartzites



Fig. 2. Views of the outcrop showing the faults affecting the Miocene conglomerates.
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(35%) followed by knotted hornfels (10%), quartz grains derived from
quartzites and granodiorites (7%) and porphyries (3%). Clasts are
usually angular but phyllites and knotted hornfels are rounded.

The matrix is formed by red mud-to-sandy material. The sand size
includes grains of angular quartz and subrounded orthose. The
smaller matrix fraction includes quartz, potassium feldspar, illite,
chlorite, kaolinite, mixed-layer of chlorite–illite, mixed-layer of illite–
chlorite, apatite, iron oxides and titanium oxides.

The conglomerates have vug and fracture porosity. Vugs are
rounded and have a maximum diameter of 2.5 mm. Fracture porosity
is the most significant and tends to border the clasts producing an
anastomosing geometry. Porosity is open without cement.
5. Fault rock petrology

At the outcrop scale, the fault rocks form a narrow zone ranging
from 0.5 to 7 cm width and are characterized by their red color. The
petrologic study, however, has highlighted the presence of diagenetic
products that have obliterated partially or totally the original fault
rock fabric.

The preserved fault rock is formed by a red muddy matrix and
clasts ranging from less than 1 mm to 3 cm that represent about 7 to
25% of the rock volume (Fig. 3A, C, E, F). As in the Miocene
conglomerates, clasts have a wide range of lithologies with phyllites
and quartzites (approx. 43% each one) the dominant types. Other
clasts are monocrystalline and polycrystalline quartz, knotted
hornfels, orthose grains, sandstones and porphyries. As also occurs
in the host rock, clasts are mostly angular but phyllites and hornfels
are subrounded. Clasts show a random fabric.

The matrix is formed by grains smaller than 50 µm. These grains
are quartz, potassium feldspar, apatite, iron oxides (probably
goethite), titanium oxides, illite, chlorite, kaolinite, mixed-layers of
illite–chlorite and mixed-layers of chlorite–illite (Fig. 3B). The fault
rock matrix provides thinner peaks in the X-ray diffractogram of clays
in contrast to the host rock matrix indicating a higher crystallinity.
Because of the cohesiveness of the rock, in addition to the
proportion of matrix, the fault rock has been classified in the field as
a cataclasite, according to Sibson's nomenclature (Sibson, 1977).

5.1. The diagenetic products

Diagenetic processes overprint the fault rock fabric. According to
the texture and the delimitation of conspicuous domains, the main
diagenetic products are: 1) orange bladed calcite aggregates; 2) white
bladed calcite domains; 3) micrite strips; 4) calcite cement filling vug
and channel porosity; and, 5) calcite cement filling late microfrac-
tures. These diagenetic products are aligned along two main
directions in the fault rock. One direction is subparallel to the fault
plane, whereas the other forms at an angle of 30–45º relative to the
fault plane.

5.1.1. Orange bladed calcite aggregates
The orange bladed calcite shows two main types of aggregates;

spherulites and palisades, but also occasionally forms some “corn-
cob” aggregates. In the inner part of these aggregates, crystals have
bladed morphology and radial fibrous textures, whereas in the outer
part, crystals becamemore acicular (Fig. 3A, E). Crystals show fan-like
extinction with crossed-polarized light. These aggregates can be
isolated or form dense masses in the matrix constituted by the
original fault rock.

Spherulites are radial polycrystalline aggregates (Fig. 3B, C, D).
They are typically formed by crystals of different sizes giving
an asymmetric geometry. Spherulites have a maximum diameter of
2–3 mm in the NW–SE fault system and 1.5 mm in the N–S fault
system. In the latter, the orange bladed calcite is also present as
concentric spherulites formed by brown zonations in the bladed
crystals (Fig. 3D).

Palisades form 0.25–1 mm wide strips with a minimum length of
2 mm. There are two kinds of palisades. The most abundant typically
forms single thick palisade aggregates (Fig. 3E, G). The other forms a



Fig. 3.Orange bladed calcite aggregates. A) SEM photograph of the outer part of a palisade. Crystals are more acicular in the border. B) Spherulite aggregate under SEM. C) Spherulites
isolated in the matrix of the fault rock. D) Concentric spherulites formed by brown zonations in the bladed crystals. E) Single thick palisade aggregates. F) Double palisade isolated in
the matrix. G and H) Single palisade under transmitted light and cathodoluminescence microscopies. Only the nucleus of the palisade is bright orange luminescent.
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double palisade with bladed crystals growing side by side from a
central axis. This palisade describes straight and isolated strips in the
matrix (Fig. 3F).

Orange bladed calcite is non-luminescent or bright orange lumines-
cent. The former is found inall theaggregates,whereas the luminescent is
onlypresent in thenucleusof somespherulites andpalisades (Fig. 3 G,H).

5.1.2. White bladed calcite domain
The bladed calcite is translucent, has a grain size similar to the

orange bladed calcite and also has fan-like extinction. It shows a
bright orange luminescence (Fig. 4A, B) and it only constitutes
palisades, although they are less defined than the ones formed from
the orange calcite, producing a disordered appearance. This calcite
borders fragmented clasts cemented by translucent blocky dull-
orange luminescent calcite (Fig. 4C).

5.1.3. Micrite strips
This product forms very thin to 4 mm wide micrite strips with a

channel porosity in the center and micrite grains that increase their
Fig. 4. A and B) White bladed calcite domain under transmitted light and cathodoluminesc
non-luminescent blocky calcite microfractures. C) Relationship between fragmented cla
cemented by blocky calcite. E) Bladed calcite alternating with clays in a vug porosity. F) S
size from the site of the porosity towards the fault rock. Micrite strips
show irregular vuggy porosity that is partially filled by blocky calcite
(Fig. 4D). Micrite and blocky calcite are non-luminescent.

5.1.4. Calcite cement filling vug and channel porosity
Porosity constitutes 25–30% of the rock volume. Vug and channel

porosity within the fault rock can remain open or be cemented. Vugs
are irregular cavities that range from 0.3 to 2.5 mm in diameter.
Channels have a variable width between 0.1 and 0.7 mm and
generally have anastomosing arrangements. There are three types
of cements in the porosity: 1) blocky calcite; 2) rim bladed calcite;
and, 3) alternating layers of clear bladed calcite with clays (Fig. 4E). All
porosity cements are non-luminescent.

5.1.5. Calcite cement filling late microfractures
Late microfractures affect the matrix and the previously described

diagenetic products. They have rectilinear and sigmoidal morpholo-
gies which are consistent with a normal slip and follow the same
ence microscopies. Bright orange luminescent crystals of this domain are cut by later
sts and white bladed calcite domain. D) Irregular vug porosity in the micrite strips
igmoidal microfractures cutting orange bladed spherulites.
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orientations as the diagenetic products (Fig. 4F). Microfractures are
cemented by orange luminescent and non-luminescent blocky calcite.
5.2. SEM observations

Scanning electron microscopy has been performed in order to find
further clues on the origin and development of the diagenetic
products. The SEM study has revealed a dissolution front surrounding
the calcite crystals that affects the fault rock matrix (Fig. 3A). On the
other hand, it has not been observed the presence of microbial
markers such as calcite rods, spheres or filaments which could be
interpreted as bacteria or cyanobacteria (Travé, 1992; Rossi and
Cañaveras, 1999).
6. Elemental geochemistry of carbonates

Non-luminescent cements are characterized by Mg contents
between the analytical detection limit and 18,331 ppm (average
6000 ppm) and Mn contents in all cases below the analytical detection
limit (Table 1). Orange bladed calcite and the clear bladed calcite
alternating with clays have high contents of Fe, between 1310 and 18
766 ppm (average 6000 ppm) and between 4500 and 12,040 (average
7300 ppm) respectively. The remainder of the non-luminescent
cements has very low or below analytical detection level Fe. Sodium is
highly variable ranging from below analytical detection limit to
1900 ppm. Finally, Sr content is high (1500–3000 ppm).

By contrast, luminescent cements are characterized by contents of
Na below the analytical detection limit and very high levels of Mn
(Table 1). Manganese is especially abundant in orange bladed calcite
(up to 25,400 ppm), which also has Fe contents up to 1367 ppm
(average 662 ppm). The other luminescent cements have below
analytical detection limit Fe. Magnesium contents are lower than in
non-luminescent calcite but still high and do not show a clear relation
with Ca. Finally, Sr remains constant at 1300 ppm.
Table 1
Synthesis of the elemental composition of the diagenetic products (bd.l. means below the

Mg(ppm)

Non-luminescent-cements
Orange bladed calcite (n=36) Minimum 1310

Maximum 18,766
Average 6065

Micrite (n=5) Minimum 3846
Maximum 18,331
Average 10,416

Blocky calcite in micrite porosity (n=4) Minimum 2556
Maximum 16,328
Average 11,588

Blocky calcite in microfractures (n=56) Minimum bd.l.
Maximum 15,631
Average 7438

Sparry calcite in porosity (n=26) Minimum 3340
Maximum 10,350
Average 5832

Clear bladed calcite alternating with clays (n=6) Minimum 4500
Maximum 12,040
Average 7328

Luminescent cements
Orange bladed calcite (n=14) Minimum 997

Maximum 5940
Average 3375

White bladed calcite (n=11) Minimum 743
Maximum 6897
Average 3942

Blocky calcite in microfractures (n=14) Minimum bd.l.
Maximum 5190
Average 3106
7. Oxygen and carbon isotopes

Orange bladed calcite, white bladed calcite and micrite do not
show important isotopic differences and plot in the same area (Fig. 5).
The δ18O is of low variance, ranging from −4.4 to −3.9‰ VPDB, so it
has a variability of 0.5‰ VPDB. The δ13C has highly negative values
that range from −10.3 to −9.0‰ VPDB. Luminescent orange bladed
calcite has the less negative values, around −9.0‰ VPDB.

8. Discussion and interpretation

The main features of the diagenetic products affecting the fault
rocks suggest a pedogenic origin and permit speculation about the
origin of the fluids. On the other hand, overprinting relationships
between fractures and diagenetic products modify the nature of the
parent rock and therefore the preliminary classification of the fault
rock in the field as a cataclasite.

8.1. Pedogenic origin of the diagenetic products

The following features related to these diagenetic products
support our interpretation of the textures as Microcodium: 1) the
calcite mineralogy of crystals; 2) the bladed habit of calcite crystals
and their internal fibrous textures (Kabanov et al., 2008); 3) the
crystal arrangement forming spherulites, palisades and “corn-cobs”
(Lucas and Montenat, 1967; Bodergat, 1974; Klappa, 1978; Kabanov
et al., 2008; Košir, 2004); 4) the destructive and principally matrix
selective replacement of the fault rock through the dissolution front
surrounding the calcite crystals (Klappa, 1978); and, 5) the concen-
tration of replacement along discontinuity surfaces, fractures in our
case (Alonso-Zarza and Jones, 2007; Kabanov et al., 2008).

In our case, pedogenic products are only present in the faults.
Inside the fault rock, they are oriented following two main directions,
probably related to previous microfractures. However, typical Micro-
codium crystals have a rounded border and are translucent while the
detection limit).

Ca(ppm) Mn(ppm) Fc(ppm) Se(ppm) Na(ppm)

361,267 bd.l. bd.l. 1157 bd.l.
400,400 100 7619 2015 758
384,544 bd.l. 2565 1489 212
369,380 bd.l. 275 1631 230
389,653 bd.l. 2263 2652 508
377,640 bd.l. 972 2171 434
364,326 bd.l. bd.l. 1641 409
395,756 220 252 4311 1396
376,541 bd.l. bd.l. 3125 934
373,809 bd.l. bd.l. 1215 bd.l.
401,213 896 721 2559 1819
390,175 bd.l. bd.l. 1700 274
377,400 bd.l. bd.l. 1215 bd.l.
397,900 190 350 1618 368
389,246 bd.l. bd.l. 1699 bd.l.
370,700 bd.l. bd.l. – bd.l.
395,700 bd.l. 8190 – 550
383,050 bd.l. 2750 – 177

364,479 1590 bd.l. 1099 bd.l.
392,156 26,870 1367 1567 192
378,834 14,837 622 1325 bd.l.
368,500 bd.l. bd.l. 1305 bd.l.
393,369 16,055 1418 1822 386
381,442 10,301 bd.l. 1483 bd.l.
370,100 840 bd.l. 1144 bd.l.
397,600 18,488 bd.l. 2066 169
385,456 10,951 bd.l. 1404 bd.l.



Fig. 5. Stable isotope results of the main diagenetic products. For the orange calcite
luminescence, ranging from luminescent to non-luminescent cements, there are an
increase in the influence of soil-derived CO2 and a decrease of evaporation.
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crystals here are orange and seem to be formed by fibrous aggregates.
The spherulites and palisades described here are also very similar to
the pseudospherulitic fibrous calcite of Rossi and Cañaveras (1999)
who interpreted them as the calcitization of bacterial colonies. In both
cases, their cathodoluminescence behaviour shows concentric
changes but their spherulites are composed of a single crystal and
not polycrystalline aggregates.

Traditionally, the more extended interpretation of Microcodium is
of originating as the result of the calcitization of root cells, with or
without a mycorrhizal association (Calvet et al., 1975; Klappa, 1978;
Košir, 2004). However, other investigations point to an induced
mineralization driven by saprotrophic microorganisms or a microbial
association (Lucas and Montenat, 1967; Bodergat, 1974; Kabanov
et al., 2008). We are not concerned here about the origin, type or
textures of Microcodium. In this case, the low δ13C values indicate the
influence of soil-derived CO2. Thus, a pedogenic process led to the
growth of the calcite crystals that corroded the fault rock. This,
together with the lack of microbial observations during the SEM
analysis, point to processes associated with roots.

8.2. Fluids origin

Determining the fluid origin is difficult because of the complexity
of the elemental composition of diagenetic products and the δ18O
values. In the meteoric environment, where pedogenic processes take
place, local waters have a low Mg/Ca ratio, a low content of Sr and
δ18O values lower than −4‰ SMOW. Therefore, the dominant
carbonate mineral is low-Mg calcite. Then, how to explain the
presence of high-Mg calcite, high contents of Sr and high values of
δ18O in a pedogenic environment?Watts (1980) showed the presence
of high-Mg calcite, aragonite and dolomite in Quaternary calcretes
from the Kalahari (southern Africa). He explained that high-Mg calcite
and aragonite precipitate when there is a rapid evaporation and/or
CO2 loss whereas low-Mg calcite precipitates when there is a slow
evaporation and/or CO2 loss. In addition, McQueen et al. (1999)
observed a vertical and lateral evolution of the carbonate mineralogy
of regolith carbonates of southeastern Australia. They found an
increase of the Mg content with depth due to changes in pH and pCO2

during the percolation of rainwater and argued that the lateral
evolution was caused by lateral groundwater movements along the
bedrock-alluvium boundary. We did not detect any evidence of
vertical and lateral evolution from calcite to dolomite in our case. So,
to determine the origin of the fluid responsible for the calcite
precipitation, we have compared our setting with the high-Mg calcite
settings described by Watts (1980).

In case one, the calcretes described by Watts (1980) developed in
Mg-rich host materials where high-Mg calcite precipitates from
vadose waters enriched in Mg. The host rock in our study is not
sufficiently enriched in Mg to form this water composition. In
addition, for our case the fluids cannot be derived from the basement
because the faults are small and enclosed by clay rich layers and the
δ18O values do not support elevated temperatures.

In a second case study, Watts (1980) outlines the development of
calcretes in and around saline depressions where groundwaters are
enriched inMgcompared tovadosewater and carbonateprecipitation is
stimulated by CO2 loss during capillary rise. No brineswere identified in
our setting; however, the outcrops are only 1.5 km from the
Mediterranean Sea. Moreover, during the late Burdigalian, Langhian
and Serravallian, marine transgressions and highstand sea levels
extended into the study area (Cabrera and Calvet, 1996). It is therefore
possible that the groundwaters were a mixture of meteoric and marine
waters, which would be enriched in Mg and Sr. This would explain
the mineralogy and elemental composition and also the δ18O values
(James and Choquette, 1990). In addition, cathodoluminescence
would reflect the dominant water in the mixing zone, marine in
luminescent cements and meteoric in non-luminescent cements.
However, the elevated Sr contents of cements in our case suggest a
formation water composition for the fluid rather than a marine origin.

In the third case, high-Mg calcite appears in immature calcretes
developed in Mg-poor sands with a low Mg/Ca ratio of vadose waters
and carbonate precipitation occurs because of an enhanced evapora-
tion. As earlier stated, the samples in this study have δ18O ranges from
−4.4 to −3.9‰ VPDB. If we assume precipitation temperature of
25 °C, calcites would have precipitated from fluids with −2.2‰
SMOW, which marks the loss of 16O by evaporation. Moreover,
paleoclimatic conditions between the Burdigalian and Langhian were
warm, seasonal and arid tropical-subtropical with paleotemperatures
between 15.5 and 24.6 °C, even higher in the Serravallian (Cabrera
and Calvet, 1996). This paleoclimate could account for the required
evaporation. In addition, the forced crystallization of carbonates in our
study does not produce metastable thermodynamic equilibrium
between high-Mg calcite and waters, so partition coefficients cannot
be applied (Watts, 1980; Tucker and Wright, 1990). Finally,
cathodoluminescence changes are probably related to oscillations of
the water table that generate Eh-pH variations during the develop-
ment of the diagenetic products. However, high-Mg calcite in this
context was only formed as anhedral micrite. Although this third case
is consistent with the observations in this study, we suggest that biota
plays an important role and, together with evaporation, induces high-
Mg calcite precipitation from a meteoric fluid. The δ13C values lower
than−9‰ VPDB support this theory. The luminescent calcite, the first
precipitate, is always low-Mg calcite and non-luminescent calcite can
be of low-Mg calcite or high-Mg calcite. The mineralogical change is
caused by an initial increase of temperature, followed by an increase
of CO3

2− supply rate. The CO3
2− is the result of increased CO2

generation by plant respiration and the decomposition of organic
acid anions exuded by the roots (Manning, 2008). Luminescent
cements precipitated from meteoric water that increased its Mg/Ca
ratio because of evaporation but still precipitated low-Mg calcite
(Fig. 6). As vegetation or microorganisms matured, the rate of CO3

2−

supply increased. This would have caused the change from low-Mg
bladed calcite precipitation to high-Mg bladed calcite and to acicular
aragonite precipitation (Tucker and Wright, 1990) and would explain
why crystals pass from bladed to an aggregate of fibres (Fig. 6). During
this last period, evaporation decreased. The change of evaporation
conditions and the influence of soil are marked by δ18O and δ13C,
respectively. Looking at the isotopes of orange bladed calcites, it is
observed that the luminescent nucleus, the first to precipitate, has



Fig. 6. Factors controlling the precipitation of the pedogenic products. 1) Evaporation
increases the Mg/Ca ratio but still low-Mg calcite precipitates. 2) Biota activity become
more important and increases the rate of CO3

2− supply. This increase causes the change
from low-Mg bladed calcite to high-Mg bladed calcite and to acicular aragonite
precipitation. This explains the morphology zonations of the orange calcite aggregates
(modified from Tucker and Wright, 1990).
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more enriched δ18O and δ13C values than non-luminescent calcites
(Fig. 5). This change of evaporation implies a decrease of temperature
that could be related to climatic or even seasonal fluctuations.

However, another hypothesis about calcite mineralogy is possible:
a neomorphism process that begins in the nucleus of the agreggates
and spreads towards the outer part. The reason is that the calcite of
the nucleus is more metastable because: 1) It is the first to precipitate
and 2) the organic matter of the nucleus is also the first to decompose.
This process of neomorphism is similar to that described in calcareous
red algae (Calvet, 1979). This explanation is supported by a limit
between both cements and because luminescent cements show a less
preserved morphology. Up to now, we do not have arguments to
accept or reject one or another hypothesis about the initial
mineralogy of the nucleus.
8.3. Implications of pedogenic processes in understanding fault and fault
rock evolution

The presence of pedogenic products is important in understanding
the fault and fault rock evolution. They constrain the fault age, the
formation conditions and the fault rock classification.

We can limit the formation of the fault and the pedogenic
processes to the Miocene extension because: 1) faults affect Miocene
conglomerates; 2) pedogenic products follow two main orientations
which were probably previous microfractures of the fault rock; 3)
pedogenic products are also affected by microfractures with the same
orientations; and, 4) restitution of microfractures show normal slip.

In addition, pedogenesis develops in surface conditions, typically
within the uppermost 10 m, and here the pedogenic products are
affected by microfractures associated with fault displacement. This
indicates a shallow burial depth of the fault and a meteoric diagenetic
environment during fault evolution.

Finally, the fault rock, because of its cohesive appearance in the
outcrop and the volume of clasts, was preliminary classified as a
cataclasite (Sibson, 1977). However, the petrologic study has revealed
that cohesiveness was given by the pedogenic products. The original
fault rock was uncohesive, and therefore, it was probably a gouge,
which forms in shallower conditions than cataclasites.

The change in fault rock properties implies a change in fault
permeability. Before the precipitation of the pedogenic products, the
narrow and poorly developed fault core was a gouge. This, together
with the absence of a damage zone, allowed a cross-fault flux between
the porous layers of the host rock. The growth of plants and
microorganisms induced the neoformation of the different pedogenic
products which reduced the effective porosity of the fault rock and its
permeability. The result was the sealing of the fault zones and the
restriction of fluid flow.
9. Conclusions

The studied normal faults affecting Miocene conglomerates of the
Caritg Hill are formed by a poorly developed fault core without a
damage zone. Fault rocks are characterized by their red colour, a clast
volume under 25% and their cohesive appearance in the outcrop. The
petrologic study of the fault rocks has highlighted the presence of
diagenetic products that have obliterated partially or totally the fault
rock fabric.

The main and most obvious diagenetic product is palisades and
spherulites of orange bladed calcite. The others are white bladed
calcite, micrite strips, porosity and microfractures. Luminescent
cements of low-Mg calcite were the first to precipitate whereas
non-luminescent low-Mg and high-Mg calcite precipitated later. Non-
luminescent cements are characterized by high contents of Mg and Sr
and the absence of Mn and only bladed calcite has Fe. In contrast,
luminescent cements have lower values of Mg and below analytically
detectable Fe and Na. Therefore, there is an incompatibility between
Fe and Mn and between Mn and Na.

Biota, together with evaporation, is considered to have induced the
precipitation of the pedogenic products from meteoric water.
Luminescent low-Mg calcite precipitated with δ18O of −3.9‰ VPDB
when evaporation increased the Mg/Ca ratio. Later, the growth of
biota in the fractures caused an increase of the CO3

2− supply rate. This
increment induced the precipitation of non-luminescent bladed
calcite and fibres of aragonite, now transformed to calcite with high
Sr content and an acicular morphology. However, a neomorphism
process from high-Mg calcite to low-Mg calcite is also taken into
account.

All these diagenetic processes have strong implications in
understanding fault and fault rock evolution. Firstly, the relationship
between pedogenic products andmicrofractures date the formation of
the faults and of the pedogenic processes to the Miocene. Secondly,
the presence of microfractures affecting the pedogenic products
indicates a shallow burial depth andmeteoric diagenetic environment
during fault evolution. Thirdly, pedogenic products are responsible for
the cohesiveness of the fault rocks, causing a change in fault rock
classification from cataclasite to gouge. This change of properties of
the fault rock had an important effect on the fault zone permeability.
The neoformation of the diagenetic products reduced the perme-
ability of the fault rock causing the sealing of the fault and forming
a barrier to fluid flow.
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Abstract 

A polyphasic tectonic-fluid system of a fault that involves crystalline and carbonate 

rocks (Hospital fault, Barcelona Plain) has been inferred from regional to thin section 

scale observations combined with geochemical analyses. Cathodoluminescence, 

microprobe analyses and stable isotopy in fracture-related cements record the 

circulation of successive alternations of hydrothermal and low-temperature meteoric 

fluids linked with three main regional tectonic events. The first event corresponds to the 

Mesozoic extension, which had two rifting stages, and it is characterized by the 

independent tectonic activity of two fault segments, namely southern and northern 

Hospital fault segments. During the Late Permian-Middle Jurassic rifting, these 

segments controlled the thickness and distribution of the Triassic sediments. Also, 

dolomitization was produced in an early stage by Triassic seawater at shallow 
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conditions. During increasing burial, formation of fractures and their dolomite-related 

cements took place. Fault activity during the Middle Jurassic-Late Cretaceous rifting 

was localized in the southern segment and it was characterized by hydrothermal brines, 

with temperatures over 180ºC, which ascended through this fault segment precipitating 

quartz, chlorite and calcite. The second event corresponds to the Paleogene compression 

(Chattian), which produced exhumation, folding and erosion, favouring the percolation 

of low temperature meteoric fluids which produced the calcitization of the dolostones 

and of the dolomite cements. The third event is linked with the Neogene extension, 

where three stages have been identified. During the syn-rift stage, the southern segment 

of the Hospital fault grew by tip propagation. In the relay zone, hydrothermal brines 

with temperature around 140ºC upflowed. During the late post-rift, the Hospital fault 

acted as a unique segment and deformation occurred at shallow conditions and under a 

low-temperature meteoric regime. Finally, and possibly during the Messinian 

compression, NW-SE strike-slip faults offset the Hospital fault to its current 

configuration. 

 

Keywords: fracture-related cements, segmented fault, crystalline basement, 

hydrothermal fluids, Barcelona Plain 

 

1. Introduction 

Fault zones play an important control in fluid flow because of their behaviour as 

conduits or barriers to fluids (Caine et al. 1996, Rowland & Sibson 2004). The 

behaviour of the fault zone is controlled by its architecture (Berg & Skar 2005) and the 

petrophysical properties of the fault rocks (porosity, permeability, cohesivity, etc.), 
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which vary spatially and temporally along the fault. The petrophysical properties can 

change due to grain comminution and mineral neoformation, processes that are in turn 

controlled by the lithology, pressure-temperature conditions and physico-chemical 

characteristics of fluids. Minerals formed during circulation of fluids coeval to 

fracturing record important information about the evolution of the fault zone 

architecture, the deformation mechanisms and the types of fluids during fault history 

(O’Kane et al. 2007, Travé et al. 2009, Breesch et al. 2009). The reactivation of faults 

can produce changes in fault behaviour and the mobilization of fluids, consequently 

controlling fluid flow and preservation of structural traps, point of high interest due to 

their relation with economic geology and petroleum geology (Zhang et al. 2009). In 

addition, most of the works that study the fault-fluid evolution within the brittle regime, 

which are focused on one lithology, normally in carbonate rocks (Labaume et al. 2004, 

Micarelli et al. 2006, Bussolotto et al. 2007, Bastesen et al. 2009, Breesch et al. 2009, 

Andre et al. 2010, Billi 2010, Baqués et al. 2010, 2012, Rodríguez-Morillas et al. 2013) 

or siliciclastic rocks (Labaume & Moretti 2001, Travé & Calvet 2001, Boles et al. 2005, 

Davatzes & Aydin 2005, Eichhubl et al. 2009, Onasch et al. 2009, Travé et al. 2009), as 

these rocks constitute most of reservoirs. However, due to the high demand of energetic 

resources, unconventional reservoirs, such as crystalline basement reservoirs, have 

increased their interest and more studies about deformation and fluids in crystalline 

rocks need to be done. Therefore a multidisciplinary study based on multiscale 

structural analysis and petrological and geochemical data of fracture-related cements 

leads to decipher the origin and the pathways of fluids. 
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The present study has been focused on unravel the successive fault-fluid systems on a 

segmented fault that grew and was reactivated by two extensional and one 

compressional event. This fault is located at the Barcelona Plain (Catalan Coastal 

Ranges) and juxtaposes Triassic carbonates and Miocence siliciclastic rocks against 

basement granodiorites. The presence of different lithologies forming the footwall and 

hanging-wall of the fault zone allows us to study the host rock influence on the 

mineralogical changes and precipitation of neoformed minerals within the fault zone 

and the effects of the fluids circulating through the faults, that is, it allows us to study 

the fault-fluid-rock interaction through time from the cover to the basement. The aims 

of this study are fourfold: 1) to characterize petrologically and geochemically the 

successive generations of fault rocks and cements along a segmented fault and its 

hanging-wall; 2) to determine the composition and origin of the fluids that circulated 

through the faults; 3) to establish the hydrogeological regimes and the fluid pathways as 

a function of the involved tectonic event; and, 4) to determine the factors that control 

fault zone heterogeneities. 

2. Geological setting 

The Barcelona Plain and its boundary faults locate within the Catalan Coastal Ranges 

(CCR). These ranges form the western margin of the Valencia Trough (fig. 1), an 

extensional basin located between the Iberian Peninsula and the Balearic Promontory. 

The CCR are the result of the superposition of three main tectonic events. During the 

Mesozoic, two rift stages related with the opening of the western Tethys and of the 

North Atlantic took place (Salas & Casas 1993, Rossi et al. 2001). The first rift stage 

lasted from Late Permian to Middle Jurassic and the second one occurred during the 
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Late Jurassic-Late Cretaceous times. The normal faults generated during this period 

were later reactivated as thrust faults during the N-S compression caused by the 

collision of the Iberian and European plates (Late Cretaceous-early Oligocene) (Bartrina 

et al. 1992). This positive inversion had a limited left-lateral motion (Ashauer & 

Teichmüller 1935, Anadón et al. 1985, Roca 1996). In the studied area, the compressive 

structures correspond to the very late compressive stage (Chattian) (Parcerisa 2002). 

During the Neogene extension (late Oligocene-middle Miocene), faults were again 

reactivated as normal faults. This late extensional process, responsible of the opening of 

the Valencia Trough, is related to the southwestward propagation of the Western 

European rift system and the Burdigalian oceanic accretion associated with the 

counterclockwise rotation of the Corsica-Sardinia block from the European margin to its 

current position (Cherchi and Montadert 1982; Roca et al. 1999). This last event of 

deformation was the responsible of the actual morphology of the Catalan Coastal 

Ranges, which is characterized by a system of horsts and grabens limited by listric 

faults striking NE-SW and NNE-SSW with a detachment level at 12-16 km (fig. 1) 

(Gaspar-Escribano et al. 2004). This structure is also offset by later faults trending NW-

SE to NNW-SSE. The tectonic evolution of the CCR during the Neogene extension is 

divided into a syn-rift stage (late Oligocene-late Burdigalian), an early post-rift stage 

(late Burdigalian-early Serravalian) and a late post-rift stage (Serravalian to Present). 

Within the post-rift, two small compressional stages have been recognised, one during 

the early post-rift (Langhian-Serravalian) and one during the late post-rift (Messinian) 

(Calvet et al. 1996; Gaspar-Escribano et al. 2004).  

Abundant springs, some of them of hot water (up to 70ºC), occur in the intersection 

between the main faults limiting the grabens and the last NW-SE faults (Fernández & 
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Banda 1989). These hot springs, which are exploited as spa since the roman times, are 

preferably located in the igneous basement, which constitutes the footwall of the faults, 

i.e. Caldes de Montbui, La Garriga, Caldes d’Estrac (fig. 1) (Albert et al. 1979, 

Carmona et al. 2000). Fault-controlled barite-fluorite-sulphur veins along the Catalan 

Coastal Ranges (Canals & Cardellach 1997, Piqué et al. 2008) have been interpreted as 

the result of two hydrothermal events: a Mesozoic (at least Jurassic) and a Neogene 

(lower Miocene) event (Cardellach et al. 2002).  

The studied area is located within the Barcelona Plain, a graben about 40 km long and 

2-10 km wide situated in the central sector of the Catalan Coastal Ranges (fig. 1 and 2). 

Its filling mainly consists of Miocene continental-transitional siliciclastic deposits and 

Quaternary fluvio-deltaic deposits. Its northern boundary is limited by the Collserola-

Montnegre Horst, which is mainly formed by Paleozoic rocks consisting of Cambro-

Ordovician shales and phyllites, Silurian black shales and phyllites, Devonian 

carbonates, Carboniferous Culm facies and late Hercynian leucogranites, tonalites and 

granodiorites (Julivert & Durán 1990). In this horst, the Mesozoic cover has been 

almost completely eroded.  

The present study concerns the NE-SW segmented fault that defines the northern 

boundary of the Barcelona Plain in its north-eastern sector, the Hospital fault. This fault 

juxtaposes Triassic rocks in the north and Miocene rocks in the south against the 

basement granodiorite and it is crosscut by an orthogonal fault system (fig. 2). 

3. Methods and analytical techniques 

Fifty-two samples were collected from the outcrops and two samples of the unaltered 

granodiorite were obtained from boreholes. Thirty of these samples are from the fault 
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core between the late Hercynian granodiorite and the Triassic rocks, twenty samples are 

from faults affecting middle Triassic dolostones and two are from the fault core between 

the Triassic and Silurian rocks. Thirty-nine thin sections were studied using optical and 

cathodoluminescence microscopes. Some of the thin sections were stained with 

Alizarine Red-S and potassium ferricyanide to distinguish calcite and dolomite and their 

ferroan equivalents (Dickson, 1966). A Technosyn Cold Cathodoluminescence Model 

8200 MkII operating at 16-19 kV and 350 µA gun current was used. Some thin sections 

were also examined under ESEM Quanta 200 FEI, XTE 325/D8395 scanning electronic 

microscope. 

X-ray diffraction of bulk rock and oriented aggregates have been performed with a 

Bragg-Brentano PAnalytical X’Pert PRO MPD alpha 1 operating at 1.5406 Å, 45 kV 

and 40 mA. 

After the petrographic study, carbon-coated thin sections were used for elemental 

analyses of carbonate cements with a CAMECA model SX-50 microprobe. It was 

operated using 15 nA of current intensity, 20 kV of acceleration voltage and a beam 

diameter of 10 µm. The detection limits are 99 ppm for Na, 312 ppm for Ca, 436 ppm 

for Mg, 149 ppm for Fe, 107 ppm for Mn and 124 ppm for Sr. The precision of major 

elements is about 0.64% (at 2σ level). 

Sixty-eight microsamples for carbon and oxygen stable isotopes were powdered with a 

microdrill. Collected samples were reacted with 100% phosphoric acid at 70º C for two 

minutes in an automated Kiel Carbonate Device attached to a Thermal Ionization Mass 

Spectrometer Thermo Electron (Finnigan) MAT-252. The results are expressed in δ‰ 

VPDB standard. Standard deviation is ±0.02‰ for δ13C and ±0.05‰ for δ18O. Cements 
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C6 and D3 could not be sampled due to the micrometric thickness of fractures and their 

spatial relationship with other carbonatic cements. 

4. Lithology and petrography of the host rocks 

The granodiorite shows a phaneritic and granular texture. The grain size is mostly about 

2-3 mm but there are feldspars around 5 mm. It is constituted by quartz, potassic 

feldspar, plagioclase and biotite (<5%). The potassic feldspar, identified as orthose, has 

perthites and is partially replaced by kaolinite. Some of them are poikilitic. The 

plagioclase shows polysynthetic twins and it is partially altered to sericite. Finally, the 

biotite has some interlayered epidote and shows a very incipient alteration to chlorite. 

Silurian rocks consist on phyllites and clay-rich black shales. Phyllites are only present 

as clasts in fault-related breccias. The Silurian black shales are constituted by 

phyllosilicates, quartz, calcite, potassic feldspar, plagioclase, jarosite (oxidation of iron 

sulfides) and hematites. Specifically, the phyllosilicates are 65% illite, 10% chlorite and 

25% illite-smectite. 

Middle Triassic rocks are represented by Muschelkalk facies M1, M2 and M3. The 

Muschelkalk facies M2 is formed by lutites and layers of sandstones. Lutites are formed 

by quartz, calcite, potassic feldspar, plagioclase and clays (65% illite, 20% illite-

smectite, 10% chlorite-smectite and 5% chlorite). The red sandstones are constituted by 

quartz, potassic feldspar, plagioclase, muscovite and biotite. Grains are 160 µm in size 

and are cemented by orange luminescent calcite. 

Muschelkalk facies M1 and M3 are formed by dolostones which consist of 2 to 50 cm 

thick beds that form NE-SW oriented folds. Four different types of dolostones have 

been identified: host rocks HR1 and HR2 in the M1 and HR3 and HR4 in the M3. HR1 
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dolostone is constituted by clear anhedral crystals about 50 µm thick and euhedral 

crystals with a cloudy nucleus and clear borders about 250 µm thick. HR1 shows a 

brown-yellowish luminescence. HR2 consists of an orange luminescent dolmicrite. HR3 

dolostone is constituted of anhedral crystals about 80 µm and euhedral crystals about 

180 µm in size with a cloudy nucleus and dull red luminescence. Ghosts of coated 

grains indicate that the replaced rock was at least locally a grainstone and that 

dolomitization was non-destructive. Finally, HR4 is formed by anhedral crystals about 

60 µm in size with a orange dull luminescence. The dolostones have δ18O values 

between -4.6 and -2.7‰ vPDB and δ13C values between +0.7 and +2.8‰ vPDB. With 

regard to their elemental geochemistry, HR3 shows higher contents in Mn and Fe and 

lower contents in Sr than the other host rocks (table 1). HR4 have contents of Na and Sr 

below the analytical detection limit. The dolostones of M1 are partially replaced by a 

clear anhedral dolomite with dull red luminescence (replacive dolomite RD1). 

Finally, the Miocene rocks are represented by matrix supported and heterometric 

conglomerates. Clasts range from cobble to granule and are mainly derived from the 

Paleozoic basement although some clasts of the Triassic rocks are identified. The most 

abundant lithologies are phyllites (40%) and quartzites (35%) followed by knotted 

hornfels (10%), quartz grains derived from quartzites and granodiorites (7%), 

porphyries (4%), granodiorite (1%), Muschelkalk (2%) and Buntsandstein (1%) clasts. 

Clasts are usually angular except phyllites and knotted hornfels which are rounded. The 

matrix is formed by red shales and silts. The sand-sized grains include angular quartz 

and subrounded orthose. The smaller matrix fraction includes quartz, potassium 

feldspar, illite, chlorite, kaolinite, mixed-layer of illite-chlorite, apatite, iron oxides and 

titanium oxides. Cretaceous clasts are absent. 



10 

 

Geofluids 

 

5. Fracture sets analysis 

Nine generations of fractures have been identified in the studied area and have been 

arranged in chronological order according to their crosscutting relationships (fig. 3). 

The first three generations have been attributed to the first tectonic event, which is 

characterized by extensional axes from ENE-WSW to WNW-ESE direction. Type 1A 

fractures have only developed in the Triassic dolostones of the hanging-wall of the 

Hospital fault and they are represented by NE-SW normal faults with dip about 49ºSE 

and by NW-SE normal faults with a certain right-lateral component with dip from 60 to 

90º to the SW and NE. Type 1B fractures are normal faults with NE-SW trending and 

dip between 24 and 67º to the SE. In the Hospital outcrop, slickenlines with 14/076 

orientation indicate a certain left-lateral motion during normal faulting. Although the 

similar orientation of 1A and 1B faults, the study of their cements demonstrated their 

activity during different stages. 

The second tectonic event shows NNE-SSW compressional axes. It is constituted by 

type 2 fractures which are reverse faults with NE-SW trend and dip towards the SE, 

which have a strong left-lateral component. This faulting episode is the responsible of 

the formation of the NE-SW oriented folds in the Muschelkalk units. Minor faults of 

this group affecting Triassic rocks of the horst reactivate previous 1A faults.  

The third tectonic event has variable extensional axes from NNW-SSE to NE-SW and 

is represented by five generations of fractures. Type 3A fractures are the most abundant 

in the Barcelona Plain. They are from NE-SW to E-W striking normal faults with a 

steep dip, mostly, to the SE. The second generation, type 3B fractures, is made of joints 

with a WNW-ESE trend and elevated dip to the NE whereas type 3C fractures are NE-

SW seams with low dip to the NW. The fourth generation, type 3D, is represented by a 
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set of mainly oriented N-S normal faults dipping from 30 to 80º to the east and barely to 

the SW and NE-SW normal faults that are the reactivation of previous 3A and 2 faults. 

Type 3E fractures are open joints with NW-SE trend and dip about 60º to the SW that 

result from the opening of previous 1A faults. Finally, type 3F strike-slip faults formed 

and offset previous type 3A main normal faults. These faults however do not crop out in 

the Barcelona Plain but are deduced from regional mapping. 

6. Fault zones: structure, microstructures and chemistry 

This section has been divided in two parts: the Hospital fault and the horst between the 

Hospital and the Badalona faults (or Hospital hanging-wall). 

6.1. The Hospital fault 

The Hospital fault is a NE-SW fault zone with increasing dip towards the northeast 

from 29 to 63ºSE. It shows in its northern ending a splay structure as a result of 

thrusting with a left lateral component and later N-S extension (fig. 2). This fault 

separates the late Hercynian granodiorite from the Triassic rocks. To describe the 

deformation along this main fault zone we have studied three outcrops settled at 

different segments of the fault. In the Hospital and Enric outcrops, the granodiorite is in 

tectonic contact with the M2 unit, whereas in the Sariol outcrop is in tectonic contact 

with the M3 unit. 

6.1.1 The Hospital outcrop 

The fault zone architecture in this segment of the Hospital fault is very complex due to 

the concentration of the three tectonic events in a reduced area (~20 m) (fig. 4A-B). The 

first tectonic event is represented by type 1B faults. One of these faults juxtaposes the 
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Middle Triassic clays and sandstones against the late Hercynian granodiorite. This 

major normal fault has low dip (about 30ºSE) and generates a core zone about 70 cm 

width (FC1) with well-defined and sharp boundaries. The core is formed by 60 cm of a 

cataclastic green material and by 10 cm of a discontinuous foliated red and black clay 

gouge (fig. 4C-D). Also compressive type 2 faults are present and develop two 

decimetric-scale duplexes in the hanging-wall that locates the Silurian phyllites on top 

of the Middle Triassic dolostones (fig. 4B). Each duplex is constituted by different 

breccias. Breccia FB2a is constituted by dolomitic clasts from the Triassic unit M3 

whereas breccia FB2b contains clasts of the Silurian phyllites. Finally, a type 3D 

extensional fault, reactivation of a previous 3A fault, settles the Miocene in contact with 

the Silurian black shales. The Silurian acts as a detachment level and accommodates all 

the deformation. In the Miocene conglomerates minor type 3D normal faults are 

present. These minor faults do not develop fault cores in this outcrop. 

The study is centred in the analysis of the fault core FC1. The cataclastic band resulting 

from granodiorite deformation shows that the type 1B fault was successively reactivated 

generating different fault rocks and cements.  

During a first stage, took place the precipitation in geodes of euhedral quartz crystals, 

up to 1 mm in size, with concentric bands of fluid inclusions, the overgrowth of albites 

and the precipitation of orthose in mode I fractures up to 50 µm wide affecting the 

feldspars. Moreover, orthose was more altered to kaolinite and albite to sericite in the 

deformed granodiorite.  

During a second stage, a dilatant random breccia was formed and cemented by five 

calcite cements C1 (fig. 5A-D). Cement C1a is constituted by twinned bright orange 

luminescent calcite filling vugs and mode I fractures (opening). Crystal size is 1-2 mm, 
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δ18O values range between -15.6 and -15.0‰ vPDB and δ13C values between -6.5 and -

6.3‰ vPDB. Cement C1b, which fills fractures in cement C1a, is only visible under the 

cathodeluminescence microscope by its dark brown luminescence. It shows high values 

of Na and Fe, averaging 5302 and 2983 ppm, respectively. Cement C1c is constituted 

by twinned sparitic brownish-orange luminescent calcite. This cement has crystals up to 

1 mm when cementing mode I fractures and mode II fractures (sliding), where it is syn-

kynematic, and crystals about 100 µm when cementing small patches of cataclasite 

inside the dilatant breccia. Cement C1d is formed by euhedric orange luminescent 

calcite crystals smaller than 50 µm that fills mode I fractures. Finally, cement C1e is 

constituted by euhedric brownish-orange luminescent calcite, 125 µm in size, that fills 

mode I fractures. The detailed elemental geochemistry of all these calcite cements is 

summarized in Table 1. 

Later, the previously formed dilatant breccia was further deformed as a slightly foliated 

cataclasite constituted by reworked clasts of both the granodioritic host rock and the 

dilatant breccia. The foliation is oblique to the main fault plane and indicates the normal 

slip of the fault (fig. 4C2). It is constituted by calcite cement C1f, iron oxides and 

chlorites (fig. 5E). The cement C1f is constituted by twinned brownish-orange 

luminescent sparitic calcite about 100 µm. δ18O and δ13C values are nearly constant 

about -16.3‰ vPDB and -6.0‰ vPDB, respectively. Unlike the previous cements, C1f 

calcite has Mn values below the detection limit and lower values of Sr, about 357 ppm 

(table 1). The iron oxides occur in the cataclasite matrix defining the foliation and also 

form envelops around the reworked clasts of the cataclasite (fig. 4C2). Chlorites are 

both detrital and neoformed as patches growing within the cataclastic matrix.  
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The red and black clay gouge has an S-C fabric consistent with a normal slip (fig. 4D). 

It is made up of quartz, calcite, potassic feldspar, plagioclase, anhydrite and clays. Clays 

constitute between 45 and 55% of the fault rock of which 65% is illite, 5% chlorite, 

20% illite-smectite and 10% chlorite-smectite. This clay composition is similar than in 

the lutites of the M2 unit, indicating that this gouge represents the deformation of the 

hanging-wall coeval to the generation of the green cataclastic band. 

During the last stage, vug porosity within the dilatant breccia and mode I fractures of 

the Triassic sandstones of the hanging-wall were cemented by cement C2a. This cement 

is constituted by anhedral calcite crystals between 100 and 500 µm in size with a zoned 

orange and brown luminescence (fig. 5B, F). It has Mn values up to 7168 ppm and Fe 

values up to 6250 ppm. The δ18O values of C2a range between -5.5 and -4.6‰ vPDB 

and the δ13C between -7.2 and -6.5‰ vPDB. 

6.1.2. The Enric outcrop 

The Hospital fault in this outcrop dips 55º towards the SE. At outcrop scale two fault 

rocks are recognised: a first generation of a 2 m thick dark green cohesive breccia with 

irregular boundaries and a later 20 cm thick greenish-yellow semicohesive gouge with 

sharp and well delimited boundaries (fig. 6A). Both fault rocks resulted from the brittle 

deformation of the granodiorite. Five sets of fractures were measured in the cohesive 

breccias (fig. 6B).  

The dark green cohesive breccia was formed from several stages of deformation. 

Deformation began with the development of a random cataclastic breccia, which 

microfractures were cemented by epidotes (clinozoisites and epidotes s.s.) and chlorites 

(fig. 7A). Some of the clasts of this breccia are of mylonite, indicating a previous 
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deformation stage within the ductile regime. Quartz and feldspar recrystallisation of the 

mylonite was mainly produced by bulging and some subgrain rotation. Affecting this 

breccia, multiepisodic pull-aparts were formed in type 1B faults of little slip. These 

pull-aparts are cemented by calcite C1 (fig. 7B). The cement is formed by anhedral to 

euhedral bright orange luminescent calcite crystals up to 30 µm in size. Geochemically, 

this cement has higher Mg content than the cements C1 of the Hospital outcrop (table 

1). It has a δ18O value of -15.1‰ vPDB and a δ13C value of -6.9‰ vPDB. 

Later, the development of pseudotachylytes took place in type 3A normal faults (fig. 

7C), which usually show bifurcations (fig. 6B). They form very thin fault veins and 

injection veins. Pseudotachylyte fault veins have a width up to 125 µm and have sharp 

and straight walls. Under transmitted light, pseudotachylytes display yellow-brownish 

colours whereas under polarised light they show a dark aphanitic matrix that contain 

subrounded clasts of quartz and feldspar. The study under the optical microscope points 

to the devitrification of the matrix. The discontinuities generated by these fault rocks 

were later profit for crack-seal veins to develop (fig. 7C). These crack-seals have 

internal shear planes and produce the reorientation in localized zones of the previously 

formed cataclastic breccia. The result is the generation of a cataclasite with foliated 

fabric marked by planes of oxides, chlorites and epidotes. The crack-seals are cemented 

by the calcite cement C3a, which is a twinned anhedral to euhedral sparry calcite, from 

micrite to 200 µm in size, with a bright orange luminescence (fig. 7C-D). It is 

characterized by δ18O values between -20.8‰ and -19.6‰ vPDB and δ13C values about 

-6.2‰ vPDB. The next stage generated the development of type 3B joints, which are 

cemented by calcite C3b. This calcite is formed by anhedral crystals up to 30 µm in size 

which bright orange luminescence increases towards the borders (fig. 7D). This increase 
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in luminescence is also reflected in the increase in Mn content, up to 6445 ppm. Its δ18O 

value is -18.4‰ vPDB and its δ13C value is -6.1‰ vPDB. Finally, 3C seams of iron 

oxides were formed. 

The greenish-yellow semicohesive gouge, generated in type 3A normal faults, is 

constituted by smectite, chlorite and illite and results from a completely comminution 

and alteration of the original granodiorite. The gouge is affected by mode I fractures 

filled by cement C4 (fig. 7E). Cement C4 consists of microsparite calcite crystals with 

bright orange luminescence that shows a δ18O value of -5.8‰ vPDB and a δ13C value of 

-7.7‰ vPDB. This cement also has Mg content up to 9265 ppm (2981 ppm in average). 

After all the mentioned deformation events a soil developed in the gouge, giving 

cohesivity to the fault rock. Two cements are recognised: cement C6 consists of micritic 

orange luminescent high-Mg calcite crystals that form nodules between 1 mm and 1 cm 

of diameter that include fragments of quartz and feldspar. Cement C7 is constituted by 

anhedral sparitic non-luminescent high-Mg calcite crystals up to 30 µm in size that 

forms a centimetric carbonate level that contains the nodules of cement C6. Crystals 

show spherulitic and “corn-cob” arrangements (fig. 7E-F). This cement has δ18O values 

between -2.9 and -2.5‰ vPDB and δ13C values between -8.5 and -8.3‰ vPDB. 

6.1.3. The Sariol outcrop 

The Hospital fault in this outcrop has an E-W striking and dips about 60ºS. Fault zone 

thickness is about 1 m thick and both footwall and hanging-wall of the Hospital fault 

have been deformed, unlike the previous outcrops (fig. 8A-B). The Triassic dolostone 

constituting the hanging-wall next to the fault zone has been completely calcitized. It 

shows orange luminescence and has δ18O values between -9.5 and -9.3‰ vPDB and 
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δ13C values between -4.8 and -4.7‰ vPDB. The first fracture generation identified in 

this outcrop are type 2 reverse faults (fig. 8B). These faults generate a random breccia 

made of angulous granodiorite fragments cemented by two generations of calcite, C2b 

and C2c (fig. 8C). Both generations are constituted by twinned calcite crystals up to 500 

µm, being C2b brighter orange luminescent than C2c (fig. 8D). C2b has higher contents 

of Mn and Fe, 3366 and 633 ppm on average, respectively than C2c, that has Mn values 

of 459 ppm in average and Fe contents below the detection limit. The high crosscutting 

relationship between both cements made impossible to pick them separately for isotopic 

analyses. The average values from both are of -5.8‰ vPDB for δ18O and -7.2‰ vPDB 

for δ13C. The second generation identified are type 3D normal faults, which produced 

cataclasites in the previous breccia and in the calcitized dolostone (fig. 8B). In the 

former, subangulous clasts, from 10 µm to 2 mm in size, are contained in a fine grained 

matrix. In this matrix, parallel planes to the fracture border are cemented by a non-

luminescent calcite-to-dolomite cement C5 (fig. 8E). The cataclasite in the calcitized 

dolostone has a heterogeneous distribution of subrounded clasts from 200 µm to 5 mm 

in size, cemented by cement C5 (fig. 8F). Fe values range from 576 to 8698 ppm. δ18O 

values range from -2.9 to -2.6‰ vPDB whereas the δ13C is about -7.6‰ vPDB. Finally, 

the Hospital fault was cemented by palisade cement PC1. This cement displays a 

laminar disposition parallel to the main fault and it is formed by submillimetric thick 

laminae (fig. 8F). The palisade is formed by bladed crystals of low magnesium calcite, 

high magnesium calcite and dolomite 200 µm long and 10 µm wide. The first laminae 

are constituted by non-luminescent dolomite and high-Mg calcite (PC1a) and the last 

laminae are orange luminescent and are constituted by low-Mg calcite (PC1b). Vug 

porosity is cemented by the first cement (PC1a) in the calcitized dolostone cataclasite 
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and by the second cement (PC1b) in the granodiorite cataclasite. PC1b has higher Mn 

and Fe contents than PC1a (table 1). The palisade cement has δ18O values between -2.7 

and -1.9‰ vPDB and δ13C values around -7.8‰ vPDB. 

6.2. The Hospital fault hanging-wall 

The horst is formed by Miocene rocks in the south and mostly Triassic rocks in the 

north (fig. 2). As shown in figure 2, the boreholes reveal a major thickness of Miocene 

rocks in the southwest than in the northeast of the studied area and the lack of Triassic 

rocks in the southeast. In this domain we have focused the study on the diagenesis of the 

Triassic dolostones and the evolution of deformation and fracture-related cements 

affecting these host rocks.  

Deformation of the Miocene conglomerates and interpretation of the diagenetic 

processes sealing the faults in these conglomerates have been already published 

(Cantarero et al. 2010). The Miocene conglomerates are affected by minor type 3D 

normal faults constituted by a poorly developed fault core (up to 7 cm width) without a 

damage zone (fig. 9A). Fault rocks are made of a red muddy material that has been 

obliterated by later diagenetic processes. The most important products are spherulites 

and palisades formed by orange bladed calcite. These crystals are non-luminescent 

although some of the spherulite nucleus are orange luminescent. Calcite ranges from 

low to high-Mg calcite. The δ18O ranges from -4.4 to -3.9‰ vPDB whereas the δ13C has 

highly negative values that range from -10.3 to -9.0‰ vPDB. Luminescent orange 

bladed calcite has the less negative values, around -9.0‰ vPDB. These products result 

from pedogenic processes similar to Microcodium. The precipitation of the calcite 

crystals was induced by evaporation from meteoric water together with biota activity 
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although a neomorphism process from high-Mg calcite to low-Mg calcite was also 

taken into account. The presence of these pedogenic products has an important effect in 

fault evolution because: 1) they date fault evolution during the Miocene extension; 2) 

the presence of microfractures affecting the pedogenic products indicates a shallow 

burial depth and meteoric diagenetic environment during fault evolution; and, 3) they 

give the cohesiveness to the fault rock causing the sealing of the fault and its behavior 

as a barrier to fluids. 

Within the Triassic rocks, different generations of fractures corresponding to three 

tectonic events have been identified. During the first tectonic event, type 1A faults 

generated cataclasites cemented by bright orange luminescent dolmicrite crystals D1 

(fig. 9B-C, 10A-B). D1 has δ18O values between -5.9 and -5.4‰ vPDB and δ13C values 

between +2.3 and +2.4‰ vPDB. Later frictional processes produced ultracataclasites 

cemented by a red luminescent dolmicrite D2 with δ18O values between -7.2 and -6.8‰ 

vPDB and δ13C values between +2.5 and +2.6‰ vPDB (fig. 10B). Dolomite D2 has 

different Fe content depending on the host rock. When precipitates in HR2 (D2a) it has 

Fe contents up to 870 ppm and an average of 440 ppm whereas when precipitates in 

HR3 (D2b) it has contents up to 7803 ppm and an average of 2813 ppm. Finally, 

dolomite cement D3 precipitated within micrometric type 1A fractures. D3 is formed by 

anhedral crystals of dolomite, about 35 µm in size, which shows a zoned orange and red 

luminescence and grows in optic continuity with the host rock (fig. 10B-C). 

Minor type 2 reverse faults, which are the reactivation of the previous type 1A faults, 

have been also identified (fig. 9D). Four generations of calcitized dolomite (from CD1 

to CD4) have been associated with these faults. CD1 to CD4 cements are constituted by 

anhedral to subhedral crystals between 170 and 250 µm in size, with some idiomorphic 
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rombohedral crystals pseudomorphs of the previous dolomite. These cements differ 

from each other in their luminescence behaviour (fig. 10C-E). CD1 shows an orange 

bright zoned luminescence, CD2 shows a concentric zonation in orange and black, CD3 

is non luminescent with a bright orange luminescent thin line and CD4 is non 

luminescent. These cements have Na, Mn and Fe contents below the detection limit and 

high contents of Sr, from 700 to 2200 ppm. It was difficult to sample these cements 

separately for isotopic analysis, and only cement CD3 could be sampled alone. 

However, the plot of all the values in a well-constrained area validates the use of all the 

data. The δ18O values range between -5.9 and -4.9‰ vPDB, with an average about -

5.3‰ vPDB whereas the δ13C values range between -7.4 and -5.4‰ vPDB, with an 

average about -6.3‰ vPDB. 

Calcitization of the host dolostone has been locally observed in small patches. Under 

cathodoluminescence the calcitized dolostone shows a bright orange thin line similar to 

cement CD3 (fig. 10F). The δ18O and δ13C values are between the host rock and the 

calcite cements signatures, -4.1‰ vPDB and -3.2‰ vPDB respectively.  

During the third tectonic event, type 3A and 3D normal faults and type 3E open joints 

were formed (fig. 9E-F). Type 3A normal faults have a much localized deformation and 

generate slickensides. 

After tectonic deformation, a karstic system was installed producing collapsed breccias 

and precipitating speleothems on the fault planes of fractures 3A and 3E (fig. 9G-H). 

Speleothems are made of calcite, aragonite, high-Mg calcite and dolomite and are 

formed by bladed and fibrous palisades, rafts or cavern pearls. These speleothems have 

high Sr contents, especially the ones formed by high-Mg calcite and aragonite, which 

can reach 7506 ppm in average and up to 13800 ppm (table 1). HMC speleothems with 
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bladed morphology have δ18O values between -5.3 and -4.7‰ vPDB and δ13C values 

between -9.8 and -8.5‰ vPDB whereas the HMC rafts have more enriched values, 

between -4.6 and -3.3‰ vPDB of δ18O and between -9.0 and -8.2‰ vPDB of δ13C. The 

dolomite speleothems have the most δ18O enriched values, about -2.6‰ vPDB, and δ13C 

values about -9.3‰ vPDB. Finally, the aragonite speleothems show δ18O values 

between -4.6 and -4.2‰ vPDB and δ13C values between -9.8 and -9.2‰ vPDB. 

7. Discussion  

7.1. Evolution of fluids and relationships with tectonic events 

The crosscutting relationships of fractures and the description of their fault rocks and 

cements presented in this paper, together with the knowledge of the sedimentology 

(Ramon & Calvet 1987, Calvet et al. 1990), diagenesis (Parcerisa 2002), petrology and 

geochemistry of veins (Cardellach et al. 2002, Solé et al. 2002, Baqués et al. 2012) and 

structural works (Bartrina et al. 1992, Roca et al. 1999) of the Vallès-Penedès basin has 

allowed reconstructing the timing and characteristics of the paleofluids linked to 

fracturing in the studied area.  

Mesozoic extension. Deposition of the Muschelkalk facies occurred in carbonate ramps 

during the Anisian (M1) and Ladinian (M3) (Calvet et al. 1990), synchronously to the 

first Mesozoic rifting event that lasted from Late Permian to Middle Jurassic (Salas & 

Casas 1993, Salas et al. 2001). Previous studies interpreted the dolomitization of M1 

facies penecontemporaneous to sedimentation (Virgili 1957). On the other hand, Ramon 

& Calvet (1987) suggested that the upper dolomitic units were of primary origin but the 

lower ones were the result of a mixed water model of dolomitization. With regard to M3 

facies, Tucker & Marshall (2004) proposed an early dolomitization from seawater and a 
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later recrystallization as the responsible of the δ18O-shift towards more depleted values. 

The δ18O and δ13C values of the M1 and M3 dolostones cropping out in the studied area 

fall within the box of the Anisian-Ladinian seawater (Veizer et al. 1999) (fig. 11). 

Moreover, HR1 and HR3 show non-destructive fabrics indicating that dolomitization 

occurred during an early event (Tucker & Marshall 2004). Both points suggest that 

dolomitization was produced by marine Triassic waters almost coevally to 

sedimentation. However, M1 facies suffered two dolomitization processes as denoted 

by the presence of the replacive dolomite RD1, which is probably related with the 

dolomitization of M3 facies. 

Also, the first dolomite cement D1 associated with fractures type 1A fall within the 

seawater values, indicating the onset of the Triassic rifting under marine conditions (fig. 

11). Dolomite cement D2, and probably also D3, associated with fractures type 1A, 

show more δ18O-depleted values but the same δ13C values than the host rocks and 

cement D1. Moreover, the elemental geochemistry of dolomite cement D2 is controlled 

by the host-rock in which is precipitating, suggesting a high fluid-rock interaction. 

These facts point to the crystallization of dolomite cements from the marine water 

during increasing burial, produced by the rifting, in a closed hydrological regime. 

The cements attributed strictly to the Hospital fault during the Mesozoic are quartz and 

later calcites C1 and chlorites in type 1B faults. This association of quartz and later 

calcite has been also described in the Montnegre Horst associated with the second 

Mesozoic rifting event (Late Jurassic-Late Cretaceous) (Cardellach et al. 2002). Calcites 

C1 show δ18O-depleted values (fig. 11) that combined with fluid inclusion data in quartz 

and calcites (Cardellach et al. 2002) points to hydrothermal fluids (180-230ºC). The 

solubility/precipitation of vein minerals is dependent on fluid temperature, pressure and 
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composition (Parry 1998). Taking into account that these rocks have not been subjected 

to important changes of pressure (Juez-Larré 2003), temperature and composition are 

the most important factors in our context. The equations of Clayton et al. (1972) and 

O’Neil et al. (1969) were applied in quartz and calcite, respectively, to establish the 

parental fluid of the hydrothermal brine. The first equation gives values of δ18Owater 

between -1.2 and +3.2‰ SMOW indicating that the brine had a marine origin, as it was 

already postulated by Cardellach et al. (2002). However the equation of O’Neil et al. 

(1969) indicates that calcite C1 precipitated from water with δ18O values between +7 

and +10‰ SMOW. Most granitic rocks have δ18O values between +7 and +13‰ 

SMOW and δD values between -85 and -50‰ SMOW (Taylor 1977). Isotopic studies 

of the Late Hercynian intrusive rocks of the Montnegre Horst (Catalan Coastal Ranges) 

show δ18O values up to +6.1‰ SMOW and δD values up to -35‰ SMOW suggesting 

the hydrothermal alteration of the rock by a δ18O-depleted fluid with a low water-rock 

ratio (Solé et al. 2002). The δ18O-depleted fluid could have got different origins as its 

signal has been completely buffered by the granitic host rock. 

Paleogene compression. Type 2 reverse faults and their related cements C2a to C2c 

and CD1 to CD4 are attributed to this period. These cements show δ18O and δ13C values 

ranging from -5.9 to -4.6‰ VPDB and -7.4 to -5.4‰ VPDB, respectively, coinciding 

with the values of the calcites defined by Parcerisa (2002) affecting the Oligocene rocks 

of the horst (fig. 11), which were attributed to the last compressional stage that occurred 

during the Chattian. The isotopic signal indicates their meteoric origin. The δ18O and 

δ13C values of the calcitized dolostone, from -9.5 to -4.1‰ VPDB and from -4.8 to -

3.2‰ VPDB, respectively, fall between those of the Triassic dolostones (δ18O between -

4.6 and -2.7 ‰ VPDB and δ13C between +0.7 and +2.8‰ VPDB) and those of the 
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cements attributed to this period. In conclusion, the Paleogene compression is 

characterized by the opening of the hydrological system, which allows the percolation 

of meteoric fluids responsible of the calcite cements and the calcitization of the 

dolomite, which is favoured by the uplift of the horst. This conclusion is in agreement 

with the results of the work of Baqués et al. (2012) about the southwestern end of the 

Penedès fault affecting Cretaceous rocks. 

�eogene extension. Type 3 fractures have been associated with the Neogene extension 

because of the implied host rocks, their extensional character and the crosscutting 

relationships with previous fractures. Type 3A normal faults and 3B joints have been 

related to the syn-rift stage produced during the Aquitanian?- late Burdigalian. The 

development of pseudotachylytes in type 3A faults indicates the seismic activity of 

some fault segments at the onset of the Neogene extension at about 2.3 km depth 

(maximum depth conditions according to Juez-Larré (2003)). Later calcites associated 

with these fractures (C3a and C3b, respectively) show δ18O-depleted values (fig. 11) 

similar to the ones reported by Cardellach et al. (2002) and Travé & Calvet (2001), both 

attributing these values to the Neogene syn-rift. Temperatures of these calcites obtained 

from fluid inclusion data by Cardellach et al. (2002) range between 130 and 150ºC. 

Taking into account these temperatures, a surface paleotemperature of 20ºC and the 

depth conditions during the syn-rift, the calculated geothermal gradient ranges between 

47-56ºC/km, higher than the estimated geothermal gradient during the Neogene 

(30ºC/km according to Juez-Larré (2003)), indicating the hydrothermal character of the 

fluids. With regard to their origin, applying the equation of O’Neil et al. (1969) results 

of δ18O of the waters between -0.9 and +1.5‰ SMOW are obtained what would imply a 

seawater source. Although sedimentation from Chattian to late Miocene has been 
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dominated by alluvial fans, during the late Burdigalian shore environments existed in 

the area (Parcerisa 2002; Riba & Colombo 2009 and references therein). Thus, waters 

responsible of the precipitation of calcites C3a and C3b during the syn-rift were 

topographically-driven meteoric waters, warmed at depth and buffered by the host 

granodiorites, and mixed with marine waters during their upflow. Moreover, these 

waters were partially yielding to such a positive values. This significant water-rock 

interaction is also recorded by the low δ13C values of these calcites, which are probably 

due to the influence of organic matter. The most probable source for the low δ13C is the 

Silurian black shales that crop out in the area, with TOC content between 3 and 8.6%. 

The same phenomenon is recorded in the Mesozoic calcites. 

Type 3C seams have been related to a small compression event that took place during 

the early post-rift (late Langhian to Serravalian) by comparison with similar type and 

orientation of fractures in the neighbour Penedès graben (Baqués et al. 2012). 

Finally, type 3D normal faults, type 3E open joints and later speleothem and soil 

development formed during the late post-rift (Serravalian to recent). Their related low-

Mg calcite, high-Mg calcite, dolomite and aragonite cements are characterized by an 

important increase of the Mg content (from calcite to dolomite) and  they are 

significantly more enriched in the δ18O content and depleted in the δ13C content than the 

previous cements (fig. 11). Therefore, these geochemical characteristics indicate again 

the opening of the system and the percolation of meteoric waters with a strong influence 

of soil-derived CO2. In consequence, during this last stage of the Neogene extension, 

fault activity occurred under subaerial conditions. Also the palisade cement PC1 with 

morphology and mineralogy indicating their formation in the vadose zone, with 

fluctuating water conditions, supports this hypothesis. With regard to the δ18O values, 
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they are slightly enriched with respect to the common meteoric waters. Microcodium 

formed in minor faults affecting the Miocene conglomerates occurred during the 

beginning of the late post-rift in a temperate climate, explaining the enriched δ18O 

values by an evaporation effect (Cantarero et al. 2010). Calcite cement C5 and palisade 

cement PC1, probably related to the sigmoidal microfractures affecting the 

Microcodium, formed in the same context. On the opposite, speleothems affecting the 

Triassic dolostones and the soil developed within the Hospital fault in the Enric outcrop 

formed later, after the cessation of fault activity. Similar isotopic compositions to these 

features have also been described in Pleistocene speleothems in the south of the Iberian 

Peninsula and in the Mallorca Island (Jiménez de Cisneros et al. 2003, Vesica et al. 

2000) and Tertiary speleothems developed in the Ramales Platform (Basque-Cantabrian 

Basin) (Dewit et al. 2012), suggesting a widespread event in the Iberian Peninsula from 

the Tortonian to recent. These values have been interpreted as originated from meteoric 

waters in a colder period than present (Jiménez de Cisneros et al. 2003, Vesica et al. 

2000). 

7.2. The Hospital fault growth and fluid flow paths 

Fault rocks show differences on neoformed minerals between the outcrops studied in 

the Hospital fault. These mineralogical differences along the fault mark preferential 

paths for fluids in certain periods of time, probably related to the independent tectonic 

activity of fault segments or different fluid origin through time related to intermittent 

pulses of fluids.  

The independent origin and tectonic activity of the fault segments is supported by the 

differences in strike and dip between the fault segments but also by the thickness of the 
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Triassic rocks and distribution of the cements. There is a strong difference in the 

thickness of the Triassic rocks along the horst. In the south, they are almost absent 

whereas in the north they have a thickness up to 200 m (fig. 12A). In the Catalan 

Coastal Ranges, the changes in thickness within the Triassic rocks have been related to 

the influence of NE-SW and NW-SE normal faults (Calvet et al. 1990). So probably, in 

the studied sector of the Barcelona Plain, during the Triassic extension, the Hospital 

fault was formed by two fault segments that controlled the sedimentation. The southern 

segment, where the Hospital outcrop is settled, is a low-angle normal fault (<30ºSE) 

whereas the northern segment (Sariol outcrop location) has a dip around 55ºSE. This 

difference in dip control the vertical throw of the fault and could lead to a thicker 

accommodation space in the northern segment. The southern segment has low dip 

probably because: 1) it is the deep section of a listric Mesozoic fault, or 2) it is the 

rework as a normal fault of the Permian unconformity between the granodiorite and the 

Triassic rocks that crops out along the CCR. 

Cements associated with the Cretaceous rifting are only identified in the Hospital and 

Enric outcrops (southern segment), indicating a localized migration of hot fluids 

ascending through the fault during its displacement (fig. 12B). The lack of these 

cements in the north could be due to the inactivity of this segment or the erosion of the 

cements associated with this period. After these rifting events, the Paleogene 

compression, inverted the previous normal faults and produced the exhumation and 

folding of the Triassic units. In the southern segment the erosion of the Triassic rocks 

was almost complete as it is shown by the boreholes. The uplift of the Triassic rocks in 

the north favoured the percolation of meteoric fluids and the calcitization of the 

dolostones and dolomite cements (fig.12C).  
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The thickness of the Miocene rocks decreases towards the northeast (fig. 2) due to the 

differential displacement of the fault segment, indicating the presence of the fault tip in 

the area of the Enric outcrop. The fault rocks and cements attributed to the Neogene 

syn-rift (PST and calcite C3a and C3b) have only been identified in the Enric outcrop. 

This fact has been interpreted as the result of fault growth by tip propagation of the 

southern segment (fig. 12D and 13). Tip propagation produces the migration of the 

process zone to the north, which is formed by arrays of fractures constituted by fracture 

sets parallel to the southern segment and to the new fault trace that is forming between 

the two segments (fig. 13). Each slip event of the main fault involves the propagation 

and linkage of the previous arrays generating 3A microfaults. These linking structures 

have been demonstrated to develop friction melts (Swanson 1992), what would explain 

the formation of pseudotachylytes in type 3A faults in this point. Studies in seismically 

active fault systems have also shown the spatial relationship between seismicity and 

linking structures between main faults (Tavarnelli & Pasqui 2000). Following crack-

seals cemented by calcite C3a could be generated during the pre-seismic stage of a new 

earthquake (Sibson 1986). Deformation under an extensional stress regime generates 

structures in the process zone that enhance dilation and therefore permeability, 

generating zones of localized hydrothermal upflow (Rowland & Sibson 2004). 

Moreover, outflows of water following earthquakes are not an infrequent phenomenon 

(seismic pumping (Sibson et al. 1975)), which enter and cement accessible extension 

fractures such as 3B joints.  

During the late post-rift, both segments had some displacement (fig. 12E). This 

displacement was produced at shallow conditions in the presence of low-temperature 
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meteoric fluids. Finally, NW-SE strike-slip faults segmented again the fault generating 

the current disposition probably during the Messinian compression (fig. 12F). 

Large-scale horizontal fluid flow is prevented by the marked structural heterogeneities 

produced by the variations of fault zone architecture along strike.  

7.3. Origin of the hydrothermalism 

The onshore of the Catalan Coastal Ranges is characterized by the presence of hot water 

springs, up to 70ºC, mainly along the main bounding faults. And, although Miocene 

crustal thinning and Miocene and Quaternary volcanism have been reported in the area, 

this region of the Iberian Peninsula cannot be defined as a high-temperature geothermal 

province (Fernández & Banda 1989). All the studies support the origin of these springs 

as meteoric waters infiltrated through fractured elevated areas (horsts) that have been 

warmed at greater depths by a normal geothermal gradient (Fernández & Banda 1989; 

Carmona et al. 2000). This mechanism of fluid flow has been also postulated at the 

onset of the Neogene in the Penedès half-graben (Bitzer et al. 2001), where meteoric 

waters would have been topografically driven, through the fault zones, thanks to the 

elevation of the shoulders and the subsidence of the basin during the extensional event. 

In the case of the Barcelona Plain, meteoric waters were mixed with seawater due to its 

position at the shoreline. In later stages due to erosion and the consequent lose of 

topographic gradient this mechanism stops, explaining the lack of hot waters during the 

post-rift.  

Crustal thinning and geothermal gradients during the Mesozoic and the Neogene 

extension were quite similar and therefore indicating crustal thinning was neither the 

reason for Mesozoic hydrothermalism (Roca 1996; Juez-Larré 2003). Mesozoic 
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volcanism has been identified related to the first rifting in the southern Catalan Coastal 

Ranges (150 km to the south of the Barcelona Plain) and in the Iberian Chain (Ortí & 

Vaquer 1980; Mitjavila & Martí 1986). This volcanism was produced by an extended 

volcanic complex in this area (Ortí & Vaquer 1980). Also in the Iberian Chain, Albian-

Coniacian volcanism, metamorphism and Hg-Sb deposits have been related to the 

emplacement of a hot spot in the offshore opposite to San Sebastian (northern Spain) 

which would produce the emplacement of a basic pluton below the Iberian Chain and 

the extrusion of alkali basalts in the Pyrenees (Aller & Zeyen 1996; Salas et al. 2005). 

However, in the central Catalan Coastal Ranges, where this work is performed, there are 

no evidences of such magmatism. Moreover, fission-track data in this area perfectly link 

with structural and sedimentological observations and only in specific points, generally 

next to fault zones, fission-track data are reset (Juez-Larré 2003). The second Mesozoic 

rifting mostly took place under marine conditions; however, prolonged periods of 

emersion occurred during Berriasian-Barremian times (Ebro Massif), probably 

controlled by normal faulting. This emersion is shown by the presence of karstification 

and bauxite formation in Kimmeridgian rocks outcropping close to the Barcelona Plain 

(Combes 1969, Molina & Salas 1993, Salas et al. 2004). As discussed in section 7.1, 

fluids responsible of calcite C1 precipitation during the second Mesozoic rifting were 

brines highly interacted with the host rock that could have got several origins. Taking 

into account the geomorphological configuration during this period, the most plausible 

mechanism for such hydrothermal fluids was the infiltration of meteoric waters through 

the emerged areas (topography driven) that have been warmed at depth, and that during 

their upflow through the main fault mixed with marine waters expulsed from the 
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sediments by compaction. This mixing between fluids could have been the responsible 

for the oscillating cathodoluminescence behavior of cements C1. 

8. Conclusions 

The Hospital fault and its hanging-wall in the northern sector of the Barcelona Plain 

recorded three main tectonic events characterized by cements resulting from successive 

circulation of hydrothermal and low-temperature meteoric fluids. Hydrothermal fluids 

are characteristic of extensional events whereas low-temperature meteoric fluids are 

found in both extensional and compressional events. A topographically-driven fluid 

mechanism, favoured by the shoulder uplift produced during normal faulting, was the 

responsible for the hydrothermal fluids. 

During the Late Permian-Middle Jurassic rifting stage, the Hospital fault controlled the 

thickness and distribution of the Triassic sediments, having their depocentre to the 

north. Their early dolomitization produced by Triassic seawater took place at shallow 

conditions. Dolomite cements in type 1A fractures were produced by the Triassic 

seawater during increasing burial in a relatively closed hydrological regime. Fault 

activity during the second Mesozoic rifting stage (Late Jurassic-Late Cretaceous) was 

localized in the southern segment and it is represented by type 1B faults. This stage is 

characterized by hydrothermal brines of meteoric origin, with temperatures over 180ºC, 

which ascended through the southern fault segment and mixed with marine water, 

precipitating quartz, chlorite and calcite C1. 

The Paleogene compression in this area was late (Chattian) and it is marked by type 2 

fractures. The compression produced exhumation, folding and erosion of the Cretaceous 

and almost all the Triassic rocks in the south of the studied area. The uplift favoured the 
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percolation of low temperature meteoric fluids which produced the calcitization of the 

dolostones and of the dolomite cements. 

During the Aquitanian-late Burdigalian syn-rift stage, the southern segment of the 

Hospital fault grew by propagation of its northern tip. Fault growth generated minor 

type 3A and 3B fractures in the relay zone which are characterized by the formation of 

pseudotachylytes and the later precipitation of calcite C3. This calcite is the result of the 

localized upflow of hydrothermal brines with temperature about 140ºC, which are the 

result of warmed meteoric waters at depth mixed with marine waters during their 

upflow. Thus, the increase in dilatancy produced in the process zone together with a 

seismic pumping effect control the upflow during fault growth. Type 3C seams have 

been related to a small compressional stage within the early post-rift. During the late 

post-rift, the Hospital fault acted as a unique segment. Type 3D and 3E fractures were 

formed at shallow conditions and under a low-temperature meteoric regime. Later, 

possibly during the Messinian, the NW-SE strike-slip faults were formed and offset the 

Hospital fault to its current configuration.  

In conclusion, the tectonic regime, the fault zone architecture and the seismic activity 

controlled the fluid regime and the fluid flow pathways in the Barcelona Plain from 

Mesozoic to recent. 
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FIGURE CAPTIONS 

Figure 1. Schematic geological map of the Catalan Coastal Ranges with localization of 

the studied area and cross-section (Santanach et al. 2011). T: Tagamanent; MT: 

Martorell; BT: Berta Mine; CM: Caldes de Montbui; LG: La Garriga; CE: Caldes 

d’Estrac.  

Figure 2. Detailed geological map of the northern sector of the Barcelona Plain with 

outcrop and borehole locations. Schematic columns of four of the boreholes are shown. 

F.Z.: fault zone. 

Figure 3. Stereoplots of the different generations of fractures in Schmidt lower 

hemisphere projections with strain directions. The “r” marks reactivated fractures. 

Figure 4. Hospital outcrop. A) General view of the Hospital outcrop. Legend: Pink: 

granodiorite; Purple: deformation zone formed by Triassic and Silurian rocks; Yellow: 

Miocene conglomerates. Faults are in red and bedding in black. B) Enlarged area 

marked in A, where most of deformation is concentrated, and stereoplot of the sets of 

fractures. Legend: Grd: granodiorite; Si: Silurian; M1: Lower Muschelkalk dolostones; 

M2: Middle Muschelkalk clays and sandstones; M3: Upper Muschelkalk dolostones; 

Mi: Miocene conglomerates; FC1: fault core 1; FB2a: fault breccias with carbonate 

clasts; FB2b: fault breccias with phyllite clasts. C) Photograph of the cataclastic green 

band of the fault core FC1. Observe the different degrees of comminution: C1) Thin 

section of the breccia. C2) Thin section of the slightly foliated cataclasite. D) Foliated 

red and black gouge of the fault core FC1.  
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Figure 5. Microphotographs of the minerals cementing the Hospital fault rocks in the 

Hospital outcrop. A-B) Plane polarized light and cathodoluminescence images of calcite 

cements C1a,b,c and later C2a. C) Cathodoluminescence of calcite cements C1c, which 

cements patchy cataclasites, and C1d. D) Image of cathodoluminescence of calcites C1d 

and C1e. E) Plane polarized light image of the cataclasite. Observe the three neoformed 

minerals linked to this fault rock: chlorite, calcite C1f and iron oxides. F) Vug porosity 

infilled by the zoned cement C2a in the cataclastic band (cathodoluminescence). 

Figure 6. Enric outcrop. A) Poorly outcropping of the Hospital fault in the Enric outcrop 

and hand samples of the cohesive breccia and semicohesive gouge. Each bar 

subdivision is 1 cm. B) Synthetic cross-section of the fault zone, with sample location 

and projection of the identified sets of fractures. 

Figure 7. Microphotographs of the minerals cementing the Hospital fault rocks in the 

Enric outcrop. A) Random breccia cemented by epidotes (plane polarized light). B) 

Multiepisodic pull-apart cemented by calcite C1 (plane polarized light). C) Type 3A 

microfault formed by pseudotachylyte (PST) and later calcite cement C3a, which is 

crosscut by a type 3B open joint cemented by calcite C3b (plane polarized light). D) 

Cathodoluminescence image of cements C3a and C3b. E) Semicohesive breccia with 

fractures cemented by calcite C4. Calcite cement C7 partially replaces calcite C4 during 

soil development (plane polarized light). F) Corn-cob aggregate formed by calcite C7 

interpreted as a soil developed in the semicohesive gouge (plane polarized light). 

Figure 8. Sariol outcrop. A) View of the Hospital fault from the Sariol outcrop to the 

southwest. B) Synthetic sketch of the fault zone at the Sariol outcrop and stereoplot of 

the sets of fractures. Red faults are type 2 faults reactivated during development of type 
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3D faults (in black). C) Thin section of fault rocks developed within the granodiorite. 

D) Random breccia cemented by the two generations of calcite cement C2b and C2c 

(cathodoluminescence image). E) Cataclasite developed in the granodiorite cemented by 

non-luminescent calcite-dolomite cement C5 (cross polarized light). F) Cataclasite in 

the calcitized dolostone cemented by calcite-dolomite cement C5 and succession of 

palisades PC1 (plane polarized light).  

Figure 9. Fractures of the hanging-wall. A) Type 3D faults affecting the Miocene 

conglomerates. B) Type 1A normal fault affecting carbonates of the M3 facies. C) 

Cataclasite formed in the footwall of type 1A faults. D) Microfault of type 2 within M1 

facies. E) Type 3A normal fault in M1 facies characterized by its undulating plane. F) 

Type 3E open joint in M1 facies filled by clays of the M2. G) Karstic breccias on a fault 

plane. H) Speleothem covering one of the walls of a type 3E joint. 

Figure 10. Microphotographs of the minerals cementing minor fractures within Triassic 

dolostones of the Hospital hanging-wall. A) Cataclasite cemented by dolomite cement 

D1 developed in type 1A faults. Observe the red dull replacive dolomite within the 

clasts (cathodoluminescence). B) Cataclasite and later ultracataclasite cemented by 

dolomite cements D1 and D2 respectively. Also, later fractures cemented by dolomite 

cement D3 are observed (cathodoluminescence). C) Dolomite cement D3 and later 

calcitized dolomite CD4 (cathodoluminescence). D) Cathodoluminescence image of 

calcitized dolomite cements CD1 and CD2. E) Cathodoluminescence image of 

calcitized dolomite cement CD3. F) Patch of calcitized dolostone with the same 

cathodoluminescence behaviour than the CD3 cement. 
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Figure 11. δ18O versus δ13C plot of the different carbonate cements and host rocks. The 

asterisk marks the values of the calcites of Parcerisa (2002). Anisian-Ladinian seawater 

values are according to Veizer et al. (1999). 

Figure 12. Structural evolution of the basin and distribution and evolution of fluids 

through time in the northern sector of the Barcelona Plain from Late Permian to Recent. 

A) Deposition of the Triassic rocks and dolomitization during the first Mesozoic rifting 

event. B) Cretaceous rifting localized in the southern segment and circulation of 

ascending hot fluids. C) Basin inversion, folding, erosion and percolation of low-

temperature meteoric fluids that produce the calcitization of previous dolomites. D) 

Segment connection through fault growth and upflow of hot fluids in the relay area 

during the Neogene syn-rift. E) Propagation of the Hospital fault to the surface and 

percolation of low-temperature meteoric fluids. F) Generation of the NW-SE set of 

fractures that segment the Hospital fault and development of soil and speleothems. 

Figure 13. Sketch of the mechanism of fault growth by tip propagation of the southern 

segment at kilometric scale. PST is the abbreviation of pseudotachylyte. 

TABLE CAPTIONS 

Table 1. Elemental geochemistry and δ18O-δ13C composition of the carbonate cements 

and host rocks. 

 

 

 

 



46 

 

Geofluids 

 

Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 

 

 



51 

 

Geofluids 

 

Figure 6 
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Figure 7 
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Table 1 

Hospital fault  Ca  Mg  �a  Mn  Fe  Sr  δ18O   δ13C 

cements  (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (‰ VPDB)  (‰ VPDB) 

  

C1a min 391591 <d.l. <d.l. 1681 <d.l. 968 -15.6  -6.5 
(n=10) max 396633 <d.l. 241 4425 326 1342 -15.0  -6.3 
 average 393805 <d.l. <d.l. 2937 <d.l. 1218 -15.4  -6.4   
C1b min - - - - - - -  - 
(n=1) max 396148 <d.l. 5302 <d.l. 2983 1044 -  - 
 average - - - - - - -  - 
C1c min 387038 <d.l. <d.l. 190 <d.l. 293 -  - 
(n=53) max 403308 1049 366 5031 1078 1687 -  - 
 average 396219 <d.l. 131 1074 137 1340 -  - 
C1d min 386130 <d.l. <d.l. <d.l. <d.l. 1141 -  - 
(n=8) max 395492 1367 <d.l. 3537 1034 1580 -  - 
 average 391541 <d.l. <d.l. 2305 507 1410 -  - 
C1e min 391093 <d.l. <d.l. 594 <d.l. 1212 -  - 
(n=7) max 402147 2260 236 2120 734 1867 -  - 
 average 394577 <d.l. <d.l. 1308 387 1437 -  - 
C1f min 390100 <d.l. <d.l. <d.l. <d.l. 158 -16.4  -6.2 
(n=11) max 414500 <d.l. 1906 640 917 480 -16.2  -5.9 
 average 403055 <d.l. 419 <d.l. 248 357 -16.3  -6.1 
C1 min 385500 <d.l. <d.l. <d.l. <d.l. 251 -  - 
(n=11) max 411300 4980 216 1160 610 590 -  - 
 average 400636 811 107 827 260 467 -15.1  -6.9 
C2a min 384720 <d.l. <d.l. <d.l. <d.l. 971 -5.5  -7.1 
(n=47) max 400837 2990 362 7168 6250 1880 -4.6  -6.5 
 average 390998 873 <d.l. 3031 1188 1378 -5.0  -6.9 
C2b min 386100 <d.l. <d.l. 1086 <d.l. 157 -  - 
(n=7) max 400200 1430 <d.l. 5629 1064 464 -  - 
 average 392286 671 <d.l. 3366 633 319 -5.8  -7.2 
C2c min 397800 <d.l. <d.l. 232 <d.l. 198    
(n=10) max 405600 <d.l. <d.l. 770 233 445    
 average 401610 <d.l. <d.l. 459 <d.l. 309    
C3a min 396200 <d.l. <d.l. 641 <d.l. 309 -20.8  -6.2 
(n=38) max 409300 <d.l. 197 2299 313 610 -19.6  -6.1 
 average 401982 <d.l. <d.l. 1102 <d.l. 460 -20.2  -6.2 
C3b min 392100 <d.l. <d.l. 925 <d.l. <d.l. -  - 
(n=15) max 410400 <d.l. 330 6445 6576 879 -  - 
 average 402020 <d.l. 123 2161 686 486 -18.4  -6.1 
C4 min 378100 <d.l. <d.l. <d.l. <d.l. 195 -  - 
(n=20) max 407200 9265 230 5421 2475 714 -  - 
 average 390495 2981 <d.l. 1766 844 479 -5.8  -7.7 
C5 min 209200 761 <d.l. <d.l. 576 278 -2.9  -7.6 
(n=8) max 388600 104973 <d.l. 4401 8698 1429 -2.6  -7.6 
 average 311650 47549 <d.l. 1510 217 786 -2.8  -7.6 
C6 min 340200 <d.l. <d.l. <d.l. <d.l. <d.l. -  - 
(n=7) max 406800 39585 336 2381 593 1599 -  - 
 average 373771 18928 139 537 275 925 -  - 
C7 min 360100 11294 <d.l. <d.l. <d.l. 179 -2.9  -8.5 
(n=22) max 384800 29628 355 1573 1066 1271 -2.5  -8.3 
 average 374086 19127 <d.l. 130 402 750 -2.8  -8.4 
PC1a min 225900 <d.l. <d.l. <d.l. <d.l. <d.l. -2.7  -7.8 
(n=13) max 395300 121058 <d.l. 6644 2764 1019 -1.9  -7.7 
 average 311385 59794 <d.l. 1043 834 533 -2.3  -7.7 
PC1b min 383400 <d.l. <d.l. 3713 771 <d.l.     
(n=10) max 392000 1123 <d.l. 7766 4351 385    
 average 387450 509 <d.l. 5634 1567 262    
 
 
<d.l.: below the analytical detection limit 
n: number of elemental analysis spots 
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Hanging-wall  Ca  Mg  �a  Mn  Fe  Sr  δ18O   δ13C 

cements  (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (‰ VPDB)  (‰ VPDB) 

  
HR1 min 211248 128308 <d.l. <d.l. <d.l. 376 -4.6  +0.7 
(n=15) max 219995 152760 454 160 1269 700 -3.4  +2.6 
 average 216260 133803 287 <d.l. 431 556 -3.9  +1.8 
HR2 min 202598 121744 107 <d.l. <d.l. <d.l. -3.3  +0.9 
(n=22) max 222716 132719 354 188 17845 857 -2.7  +2.3 
 average 217949 129416 248 <d.l. 1686 532 -3.0  +1.6 
HR3 min 213966 104916 <d.l. <d.l. 597 271 -3.7  +2.6 
(n=21) max 245753 135569 517 960 3844 564 -3.5  +2.8 
 average 219847 126945 191 321 1472 437 -3.6  +2.7 
HR4 min 215966 126808 <d.l. <d.l. 741 <d.l. -  - 
(n=15) max 221039 131053 <d.l. 398 3164 <d.l. -  - 
 average 218155 128749 <d.l. 222 1678 <d.l. -  - 
RD1 min 216438 128123 <d.l. <d.l. <d.l. 248 -  - 
(n=15) max 222747 136806 209 205 1466 610 -  - 
 average 219484 131651 <d.l. <d.l. 557 395 -  - 
D1 min 213612 127591 <d.l. <d.l. <d.l. <d.l. -5.9  +2.3 
(n=36) max 221864 134565 470 201 1800 800 -5.4  +2.4 
 average 218295 130251 185 <d.l. 604 563 -5.6  +2.4 
D2a min 214197 123803 <d.l. <d.l. <d.l. <d.l. -7.2  +2.5 
(n=18) max 223924 131800 351 177 870 681 -6.8  +2.6 
 average 218926 128898 181 <d.l. 440 468 -7.0  +2.6 
D2b min 216494 121831 <d.l. <d.l. 424 <d.l. -  - 
(n=13) max 221205 132860 230 799 7803 555 -  - 
 average 218862 129130 118 187 2813 349 -  - 
D3 min 210900 126284 <d.l. <d.l. 400 448 -  - 
(n=23) max 224411 132600 200 200 1500 900 -  - 
 average 218303 129328 <d.l. <d.l. 878 640 -  - 
CD1 min 389200 <d.l. <d.l. <d.l. <d.l. 1300 -5.9  -7.4 
(n=15) max 395100 2300 300 400 700 2100 -4.9  -5.4 
 average 392793 1053 <d.l. 160 340 1740 -5.3  -6.3 
CD2 min 392600 700 <d.l. <d.l. <d.l. 700    
(n=14) max 404400 2900 300 200 300 2000    
 average 396757 1250 <d.l. <d.l. <d.l. 1500    
CD3 min 390000 <d.l. <d.l. <d.l. <d.l. 700    
(n=88) max 404800 1900 300 2200 1100 2200    
 average 398092 928 <d.l. <d.l. <d.l. 1417    
CD4 min 389800 600 <d.l. <d.l. <d.l. 1200    
(n=18) max 398500 2700 200 <d.l. 800 1700    
 average 394150 1139 <d.l. <d.l. 244 1444    
Calcitized min - - - - - - -9.5  -4.8 
dolostone max - - - - - - -4.1  -3.2 
 average - - - - - - -7.6  -4.2 
Dolomite min 236600 102900 400 <d.l. <d.l. 2300 -  - 
speleoth. max 250300 110600 500 <d.l. <d.l. 3700 -  - 
(n=2) average 243450 106750 450 <d.l. <d.l. 3000 -2.6  -9.3 
High-Mg min 360400 8800 <d.l. <d.l. <d.l. 5300 -5.3  -9.8 
calcite sp. max 385800 24900 600 200 <d.l. 13800 -4.7  -8.5 
(n=17) average 375176 16976 282 <d.l. <d.l. 7506 -4.9  -9.4 
Calcite min 388000 3500 <d.l. <d.l. <d.l. 2200 -  - 
speleoth. max 398700 6700 300 <d.l. <d.l. 2600 -  - 
(n=4) average 393800 4400 <d.l. <d.l. <d.l. 2425 -  - 
Aragonite min 389300 <d.l. <d.l. <d.l. <d.l. 4800 -4.6  -9.8 
speleoth. max 395800 <d.l. 500 <d.l. <d.l. 8200 -4.2  -9.2 
(n=6) average 392517 <d.l. 283 <d.l. <d.l. 6783 -4.4  -9.4 
High-Mg min 308600 25800 600 <d.l. <d.l. 2200 -4.6  -9.0 
rafts max 357400 64300 1400 200 300 3300 -3.3  -8.2 
(n=8) average 335538 43688 950 <d.l. <d.l. 2650 -3.8  -8.6 
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Abstract 13 

The neoformation of chlorite and K-white mica in fault rocks from two main faults of the central Catalan 14 

Coastal Ranges, the Vallès and the Hospital faults, has allowed us to constrain the P-T conditions during 15 

fault evolution using thermodynamic modelling. Crystallization of M1 and M2 muscovite and microcline 16 

occured as result of deuteric alteration during the exhumation of the pluton (330ºC>T>370ºC) in the 17 

Permian. After that, three tectonic events have been distinguished. The first tectonic event, attributed to 18 

the Mesozoic rifting, is characterized by precipitation of M3 and M4 phengite together with chlorite and 19 

calcite C1 at temperatures between 190 and 310ºC. The second tectonic event attributed to the Paleogene 20 

compression has only been identified in the Hospital fault with precipitation of low-temperature calcite 21 

C2. The short-cut produced during inversion of the Vallès fault was probably the responsible of the lack 22 

of neoformed minerals within this fault. Finally, the third tectonic event, which is related to the Neogene 23 

extension, is characterized in the Vallès fault by a new generation of chlorite, associated to calcite C4 and 24 

laumontite, formed at temperatures between 125 and 190ºC in the absence of K-white mica. Differently, 25 

the Hospital fault was characterized by the precipitation of calcite C3 during the syn-rift stage at 26 

temperatures around 150ºC and by low-temperature fluids precipitating calcites C5, C6 and PC1during 27 

the post-rift stage. 28 

During the two extensional events (Mesozoic and Neogene), faults acted as conduits for hot fluids 29 

producing anomalous high geothermal gradients (50ºC/km minimum). 30 
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 34 

1. INTRODUCTION 35 

 36 

Chemical and isotopic compositions of minerals formed during faulting can record the origin of the fluids 37 

and the pressure and temperature (P-T) conditions of deformation regimes, essential parameters to 38 

understand fault evolution. Phyllosilicates such as chlorite and K-white mica allow to quantify the P-T 39 

conditions as their chemical composition is temperature and pressure dependent. They have been used to 40 

constrain P-T equilibrium conditions of crystallization in high-pressure low-temperature (HP-LT) and 41 

low-pressure low-temperature (LP-LT) metapelites free of minerals index of metamorphism applying 42 

thermodynamic approaches (Vidal and Parra 2000; Parra et al. 2002; Árkai et al. 2003; Vidal et al. 2006; 43 

Schwartz et al. 2009; Grosch et al. 2012; Ganne et al. 2012; Dubacq et al. 2010; Lanari et al. 2012 and 44 

references therein). Also, the same approach has been successfully used to constrain diagenetic or low-45 

grade metamorphic conditions during fault evolution (Lacroix et al. 2012). In fault zones, phyllosilicates 46 

are inherited from the host rock or formed from the alteration of primary minerals due to fluid-rock 47 

interaction (e.g. transformation of feldspar to muscovite or biotite to chlorite) (Chen et al. 2007). In 48 

granitic systems, where Mg is present (i.e. biotites), phyllosilicates such as K-white mica, chlorite and 49 

kaolinite are predicted to precipitate at low temperature (below 350ºC) due to water interaction in both 50 

rock-dominated and water-dominated systems (Wintsch et al. 1995).  51 

The present work is focused on the study of two faults where deformation is localized in the granodioritic 52 

footwall. These two faults belong to the NE-SW trending fault system that controls the Neogene horst and 53 

graben structure of the Catalan Coastal Ranges (CCR), at the NE of Spain. Some of the Neogene normal 54 

faults are the result of the negative inversion of Paleogene thrusts, which, in turn, inverted previous 55 

extensional Mesozoic faults (Santanach et al. 2011). Because of this long fault activity, a detailed study 56 

must be done in order to identify the time-relative relationships between the different tectonic events and 57 

the P-T conditions of mineral crystallization during the evolution of the fault zones. 58 

Pressure conditions were constrained during the CCR evolution by means of sedimentological, structural 59 

and fission-track studies (Anadón et al. 1979; Juez-Larré 2003; Gaspar-Escribano et al. 2004; ter Voorde 60 
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et al. 2007). These studies demonstrate that rocks outcropping nowadays were at a maximum of 3.6 km 61 

depth previous to the Paleogene compression and 2.2 km previous to the Miocene extension, yielding to 62 

maximum pressure conditions around 1 and 0.7 kbar, respectively. Temperature conditions were 63 

constrained from fluid inclusion data in fluorite-barite veins (Canals and Cardellach 1997; Cardellach et 64 

al. 2002; Tritlla and Cardellach 2003; Piqué et al. 2008). In the Central Catalan Coastal Ranges, i.e. in 65 

Berta and Rigròs mines, temperatures recorded in the Mesozoic veins range between 80 and 230ºC 66 

whereas Miocene veins formed between 100 and 150ºC (Cardellach et al. 2002; Piqué et al. 2008). 67 

Moreover, fission-track data in the CCR (Juez-Larré 2003) provided constrain on the minimum 68 

temperature during the Mesozoic and the Neogene corresponding to the closure temperature of apatites 69 

and zircons. Temperature was found to drop from T > 200°C before Mesozoic to the closure temperature 70 

of zircon during Mesozoic, and down to the closure temperature of apatite (100°C) during the Miocene. 71 

These temperatures mainly occurred in the samples localized close to the graben boundary (Juez-Larré 72 

2003), which is consistent with fluid inclusion data (Piqué et al. 2008).  73 

The above mentioned data provide a general framework, but a more detailed evolution of the P-T 74 

conditions linked to fault activities still remains to be done. In the present study, the combination of 75 

petrological observations and multi-equilibrium thermodynamic modeling using the compositions of 76 

chlorite and K-white mica allows us to reconstruct the P-T path during evolution of the two faults. The 77 

aims of this work are: 1) to characterize the different deformation phases associated to each tectonic event 78 

along a major and an intermediate fault (the Vallès and the Hospital faults, respectively) affecting the 79 

same granodioritic host rock, 2) to propose a detailed interpretation of the relationships between P-T 80 

estimates of mineral crystallization and fault evolution, and 3) to establish the factors that control the 81 

different associations of neoformed minerals. 82 

 83 

2. GEOLOGICAL SETTING 84 

 85 

The Catalan Coastal Ranges (CCR), in the NE of Spain, constitute the north-western edge of the Valencia 86 

Trough, separating the thin continental crust of this trough from the thickened crust of the Iberian 87 

Peninsula. The opening of the Valencia Trough is related to the southwestward propagation of the 88 

Western European rift system and the Burdigalian oceanic accretion associated with the southwestward 89 

drift of the Corsica-Sardinia block during the Neogene extensional event (Oligocene-middle Miocene) 90 
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(Roca et al. 1999). The CCR display a well-developed horst and graben structure limited by listric faults 91 

striking NE-SW and NNE-SSW with a detachment level at 12-16 km, acquired during the opening of the 92 

Valencia Trough (Roca and Guimerà 1992; Gaspar-Escribano et al. 2004). This structure is also 93 

segmented by later faults trending NW-SE to NNW-SSE (Fig. 1). The Neogene extensional event is 94 

divided into a syn-rift stage (Aquitanian?-late Burdigalian), an early post-rift stage (Langhian-95 

Serravalian) and a late post-rift stage (late Serravalian-Pliocene) (Calvet et al. 1996; Baqués et al. in 96 

press).  97 

This extensional structure is superimposed on Paleogene contractional structures formed during the N-S 98 

compression caused by the collision between the Iberian and European plates (Late Cretaceous-late 99 

Oligocene), which generated the Catalan Intraplate Chain (Guimerà 1984; Bartrina et al. 1992). The 100 

formed thick-skinned thrusts had a certain left-lateral component (Ashauer & Teichmüller 1935; Anadón 101 

et al. 1985; Roca 1996). 102 

In its turn, Paleogene thrusts inverted major Mesozoic extensional faults. During the Mesozoic, an 103 

extensional process related to the opening of the western Tethys and of the North Atlantic took place 104 

(Salas and Casas 1993; Rossi et al. 2001). Two rift stages and two related post-rift stages have been 105 

described (Salas et al. 2001). The first rift stage is Late Permian-Early Jurassic in age and was related to 106 

the westward propagation of the Tethys and southward propagation of the Arctic-North Atlantic rift. This 107 

event was followed by an Early to Middle Jurassic post-rift stage characterized by thermal subsidence. 108 

The second rift stage lasted from Late Jurassic to Early Cretaceous and was the result of the gradual 109 

opening of both the North Atlantic Basin and the Bay of Biscay. A later stage of thermal subsidence was 110 

produced during the Late Cretaceous post-rift (late Albian-Maastritchtian).  111 

Nowadays, abundant springs, some of them of hot water (up to 70ºC), occur at the intersection between 112 

the NW-SE to NNW-SSE faults and the main fault system bounding the grabens (Fernández and Banda 113 

1989). These springs are the result of topographically-driven meteoric fluids (Carmona et al. 2000; Bitzer 114 

et al. 2001) and are preferably located in the igneous basement, which constitutes the footwall of the main 115 

fault system, i.e. Caldes de Montbui, La Garriga, Caldes d’Estrac (Albert et al. 1979). Two hydrothermal 116 

events have been described in the Catalan Coastal Ranges from the study of fault-controlled barite-117 

fluorite-sulphur veins (Canals and Cardellach 1997): one during the Mesozoic (at least Jurassic) and the 118 

other during the Neogene (lower Miocene) (Cardellach et al. 2002).  119 
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This study is focused on two NE-SW fault zones with dip to the SE, the Vallès and the Hospital faults, 120 

which are the northern boundary of the Vallès graben and the Barcelona Plain, respectively, formed 121 

during the Neogene extension (Fig.1 and 2). The Vallès graben is up to 65 km long and from 3 to 15 km 122 

wide and it is filled by more than 3000 m of sediment next to the fault (Cabrera 1981; Bartrina et al. 123 

1992; Roca et al. 1999) ranging in age from late Oligocene to Present. The Barcelona Plain is a 40 km 124 

long and 2-10 km wide basin that is mainly filled by Miocene continental-transitional siliciclastic deposits 125 

and Quaternary fluvio-deltaic deposits. In both cases, a Paleozoic basement and a Mesozoic cover mainly 126 

constitute the footwalls, although Mesozoic material has been almost eroded in the Montnegre horst 127 

(Fig.1). The Paleozoic basement is formed by Cambro-Ordovician shales and phyllites, Silurian black 128 

shales and phyllites, Devonian carbonates, Carboniferous Culm facies and late Hercynian leucogranites, 129 

tonalites and granodiorites (Julivert and Durán 1990). According to Gil-Ibarguchi and Julivert (1988), the 130 

granodiorite was emplaced at 1.5 kbar and 700ºC in the Montnegre Horst close to the Barcelona Plain. It 131 

shows granular texture and grain size is mostly about 2-3 mm although some feldspars are around 5 mm. 132 

It is constituted by quartz, potassic feldspar, plagioclase and biotite (<5%). The studied faults mainly 133 

affect the late Hercynian granodiorite, which has recorded all the described tectonic events overprinting 134 

the Hercynian deformation. 135 

 136 

3. METHODOLOGY 137 

 138 

3.1. Petrology and geochemistry 139 

Thirty samples from the Hospital fault, twenty-two from the Vallès fault and two samples of the unaltered 140 

granodiorite obtained from boreholes have been studied. Thin sections were examined under optical and 141 

cathodoluminescence microscopes. A Technosyn Cold Cathodoluminescence Model 8200 MkII operating 142 

at 16-19 kV and 350 µA gun current was used. Selected thin sections were also examined under ESEM 143 

Quanta 200 FEI, XTE 325/D8395 scanning electronic microscope combined with EDS spectroscopy for 144 

mineral identification.   145 

X-ray diffraction of bulk rock and oriented aggregates have been performed with a Bragg-Brentano 146 

PAnalytical X’Pert PRO MPD alpha 1 operating at 1.5406 Å, 45 kV and 40 mA.  147 

After the petrographic study, carbon-coated polished thin sections were analysed for elemental 148 

composition of carbonate cements, chlorites and K-white mica with a CAMECA SX-50 electron probe 149 
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microanalyser (EPMA). It operated at 15 nA of beam intensity, 20 kV of acceleration voltage and a beam 150 

diameter of 10 µm. The detection limits were 428 ppm for Na, 275 ppm for Mg, 272 ppm for Al, 288 151 

ppm for Si, 263 ppm for K, 260 ppm for Ca, 290 ppm for Ti, 672 ppm for Mn, 647 ppm for Fe for 152 

silicates. The precision of major elements is 0.64% (at 2σ level). 153 

Microsamples of the calcite cements were powdered with a microdrill for carbon and oxygen isotopes. 154 

Samples were reacted with 103% phosphoric acid at 70ºC for two minutes in an automated Kiel 155 

Carbonate Device attached to a Thermal Ionization Mass Spectrometer Thermo Electron (Finnigan) 156 

MAT-252. The results are expressed in δ‰ VPDB standard. Standard deviation is ±0.02‰ for δ
13C and 157 

±0.05‰ for δ
18O. 158 

 159 

3.2. Thermobarometric methods 160 

 161 

Chlorite and K-white mica minerals are good candidates for thermobarometric estimates because they 162 

present several chemical substitutions (simple and coupled) controlled by the equilibrium conditions (P, 163 

T, pH, fO2…) that can be modelled using a set of different end-members (Vidal et al. 2001, 2005, 2006; 164 

Parra et al. 2002; Dubacq et al. 2010). Three main substitutions occur in chlorite (FeMg-1, Tschermak and 165 

di/trioctahedral substitutions) that can be modelled using the following set of five end-members (e.g. 166 

Vidal et al. 2005): Mg-amesite (Si2Al4Mg4O10(OH)8), Fe-amesite (Si2Al4Fe4O10(OH)8), daphnite 167 

(Si3Al2Fe5O10(OH)8), clinochlore (Si3Al2Mg5O10(OH)8), and sudoite (Si3Al4Mg2 1O10(OH)8). In K-white 168 

mica, three additional substitutions occur (NaK-1, -(H2O)-1 and pyrophyllitic substitutions) and can be 169 

modelled using the following set of seven end-members (e.g. Dubacq et al. 2010): muscovite 170 

(Si3Al3 1K1O10(OH)2), Fe-celadonite (Si4Al1Fe1 1K1O10(OH)2), Mg-celadonite 171 

(Si4Al1Mg1 1K1O10(OH)2), phlogopite (Si3Al1Mg3K1O10(OH)2), pyrophyllite (Si4Al2 2O10(OH)2), 172 

pyrophyllite-1H2O (Si4Al2 1(H2O)1O10(OH)2), and paragonite (Si3Al3 1Na1O10(OH)2).  173 

 174 

3.2.1. Chlorite-quartz-water thermometry 175 

Chlorite shows an increase in AlIV and a decrease in vacancy contents with increasing temperature (e.g. 176 

Cathalineau et Nieva 1985 and Vidal et al. 2001). The multi-equilibrium approach of Vidal et al. (2005, 177 

2006) proposes a simultaneous estimate of Fe3+ content in chlorite and equilibrium temperature by the 178 

convergence of the following equilibria at a given pressure: 179 
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(1) 5 Mg-amesite + 4 daphnite ↔ 4 clinochlore + 5 Fe-amesite 180 

(2) 2 clinochlore + 3 sudoite ↔ 4 Mg-amesite + 7 quartz + 4 H2O 181 

(3) 16 daphnite + 15 sudoite ↔ 6 clinochlore + 20 Fe-amesite + 35 quartz + 20 H2O 182 

(4) 4 daphnite + 6 sudoite ↔ 3 Mg-amesite + 5 Fe-amesite + 14 quartz + 8 H2O 183 

 184 

The position of these equilibria, (1) to (4), depends on the activities of the chlorite end-members, quartz 185 

and water. In this work, temperatures and XFe3+ of chlorite were estimated at 1 kbar, which is the 186 

maximum pressure according to the regional geology, and with water activity equal to 1. Following the 187 

Vidal et al. (2005, 2006) approach, the convergence is achieved with the minimum Fe3+ proportion and it 188 

was considered to be achieved when the temperature difference between the four equilibria was less than 189 

30ºC (Lanari et al. 2012 and references therein). 190 

 191 

3.2.2. Mica-quartz-water thermobarometry 192 

The Si content of K-white mica increases with pressure by Tschermak substitution (Massone and 193 

Schreyer 1989). At low temperature, the pyrophyllitic substitution also controls the Si and interlayer 194 

contents (e.g. Agard et al. 2001). The mica-quartz-water equilibrium used in this study models the 195 

variation of composition with respect to temperature and pressure, taking into account mica hydration of 196 

vacancies (Dubacq et al. 2010, Vidal et al. 2010). For a mica in chemical equilibrium with quartz and 197 

water, these three equilibria can be written: 198 

(5) 3 celadonite + 2 pyrophyllite ↔ 2 muscovite + biotite + 11 quartz + 2 H2O 199 

(6) 3 celadonite + 2 pyrophyllite·1H2O ↔ 2 muscovite + biotite + 11 quartz + 3H2O 200 

(7) pyrophyllite·1H2O ↔ pyrophyllite + H2O 201 

The convergence of these equilibria at various P-T conditions is achieved by varying the XH2Ointerlayer 202 

content (i.e. pyrophyllite·1H2O proportion). A mica-quartz-H2O equilibrium line is then drawn, along 203 

which the hydration state varies (Dubacq et al. 2010). The pressure conditions were then estimated at the 204 

temperature obtained from the chlorite-quartz-water equilibria (Lanari et al. 2012). 205 

 206 

3.2.3. Chlorite-mica-quartz-water multi-equilibrium approach 207 

After the application of the previous thermometer and barometer, the equilibrium of chlorite and K-white 208 

mica was checked through a full chlorite-mica multi-equilibrium approach involving XFe3+ in both 209 
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chlorite and mica and XH2Ointerlayer in mica. P-T equilibrium conditions of chlorite-mica-quartz-water 210 

assemblage were calculated from the convergence of 159 equilibria obtained from the previous mentioned 211 

chlorite and mica end-members. Only those equilibria showing a good convergence were selected, for 212 

which the sum of the Gibbs free energy of a selected set of reactions (ΔrG) of the calculated P and T was 213 

less than 7000 J. 214 

 215 

4. OUTCROP DESCRIPTION AND STRUCTURAL ANALYSIS 216 

 217 

The Vallès fault puts in contact the late Hercynian granodiorite (footwall) within the Miocene materials 218 

infilling the Vallès graben (Fig. 2). It generates a fault zone about 60 m thick localized in the footwall that 219 

is limited in the northwest by a thrust fault that superposes the granodiorite to the Cambro-Ordovician 220 

rocks. Two outcrops separated 600 m have been selected in the footwall of the Vallès fault according to 221 

their structural position: the Torrent del Corró and Camí d’En Cisa outcrops. The Torrent del Corró 222 

outcrop (TCO) is located at 50 m from the main Neogene fault whereas the Camí d’En Cisa outcrop 223 

(CCO) represents the Neogene deformation zone in contact with the Miocene materials. 224 

The Hospital fault puts in contact an equivalent granodiorite with the Triassic and Miocene rocks. The 225 

fault zone is also developed in the footwall but it is narrower than in the Vallès fault, ranging from 1 to 3 226 

meters. Three outcrops have been studied: the Hospital, Enric and Sariol outcrops. Each outcrop is 227 

located in one of the segments that constitute the Hospital fault and shows the contact with the Triassic 228 

rocks (Fig. 2B). 229 

 230 

The study of crosscutting relationships of the different sets of fractures at outcrop and thin section scales 231 

has allowed us to define seven deformation phases (Fig. 3). The first deformation phase (D1) is formed by 232 

type 1 fractures. They consist of NE-SW striking normal faults that dip from 30 to 60º to the SE and NW. 233 

The second deformation phase (D2) is defined by type 2A faults in the Vallès fault and type 2B faults in 234 

the Hospital fault. Type 2A and 2B faults are NE-SW reverse faults with a limited left-lateral motion and 235 

a dip from 22 to 44ºSE. The third deformation phase (D3) is related to type 3A fractures, which are E-W 236 

to NE-SW striking normal faults with a variable dip (from 15 to 90º) mostly to the E-SE. They show dip-237 

slip slickenlines. Some of these faults are the reactivation of type 1 faults. Deformation phase D4 is 238 

defined by type 3B fractures, which are tension veins of NW-SE trend and dip 55ºNE. The fifth 239 
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deformation phase (D5) is characterized by type 3C fractures that are NE-SW joints with low dip to the 240 

NW. Deformation phases D4 and D5 have been only identified in the Enric outcrop. Deformation phase D6 241 

is represented by type 3D fractures, which consist of normal faults of mainly N-S direction dipping from 242 

30 to 80ºE and barely to the SW and NE-SW normal faults that are the reactivation of previous 3A and 243 

2A faults (Fig. 3). Finally, the last deformation phase (D7) is represented by type 3E dextral strike-slip 244 

faults trending NW-SE and dipping 50 to 65 º to the northeast and southwest. In the Hospital fault, type 245 

3E faults have been deduced by cartographical criteria. 246 

 247 

5. FLUID/FAULT EVOLUTION: PETROLOGY OF FAULT ROCKS AND CEMENTS 248 

 249 

Deformation in the Vallès and Hospital faults generates cohesive brittle fault rocks, from breccias to 250 

ultracataclasites, in the granodiorite constituting the footwall. Petrological and geochemical results show 251 

the presence of several neoformed minerals such as calcite, laumontite, iron oxides, white mica and 252 

chlorite and also some mineral replacements (orthoclase by microcline, biotite by chlorite and muscovite 253 

by K-white mica). All these minerals vary along fault zones and may differ between faults (Fig. 4A) and 254 

show different mineral associations depending on the deformation phase (Fig. 4B). 255 

 256 

5.1. The Vallès fault 257 

From the seven described deformation phases, four have been identified in the Vallès fault (Fig. 3). 258 

Crystallization of coarse, between 0.2 and 1.1 mm long, idiomorphic K-white mica associated to 259 

microcline neoformation with tartan-like twin, occurred previously to these phases. Pseudotachylyte veins 260 

with corroded quartz clasts and a very fine grained matrix clearly post-dates the K-white mica. However, 261 

it is difficult to establish to which tectonic event these pseudotachylytes are related to due to their later 262 

reworking and the lack of preferential orientations. The first deformation phase (D1) consists of type 1 263 

normal faults, characterized by development of cataclasites and ultracataclasites and microfractures, 264 

where small K-white mica flakes (15 and 90 µm in size) and amoeboid chlorite precipitated. Also, during 265 

this phase, calcite C1 precipitated in nodules. Calcite C1 is made of dull to bright orange crystals, usually 266 

twinned, with δ
18O values about -15‰ VPDB and δ

13C about -6.5‰ VPDB. The first deformation phase 267 

and the previous stages have been only identified in the Torrent del Corró outcrop. The second 268 

deformation phase (D2), characterized by inverse faults, developed a wide blue gouge band at basin scale. 269 
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In the studied outcrops, however, it uniquely forms narrow gouge bands. The third deformation phase 270 

(D3) is characterized by successive cataclasite development along 3A normal faults and by the alternating 271 

precipitation of laumontite and calcite C4 in these fractures and in vug porosity. Coevally, irregular and 272 

ameboid chlorite crystals precipitated along reactivated type 1 and new 3A normal faults. The first 273 

generation of laumontite (L1) is made of translucent, anhedral and up to 50 µm in size crystals. L1 274 

precipitation was followed by a third generation of calcite C4, which precipitated in fractures and formed 275 

the slickenlines observed in faults 3A. Calcite C4 is formed by bright and dull orange zoned twinned 276 

calcite crystals with δ
18O values about -23‰ VPDB and δ

13C values about -7.5‰ VPDB. Finally, the 277 

second generation of laumontite (L2) precipitated and replaced calcite C4 at the wall of some fractures. 278 

Laumontite crystals are tabular, brownish under plane light and from cryptocrystalline to 70 µm in size. 279 

In this third deformation phase, chlorite, laumontite L1 and calcite C4 are mainly formed in the Torrent 280 

del Corró outcrop, whereas laumontite L2 is the main neoformed mineral cementing most of the fractures 281 

and breccias in the Camí d’en Cisa outcrop. The strike-slip faults D7 crosscutting previous fault rocks and 282 

filled by iron oxides configure the fourth deformation phase identified in this fault.  283 

 284 

The different neoformed minerals within the two outcrops are the responsible of the different colour of 285 

fault zones, green in the Torrent del Corró outcrop, due to chlorite crystallization, and white in the Camí 286 

d’en Cisa outcrop. 287 

 288 

5.2. The Hospital fault 289 

The three studied outcrops are briefly described due to the strong lateral heterogeneities of the Hospital 290 

fault. A more detailed description can be found in Cantarero et al. (in press). 291 

In the Hospital outcrop, four deformation phases have been identified. During the first deformation phase 292 

(D1), a type 1 fault generated a green cataclastic core zone in the contact between the granodiorite and the 293 

Triassic clays and sandstones. This core zone, developed in a zone where previously quartz geodes had 294 

formed, is the result of two successive reactivations that produced a dilatant random breccia and a 295 

consequent cataclasite. The dilatant random breccia was formed and cemented by five calcite cements, 296 

from C1a to C1e, with alternating bright to dull orange luminescence. Due to the small size of these 297 

calcite crystals (up to 1 mm) only a bulk isotopic composition could be obtained. The δ
18O values range 298 

between -15.6 and -15‰ vPDB and the δ
13C between -6.5 and -6.3‰ vPDB. This dilatant breccia was 299 
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further deformed as a slightly foliated cataclasite cemented by calcite cement C1f, iron oxides and 300 

chlorites. Calcite C1f has δ
18O values between -16.4 and -16.2‰ vPDB and δ

13C values between -6.2 and 301 

-5.9‰ vPDB. The second deformation phase (D2) is represented by reverse faults involving Mesozoic 302 

and Silurian rocks that develop decimetric-scale duplexes formed by breccias. During this phase, vug 303 

porosity was formed within the dilatant breccia (D1) and joints within the Triassic sandstones of the 304 

hangingwall were cemented by cement C2a. This cement is constituted by anhedral calcite crystals with a 305 

zoned orange and brown luminescence. The δ
18O values of C2a range between -5.5 and -4.6‰ vPDB and 306 

the δ
13C between -7.2 and -6.5‰ vPDB. The third deformation phase, D3, generates normal faults where 307 

fault rocks or cements have not been observed. The fourth deformation phase recorded in the Hospital 308 

outcrop corresponds to D6, which generates minor normal faults within the Miocene rocks without a fault 309 

core. 310 

In the Enric outcrop, mylonitic bands developed within the ductile regime previous to the four recognized 311 

deformation phases. The first deformation phase (D1), settled within the brittle regime, produced the 312 

development of a random breccia with chlorite and epidote precipitation in the fractures. Later, 313 

multiepisodic pull-aparts developed in type 1 faults of little slip and were cemented by calcite C1. Calcite 314 

C1 has a bright orange luminescence and δ
18O values about -15.1‰ vPDB and δ

13C values about -6.9‰ 315 

vPDB. The next deformation phase recognized in this outcrop is D3 (Fig. 3), which is characterized by the 316 

development of pseudotachylytes in type 3A normal faults. This generation of fractures was later 317 

reactivated and cemented by calcite C3a forming crack-seals. Simultaneously, a gouge was formed. 318 

Consequent type 3B fractures, representing the deformation phase D4, were produced and cemented by 319 

calcite C3b. Both calcites C3 are formed by bright orange calcite crystals that have δ18O values between -320 

20‰ and -18‰ VPDB and δ13C values about -6‰ VPDB. During deformation phase D5, type 3C joints 321 

were cemented by iron oxides. Finally, type 3D faults of D6 were cemented by calcite cement C5, which 322 

consists of microsparite calcite crystals with bright orange luminescence that shows a δ
18O value of -323 

5.8‰ vPDB and a δ
13C value of -7.7‰ vPDB. 324 

Finally, in the Sariol outcrop, no evidence of chloritisation is observed and deformation occurred in both 325 

footwall and hanging wall of the Hospital fault, unlike the previous outcrops. Uniquely, two deformation 326 

phases have been identified D2 and D6. D2 is represented by the formation of a random breccia in a type 327 

2B inverse fault affecting the granodiorite. It is cemented by dull to bright orange twinned calcite C2b 328 

and C2c crystals with δ 18O values about -6‰ VPDB and δ
 13C values about -7.2‰ VPDB. During D6, 329 
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type 3D normal faults were generated producing cataclasites in the previous random breccia and in the 330 

Triassic calcitized dolostone of the hanging wall. These cataclasites are cemented by calcite-dolomite 331 

cement C6, which has δ 18O values about -3‰ VPDB and δ 13C values about -7.6‰ VPDB. Finally, the 332 

Hospital fault was cemented by calcite PC1 forming a palisade. 333 

 334 

5.3. Chlorite and white mica petrography 335 

 336 

As P-T conditions are estimated from chlorite and mica equilibrium, a brief petrographic description of 337 

these minerals is required. 338 

Two types of chlorite were identified. The first one is the result of biotite alteration and it is only 339 

identified in the Hospital outcrop. These chlorites are recognised by the alternation with sheets of biotite, 340 

their prismatic morphology and/or the marked cleavage of the previous biotite (Fig. 5a). They have a 341 

strong pleocroism from yellow to bright or dark green. The second type is constituted by neoformed 342 

chlorites that precipitate in type 1 and type 3A faults or as patches in the cataclasite matrix (Fig. 5b). They 343 

are larger when precipitate in fractures (200 µm-1mm) than in the cataclasitic matrix (7-150 µm). This 344 

chlorite usually shows an irregular and amoeboid morphology and has slight or no pleocroism. 345 

Two groups of K-white mica have been texturally differentiated: a coarse idiomorphic K-white mica 346 

between 0.2 and 1.1 mm long in the slightly brecciated granodiorite of the Vallès fault and later small 347 

flakes of K-white mica between 15 and 90 µm in size that crystallize along type 1 faults crosscutting or 348 

overgrowing detrital flakes of the previous mica (Fig. 5 c-d). The coarse K-white mica is formed by a 349 

core with marked cleavage (M1) rimmed by another white mica with poor cleavage (M2). The small 350 

flakes crystallize together with chlorite in type 1 faults (Fig. 5e-f). These flakes are named M3 and M4 351 

according to chemical criteria (see section 6.1.1) 352 

 353 

6. THERMOBAROMETRIC RESULTS 354 

 355 

6.1. Chemical variations and thermobarometry 356 

 357 

6.1.1. K-white mica 358 
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The two groups of K-white mica previously described, coarse idiomorphic (M1-M2) and later small 359 

flakes (M3-M4), show muscovite/pyrophyllite ratios of 0.9 and 0.8, respectively. M1-M2 mica is 360 

muscovite-richer than M3-M4 mica. However, independently from this ratio, both kinds show the same 361 

trend, which is marked by an increase of the celadonite proportion associated with a decrease in 362 

muscovite and pyrophyllite end-member proportions from M1 to M2 and M3 to M4, respectively  (black 363 

arrows in Fig. 6). The small flakes that postdate M1-M2 mica are named M3 and M4, where M4 are the 364 

celadonite-rich ones. These two trends correspond to two growing events characterized by different mica 365 

shapes, P-T conditions and probably bulk rock compositions. The average K-white mica compositions of 366 

each group and the corresponding structural formulas are listed in table 1. 367 

A P-T line corresponding to the equilibrium between K-white mica, quartz and water was calculated for 368 

each mica composition using the method proposed by Dubacq et al. (2010) (method in § 1.1). At a fixed 369 

pressure of 1 kbar, muscovite-rich M1 and M2 K-white mica show higher temperature (360 and 310ºC, 370 

respectively) than the pyrophyllite-rich M3 and M4 K-white mica (270 and 250ºC, respectively) (Fig. 7). 371 

 372 

6.1.2. Chlorite 373 

The chlorite compositions were plotted into a (Mg, Fe)-amesite, clinochlore+daphnite and (Mg, Fe)-374 

sudoite ternary diagram, using the structural formulas calculated with the Fe3+ content predicted by the 375 

convergence of R1 to R4 (see below). The chlorite compositions evolve along a trend corresponding to a 376 

decrease in amesite, clinochlore and daphnite and an increase in sudoite end-member proportion. Sudoite 377 

proportion increases from 0.2 to 0.6 in the Vallès fault and 0.2 to 0.45 in the Hospital fault (Fig. 8). The 378 

chlorite compositions and corresponding structural formulas are listed in table 2. 379 

The chlorite-quartz-water equilibria (R1 to R4) are located at temperatures between 125 and 310ºC in the 380 

Vallès fault and between 240 and 310ºC in the Hospital fault at 1 kbar (absolute error about ± 50ºC) (Fig. 381 

9). The temperature histogram allow to differentiate four generations of chlorites within the Vallès fault: 382 

CHL1 from 260 to 310ºC (XFe3+=0.24), CHL2 from 240 to 260ºC (XFe3+=0.28), CHL3 from 190 to 383 

240ºC (XFe3+=0.33), and, CHL4 from 125 to 190ºC (XFe3+=0.41). The former two groups, CHL1 and 384 

CHL2, were also identified in the Hospital fault. The chlorite crystallization temperatures were estimated 385 

at 1 kbar, due to regional constraints. Changing the value of pressure within + 1 kbar does not change 386 

significantly the temperature estimates, because equilibria R1 to R4 are mostly dependent on T over this 387 

range of P-T conditions. 388 
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The uncertainty on the chlorite temperature steaming from the analytical error was investigated in order to 389 

verify that the groups of composition-temperature identified above were not an artifact resulting from the 390 

analytical uncertainties of the EMPA measurements. A Monte Carlo method was used: 1000 391 

compositions of chlorites were randomly simulated from the average group compositions using a normal 392 

distribution. The simulated distribution was set in order to reproduce the measured precision at + 1wt%. 393 

The temperature and Fe3+-content of each composition was estimated and the results are plotted in the 394 

figure 10. The estimated temperatures of the groups of chlorite in the Vallès fault are 283 ± 20.4 °C, 253 395 

± 13.0 °C, 228 ± 11.7 °C and 142 ± 13.1 °C (Fig. 10a). The temperatures of the two groups in the 396 

Hospital fault are 307 ± 17.7 °C and 245 ± 7.7 °C (Fig. 10b). These results show that the identified groups 397 

of chlorites correspond to true distinct groups of composition and temperature of formation. The above 398 

Monte Carlo analysis does not take into account the errors resulting from the uncertainties of the 399 

thermodynamic data, which cannot be assessed. However, it is emphasized that such errors have a 400 

systematic effect on the absolute temperature, but not on the relative values of the chlorite groups. This is 401 

the reason why an absolute uncertainty on the temperature estimates of ± 50°C was used.  402 

 403 

The generations of chlorites are established by chemical criteria and do not correlate with the types of 404 

chlorites differentiate petrographically. The relationships with the structural locations are not easy to 405 

identify due to the complexity of the recrystallization of chlorite at low temperature (see example in 406 

Lanari et al. 2012). However, some 3A faults are mainly filled by low temperature chlorites 407 

(corresponding to the CHL4 group) and most of these chlorites form a rim around high-T chlorites (CHL1 408 

to CHL3 groups), indicating their later formation. 409 

 410 

6.2. P-T estimates 411 

 412 

Chlorite-mica-quartz-water multi-equilibrium approach was applied to chlorite and mica of the Vallès 413 

fault. Only equilibrium between chlorite and M3 and M4 mica was obtained, which is coherent with the 414 

petrological observations, as only these mica show structural and spatial relationships with chlorite 415 

(section 5.3). 416 

The P-T estimates from the chlorite-mica multi-equilibrium show groups of chlorite-mica associations 417 

coherent with the previously established chlorite generations (results are plotted with the same colors in 418 
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Fig. 11A). The first association is defined by the equilibrium between chlorite and M3 mica and ranges 419 

from 260 to 310ºC at pressures between 0 and 3.5 kbar ± 2.5 kbar. The second is defined by the 420 

equilibrium between chlorite and M3 and M4 mica. This stage ranges from 240 to 260ºC at P between 0 421 

and 1 ± 2.5 kbar with M3 and P between 1 and 3 kbar with M4. Finally, the third group is defined by 422 

chlorite in equilibrium with M4 mica. The P-T conditions of this stage ranges from 190 to 240ºC at 423 

pressures between 0 and 0.6 ± 2 kbar. Although the scatter and the uncertainty on the calculated P-T 424 

conditions are significant, the inferred P-T path followed by the fault rocks in the Vallès fault describes 425 

general trend of decreasing temperature and pressure. 426 

 427 

7. DISCUSSION 428 

 429 

7.1. Origin of K-white mica 430 

 431 

M1 mica rimmed by M2 mica conform coarse idiomorphic and muscovite rich K-white micas, resembling 432 

result of crystallization from an igneous origin. However, two-mica granodiorites have never been 433 

described in the area (Enrique 1990). The formation of this kind of well-developed crystals has been 434 

described as resulting from deuteric alteration during cooling (Demange et al. 1996) by igneous water-435 

rich fluids when the igneous mass was already solidified. This alteration affects preferentially the 436 

fractured pluton rims (Shelley 1983). Therefore, M1 K-white mica is formed in fractures produced during 437 

the exhumation of the granodiorite at temperatures between 330 and 370ºC (range established between 438 

the minimum temperature estimated with the mica-quartz-water equilibrium lines and the estimated 439 

temperature at 1.5 kbar, depth of granodiorite emplacement). Pluton exhumation took place during the 440 

Permian and reached the surface as denoted by the unconformity between the granodiorite and Triassic 441 

materials of Buntsandstein facies outcropping in the area (Gómez-Gras and Ferrer 1999). M1 mica is in 442 

turn partially overgrown by M2 mica at lower temperatures, (between 290 and 330ºC), also during the 443 

pluton exhumation. Later M3 and M4 phengite crystallize in fractures crosscutting or overgrowing 444 

detrital flakes of M1 and M2 mica and have higher pyrophyllite/muscovite ratio than M1 and M2 445 

muscovite. This increase in the pyrophyllite proportion is produced by pyrophyllitic substitution (Si K-446 

1Al-1). Taking into account their formation in fractures, the crystallization of pyrophyllite-rich mica is 447 
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probably controlled by the circulation of externally derived fluids and a localized increase of pressure due 448 

to tectonic stress in the fault core. 449 

Although the granodiorites in the footwalls of the Vallès and the Hospital faults have the same texture and 450 

composition, crystallization of M1 and M2 mica has only been observed in the Vallès fault. This location 451 

of M1 and M2 mica in the Vallès fault probably indicates that the outcrops of the Vallès fault were near 452 

the pluton border whereas the outcrops of the Hospital fault were in an inner position or in a less fractured 453 

zone. In the same way, the high density of fractures close to the pluton border would have been the 454 

responsible of the thicker fault zone in the Vallès fault (60 m) in front of the narrower Hospital fault zone 455 

(1-3 m). As mentioned previously, later M3 and M4 phengite are texturally and spatially related to M1 456 

and M2 muscovite. Therefore the crystallization of M3 and M4 phengite is conditioned by the presence of 457 

previous M1 and M2 coarse muscovite, which change the bulk rock composition of the granodiorite that 458 

is necessary for the neoformation of the late K-white mica groups.  459 

The coincidence between the localization of Hercynian fractures with M1 and M2 muscovite and the 460 

Vallès fault suggests that this fractured zone of the granodiorite was used for the later development of the 461 

Vallès fault. In the Enric outcrop (Hospital fault, see Fig. 1), Cenozoic and Mesozoic deformation 462 

overprints previous mylonite bands, indicating therefore the reactivation of Hercynian structures, which 463 

has not been described previously in the Catalan Coastal Ranges.  464 

 465 

7.2. Interpretation of P-T estimates linked to main tectonic events 466 

 467 

The petrological study together with P-T estimates show that fault zones followed a continuous retrograde 468 

path through time (Fig. 11a). The constraints obtained from fission-track studies allow us to associate the 469 

chlorite generations of the Vallès fault with the several tectonic events involved in the formation of the 470 

Catalan Coastal Ranges. Fission-track and (U-Th)/He studies with apatites and zircons in this sector of 471 

the Catalan Coastal Ranges show that the 190ºC isotherm (closure temperature for zircon PAZ) was 472 

crossed during Mesozoic extension (Juez-Larré 2003). This observation locates the neoformation of M3 473 

and M4 phengite and related chlorite, and by extension the first deformation phase (D1), to this 474 

extensional tectonic event (Fig. 11). However, two rift stages followed by their relative post-rift stages 475 

occurred during the Mesozoic. In order to delimit the formation of M3-M4 phengite and related chlorites 476 

inside one of these rift stages, our data were compared with other works on hydrothermal veins in the 477 
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Catalan Coastal Ranges and the Iberian Chain (Fig. 11b). Temperatures between 190 and 230ºC in 478 

calcites (calcites CI, in Cardellach et al. 2002) have been attributed to the second Mesozoic rifting in the 479 

Berta mine (Montnegre Horst, Fig.1). These calcites have the same characteristics as the calcites C1 480 

defined in this work. Temperatures between 120 and 300ºC have been also assigned to the second 481 

Mesozoic rift stage from illite-kaolinite and illite-pyrophyllite associations within the Permo-Triassic 482 

rocks of the Espadán Ranges (Iberian Chain) (Martín-Martín et al. 2008). Both comparisons would point 483 

to the formation of chlorite (T>190ºC), K-white mica M3 and M4 and calcite C1 to this second Mesozoic 484 

rift stage. The δ
18O composition of the fluid responsible of the precipitation of these cements was 485 

calculated through the modified equation of Craig and Gordon (1965), obtaining values between +7 and 486 

+10‰ SMOW. Taking into account that the δ
18O composition of granodiorites is about +10‰ SMOW, 487 

the origin of these fluids has been interpreted as meteoric waters that have been warmed at depth, 488 

previously to their upflow through faults, and that has been completely buffered by the granodioritic host-489 

rock. Moreover due to the submarine conditions in most of the basin during this extensional event, these 490 

fluids were mixed with marine waters during their upflow (Cantarero et al. in press) (Fig. 12a). 491 

The timing of low temperature chlorite (125-190ºC) growth is more difficult to assess. The temperature 492 

conditions of LT chlorite crystallization were achieved both during the Mesozoic and Neogene extension, 493 

as denoted by fission-track and fluid inclusion studies. Fission-track studies demonstrated that the 110ºC 494 

isotherm (closure temperature for apatite PAZ) was crossed at the onset of the Neogene extension. 495 

Studies of fluid inclusions in veins of the Catalan Coastal Ranges have shown that temperatures between 496 

110ºC and 190ºC were reached during both rifting events, i.e. fluorites of the Rigròs veins and calcites of 497 

the Berta mine (CII, in Cardellach et al. 2002) (Fig. 11). However, fluid inclusion temperatures between 498 

125 and 190ºC belonging to the Mesozoic were measured in fluorites whereas this range of temperatures 499 

attributed to the Neogene was obtained from calcites CII. Fluorites are not present in the studied outcrops 500 

whereas calcite is a common neoformed mineral. Moreover, these Neogene calcites (CII) show similar 501 

geochemical characteristics than the calcites C3 and C4 defined in this paper. Therefore, LT chlorite 502 

crystallization (+calcites C3 and C4 and laumontite) and type 3A and 3B fractures, where most of these 503 

cements precipitated, took place during the Neogene extensional event. From the δ
18O isotopic 504 

composition of calcites C3 and C4 (-20 and -24‰ VPDB, respectively) and a medium value of 505 

temperature obtained from chlorite (150ºC), the origin of the parental fluid of these cements can be 506 

inferred applying the modified equation of Craig and Gordon (1965). The results are fluids with δ
18O 507 
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values about 0‰ SMOW for C3 and -4.1‰ SMOW for C4. These fluids have been interpreted as 508 

meteoric fluids that have been warmed at depth and later have upflowed through the main faults. During 509 

flow, these fluids have suffered a strong interaction with host-rocks, especially the granodiorite, causing 510 

the buffering of their isotopic signal. Moreover, in the Hospital fault, due to its position close to the 511 

Miocene shoreline, these fluids could have been mixed with marine water yielding to their more positive 512 

values (fig. 12). 513 

Nowadays, hot springs along the Vallès fault have superficial temperatures up to 70ºC and calculations of 514 

the reservoir temperature reach 110-120ºC (Trilla 1974; Albert 1975). From reservoir temperature and the 515 

δ
18O value of these thermal waters, -7‰ SMOW according to Trilla (1974), the δ

18O content of the 516 

calcites that could precipitate nowadays would be about -23‰ VPDB, value of calcites C4. In turn, 517 

calcite C4 is related to the presence of laumontite. The stability of laumontite is constrained at very low 518 

carbon dioxide contents in the solution (mole fraction of CO2 below 0.1) and neutral to slightly alkaline 519 

waters in conditions of low pressure and low temperature (Liou et al. 1985). The present-day thermal 520 

waters of Caldes de Montbui have pH values between 7.9 and 8.35 and values of dissolved CO2 of 0.88 521 

mg/l, yielding in the laumontite stability field. In fact, the precipitation of calcite C4 or laumontite is 522 

caused by very low fluctuations in the CO2 content of waters, as laumontite is very sensitive to these 523 

variations (Ivanov and Gurevich 1975). Thus hydrothermalism in the Vallès fault has remained active 524 

from the onset of the Neogene extension up to nowadays characterized by the precipitation of calcite C4, 525 

laumontite and LT chlorite. In contrast, hydrothermalism in the Hospital fault only took place during the 526 

Neogene syn-rift stage, as shown by precipitation of calcite C3. The later deformation stages of the 527 

Hospital fault associated with the post-rift, from D5 to D7, were characterized by low-temperature fluids 528 

responsible of precipitation of calcites C5, C6 and PC1 (Cantarero et al. in press). 529 

According to previous works, maximum burial of the studied outcrops reached 3.6 km before the 530 

Paleogene compression and 2.2 km before the Miocene extension (e.g. Juez-Larré 2003, ter Voorde et al. 531 

2007). The estimated pressures above 1.5 kbar are not compatible with these results. This inconsistency is 532 

possibly due to uncertainties in the P estimates caused by errors in the used thermodynamic models and in 533 

the microprobe analyses. However, the uncertainty on P-T estimates is about 50ºC and 2.5 kbar, and our 534 

results are still in rough agreement with the absolute values of previous studies. The estimated path, 535 

which shows a decrease of pressure, is consistent with the tectonic evolution of the Vallès fault. On one 536 

hand, deformation is located in the footwall of the fault. During extensional tectonics the footwall is 537 
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exhumed due to isostatic rebound and consequent erosion of the shoulder. On the other hand, the traces of 538 

the Paleogene thrust and the normal fault are not coincident in surface but the former is displaced to the 539 

north (Anadón 1986). Therefore, the previous normal fault was located in the hangingwall of the thrust 540 

and was uplifted during thrusting. This divergence between the compressional and extensional structures 541 

also explains the lack of microstructures and cements linked to compression overprinting the Mesozoic 542 

fractures of the Vallès fault (Fig. 12). Instead, it is produced the blue gouge in 2A thrust faults during the 543 

second deformation phase. On the opposite, in the Hospital fault, the Mesozoic fault is inverted during the 544 

Paleogene, as registered by the low-temperature calcite cements C2 in 2B thrust faults (fig. 12). 545 

 546 

7.3. Migration paths of fluids along main faults 547 

 548 

Along both the Vallès and Hospital faults different neoformed mineral associations are evidenced (Fig. 549 

4). This could be due to fault zone architecture changes, inherited structures, independent tectonic activity 550 

of fault segments and/or localized migration paths of certain fluids. 551 

In the Hospital fault, these differences in neoformed minerals were mainly interpreted as the result of the 552 

different origin of the fault segments during the Mesozoic and their later independent tectonic activity 553 

during the Mesozoic, Paleogene and Neogene (Cantarero et al. in press). 554 

In the Vallès fault, these differences are attributed to the different structural position of the outcrops 555 

within the footwall. The Camí d’En Cisa outcrop is located in the contact with the Miocene materials and 556 

only the formation of laumontite L2 related to the Neogene extension is registered. On the other hand, the 557 

Torrent del Corró outcrop, located 50 m from the contact, shows all the deformation stages, mainly 558 

chlorite-mica, chlorite and calcite veins. As mentioned above, mica-chlorite veins and calcite C1 have 559 

been related to the Mesozoic extension whereas low-T chlorite, laumontite and calcite C4 have been 560 

related to the Neogene extension. This means that the TCO outcrop represents the location of a Mesozoic 561 

fault zone reactivated during the Neogene deformation. These observations point to an offset between the 562 

Mesozoic and the Neogene faults (Fig. 12). Furthermore, most of the low-T chlorites (125 to 190ºC 563 

group) form a rim around high-T chlorites (T>200ºC), indicating the reactivation of the Mesozoic 564 

structures with phyllosilicates during the Neogene. This reactivation was possible due to the low friction 565 

coefficient of chlorite and K-white mica and their arrangement in localized fracture planes under hydrated 566 

conditions (Lacroix 2011; Behnsen and Faulkner 2012; Buatier et al. 2012). Probably, the absence of 567 
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Neogene chlorite within the Hospital fault is due to the lack of a strong preferred orientation of chlorite 568 

crystals together with the lack connection between them within the foliation. 569 

 570 

7.4. Implications on the geothermal gradient 571 

 572 

The calculated high temperature formation of chlorite and K-white mica (125-310ºC) together with the 573 

formation temperature of laumontite (100- 230ºC, Kristmannsdóttir and Tómasson 1976), and linked to 574 

depth constraints, imply geothermal gradients higher than the regional gradients during the two 575 

extensional tectonics events . According to our data, geothermal gradients during the Mesozoic ranged 576 

between 55 and 83ºC/km and from 56 to 86ºC/km during the Neogene. These values are much larger than 577 

the regional gradients estimated on the basis of the thermal boundary conditions and thickness of the 578 

lithosphere and the thermal conductivity of materials by Juez-Larré (2003) (27-35ºC/km in the Mesozoic 579 

and 24±3ºC/km in the Neogene). The main hydrothermal processes during Neogene were assumed to take 580 

place at the onset of extension as it was marked by fission-track data and therefore the depth previous to 581 

the extensional process was taken for calculations. However, evidence of hot fluids associated to faults 582 

have been also described during the Neogene post-rift (Calvet et al. 1996, 2001) in the Penedès basin fill 583 

and nowadays in the Caldes de Montbui area (López de Azcona 1983). Important exhumation was 584 

already achieved at the post-rift stage, which linked with the hydrothermalism, would even cause higher 585 

geothermal gradients. 586 

The difference between regional gradients and our data suggests that during both extensional tectonic 587 

events faults acted as conduits for ascending hot fluids, which produced anomalous high geothermal 588 

gradients along fractures. This fact is also supported by the resetting of fission-tracks mostly near main 589 

fault zones limiting the grabens (Juez-Larré 2003). 590 

 591 

8. CONCLUSIONS 592 

 593 

The Vallès and Hospital faults are two of the main faults that constitute the central sector of the Catalan 594 

Coastal Ranges. In these faults, deformation is localized in the granodiorite that constitutes the footwall 595 

where different fault rocks, from breccias to ultracataclasites, were formed. 596 
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Seven deformation phases have been related to the three main tectonic events described in the area 597 

through structural and petrographic studies, thermodynamic modelling from chlorite and phengite, and 598 

fission-track constraints. In the Vallès fault, previously to the first tectonic event, crystallization of 599 

muscovite-rich M1 and M2 K-white mica took place as the result of deuteric alteration during the 600 

exhumation of the pluton, which ended in the Permian, at temperatures between 330 and 370ºC.  601 

The first tectonic event is atributed to the Mesozoic extension and it is represented by the first 602 

deformation phase (D1). In the Vallès fault it is characterized by the crystallization of M3 and M4 603 

phengite together with chlorite at temperatures between 190 and 310ºC and calcite C1. In the Hospital 604 

fault, only chlorite formed at temperatures between 240 and 310ºC together with calcite C1. 605 

The second tectonic event is related to the Paleogene compression and it is defined by the second 606 

deformation phase (D2). Low-temperature calcite cements belonging to the Paleogene compression have 607 

been identified in the Hospital fault, whereas in the Vallès fault deformation is concentrated along the 608 

short-cut, avoiding the reactivation of the Mesozoic structures. 609 

Finally, the third tectonic event is associated with the Neogene extension. Five deformation phases have 610 

been recognised (D3-D7) from which  D3 and D4 are related to the syn-rift stage. In the Vallès fault, type 611 

3A normal faults were cemented by chlorite formed at temperatures below 190ºC, associated to calcite C4 612 

and laumontite. Later these faults were offset by type 3E strike-slip faults. In the Hospital fault, type 3A 613 

and 3B fractures were cemented by calcite C3. During the post-rift, calcites C5, C6 and PC1 precipitated.  614 

Both faults have registered two hydrothermal events, one during the Mesozoic and one during the 615 

Neogene. However, hydrothermalism has remained active up to recent times in the Vallès fault only. 616 

Hydrothermalism in the Hospital fault was restricted to the syn-rift stage, and the post-rift stage was 617 

dominated by low-temperature fluids. 618 

The different association of neoformed minerals along the two main faults is conditioned by: 1) Tectonic 619 

processes: the various origin and later tectonic activity of the segments that form the Hospital fault, and 620 

the offset between the Mesozoic and the Neogene faults that constitute the Vallès fault both control the 621 

temporal and spatial distribution of fluids and cements. 2) The rheologic properties of minerals: the 622 

presence of preferentially oriented chlorites concentrated along plains generates a microfabric that 623 

weakens the fault. The drop of friction coefficient favours stable sliding, and therefore the formation of 624 

successive generations of chlorite. 3) Previous mineralogic compositions: the existence of previous 625 

mineral phases only in certain areas can cause the necessary change in the bulk rock composition to 626 
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generate a new neoformed mineral (i.e. only where M1-M2 muscovite exist, M3-M4 phengite are 627 

formed). Also small oscillations on the chemical conditions of the fluid can control the precipitating 628 

phase (i.e. the calcite-laumontite relationship). 629 

The structural and temporal relationships between M3-M4 phengite and M1-M2 muscovite indicates that 630 

hercynian fractures were reactivated and overprinted by the Mesozoic and Cenozoic development of the 631 

Vallès fault. During Mesozoic and Neogene tectonic events, faults acted as conduits for hot fluids 632 

producing localized anomalous high geothermal gradients (50ºC/km minimum) along the faults.  633 

The estimated decrease of pressure is consistent with exhumation produced during Alpine compression 634 

and Mesozoic and Neogene extensions. During the Neogene extension, exhumation of the granodiorite 635 

followed a nearly isobaric cooling path. 636 

 637 
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TABLE CAPTIONS 832 

Table 1. K-white mica analysis and atom site distribution for each mica groups. 833 

 834 

Table 2. Chlorite composition, atom site distribution and temperature estimate for the different chlorite 835 

generations of both faults. 836 

 837 

FIGURE CAPTIONS 838 

 839 

Fig. 1 Simplified geological map of the central Catalan Coastal Ranges (modified from Santanach et al. 840 

2011). Squares indicate study areas that are enlarged in figure 2. T: Tagamanent; MT: Martorell; BT: 841 

Berta Mine; CM: Caldes de Montbui; LG: La Garriga; CE: Caldes d’Estrac. 842 

 843 

Fig. 2 Simplified geological maps of the studied areas. A) Vallès fault in the vicinity of Caldes de 844 

Montbui village and outcrop situation. A1) Enlarged area of the Torrent del Corró outcrop with sample 845 

location. B) Northern sector of Barcelona Plain.  846 

 847 

Fig. 3 Stereoplots in Schmidt lower hemisphere projections of the different generations of fractures 848 

according to crosscutting relationships. Legend: FS: fracture set; DF: deformation phase; r: reactivated 849 

fracture; Continuous line: normal fault; dotted line: inverse fault; dashed line: joint; and, dashed-dotted 850 

line: strike-slip fault. 851 

 852 

Fig. 4 Neoformed minerals. A) Neoformed minerals constituting fault rocks in the outcrops of the Vallès 853 

fault and Hospital fault. X marks the outcrops where the mineral is present and (X) when it is almost 854 

inexistent. B) Temporal relationships between them. 855 

 856 

Fig. 5 Microphotographs of chlorite and mica from Hospital and Vallès faults. A) Chlorite resulting from 857 

biotite alteration. B) Neoformed chlorite between cataclasite clasts. C) Coarse white mica M1 rimmed by 858 

M2. D) Small white mica flakes overgrowing and crosscutting big detrital flakes of M1 and M2 mica. E-859 

F) Plane and cross-polarised light photographs of chlorite and mica association in a type 1 fracture. 860 
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 861 

Fig. 6 Ternary plot muscovite (mus)-celadonite (cel)- pyrophyllite (pyr) of mica in fault rocks of the 862 

Vallès fault. 863 

 864 

Fig. 7 P-T diagram showing the results of mica-quartz-water thermometer for the four groups of mica 865 

 866 

Fig. 8 Ternary plot amesite (am)-clinochlore+daphnite (clin+daph)- sudoite (sud) of chlorite in fault 867 

rocks. A) Vallès fault. B) Hospital fault. Colours indicates temperature according to figure 9. 868 

 869 

Fig. 9 Histograms of chlorite temperatures. A) Vallès fault. B) Hospital fault. 870 

 871 

Fig. 10 Histogram of chlorite temperature for each group of chlorite calculated with the compositions 872 

from the Monte Carlo simulation (see text). The colors are the same as in figure 9.  873 

 874 

 Fig. 11 A) P-T path of fault rocks in the Vallès fault and interpretation of the age through fission-track 875 

constraints. Squares represent chlorite in equilibrium with M3 mica and diamonds represents chlorite in 876 

equilibrium with M4 mica. The different colours represents the four chlorite generations. The blue square 877 

indicates the location of chlorites under 190ºC, which are not in equilibrium with mica. B) Temperature 878 

and age comparison with other mineralizations of the Catalan Coastal Ranges (Berta, Rigròs and 879 

Atrevida) and the Iberian Chain (Espadán Ranges). The asterisk marks our data. 1) Cardellach et al. 880 

(2002); 2) Piqué et al. (2008); 3) Martín-Martín et al. (2006, 2008, 2009 ); 4) Canals et al. (1992). 881 

 882 

Fig. 12 Evolution of the Vallès and Hospital faults from Mesozoic to Neogene. A) Mesozoic extensional 883 

event. Topographically driven meteoric fluids, percolating in emerged areas, are warmed at depth and 884 

upflow through faults. Due to the submarine conditions of the major part of the basin, these fluids are 885 

mixed with marine waters at surface. B) Paleogene compressional event. In the Vallès fault a thrust 886 

system uplifts the previous normal fault. Deformation is localized in the thrust faults generating a blue 887 

gouge. In the Hospital fault, the previous Mesozoic fault is inverted and percolation of low-T meteoric 888 

waters occurs. C) Neogene extensional event. During this event, the Neogene normal Vallès fault is 889 
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formed (CCO) and the reactivation of some of the Mesozoic structures occurs (TCO). Hydrothermal 890 

fluids are topographically driven meteoric fluids warmed at depth. In the hospital fault, syn-rift and post-891 

rift stages differ. During the syn-rift, meteoric hot fluids are mixed with marine waters, as occurred during 892 

the Mesozoic. On the opposite, the post-rift is dominated by low-T meteoric fluids. TCO, Torrent del 893 

Corró outcrop; CCO: Camí d’en Cisa outcrop; FPT, Frontal Paleogene thrust. 894 
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Table 1 

     

 

M1 M2 M3 M4 

  (n=5) (n=12) (n=11) (n=4) 

SiO2 46.85 43.58 48.34 50.69 

Al2O3 35.01 29.98 31.45 29.99 

FeO 2.18 2.7 2.76 2.2 

MnO 0.03 0.06 0.06 0.01 

MgO 0.52 1.21 1.72 2.12 

CaO 0.04 0.08 0.07 0.12 

Na2O 0.86 0.39 0.47 0.2 

K2O 9.87 9.14 9.39 9.67 

Atom site distribution (11 anhydrous-oxygen basis including Fe3+) 

Si(T1+T2) 3.11 3.17 3.22 3.35 

Al(T2) 0.89 0.83 0.78 0.65 

V(M1) 0.98 0.98 1.00 0.98 

Mg(M1) 0.01 0.01 0.00 0.01 

Fe
2+

(M1) 0.02 0.01 0.00 0.01 

Al(M2+M3) 1.85 1.73 1.68 1.69 

Mg(M2+M3) 0.04 0.12 0.17 0.2 

Fe(M2+M3) 0.1 0.15 0.07 0.12 

K(A) 0.84 0.85 0.8 0.82 

Na(A) 0.11 0.05 0.06 0.03 

V(A) 0.05 0.09 0.14 0.15 

     n: number of analysis 
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Table 2 

      Neoformed       From biotite   
Chlorite generation CHL1 CHL2 CHL3 CHL4 CHL1 CHL2 CHL1 CHL2 

  (n=19) (n=17) (n=42) (n=19) (n=15) (n=7) (n=17) (n=13) 

SiO2 26.3 26.62 27.03 28.47 26.39 27.99 26.81 27.26 

Al2O3 21.8 21.42 21.62 21.68 17.6 19.09 17.73 18.44 
FeO 26.92 25.84 25.36 25.8 27.53 24.26 24.83 27.41 
MnO 0.46 0.52 0.59 0.55 0.78 0.42 0.73 0.64 
MgO 13.18 13.55 13.31 11.11 13.44 16.76 15.41 13.56 
CaO 0.15 0.1 0.1 0.55 0.06 0.00 0.04 0.06 

Na2O 0.00 0.02 0.00 0.06 0.03 0.05 0.00 0.00 

K2O 0.04 0.08 0.02 0.18 0.12 0.00 0.00 0.05 
Atom site distribution (14 anhydrous-oxygen basis including Fe3+) 
Si(T1+T2) 2.71 2.73 2.76 2.86 2.79 2.79 2.8 2.81 
Al(T2) 1.29 1.26 1.24 1.12 1.21 1.21 1.2 1.19 
Al(M1) 0.29 0.26 0.24 0.12 0.21 0.2 0.2 0.19 
Mg(M1) 0.25 0.24 0.22 0.17 0.25 0.28 0.28 0.23 
Fe2+(M1) 0.23 0.19 0.17 0.13 0.17 0.12 0.14 0.15 
V(M1) 0.23 0.3 0.37 0.58 0.37 0.4 0.39 0.43 
Mg(M2+M3) 1.78 1.84 1.81 1.5 1.87 2.22 2.12 1.85 
Fe(M2+M3) 1.69 1.47 1.39 1.17 1.27 0.94 1.03 1.22 
Al(M2+M3) 0.47 0.62 0.74 1.19 0.77 0.8 0.78 0.86 
Al(M4) 0.61 0.44 0.39 0.13 0.00 0.03 0.00 0.01 
Fe3+(M4) 0.39 0.56 0.61 0.87 1.00 0.97 1.00 0.99 
XFe2+ 0.48 0.44 0.44 0.43 0.33 0.3 0.33 0.4 
Temperature (ºC)* 286 256 230 144 286 254 285 256 

n: number of analyses 
* Vidal et al. (2005, 2006), see text 
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