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Abstract 
This study aims to unravel the impact of diagenetic alterations on porosity loss of foreland-
basin turbiditic hybrid arenites and associated siliciclastic sandstones of the Eocene Hecho 
Group (south-central Pyrenees, Spain).  
In this succession, hybrid arenites and calclithites are extensively cemented by mesogenetic 
calcite cement (δ18OV-PDB=–10.0‰ to –5.8‰; Th, mode= 80°C; salinity mode = 18.8 wt% eq. 
NaCl), Fe-dolomite (δ18OV-PDB = –8.5 ‰ to –6.3 ‰) and trace amounts of siderite. The extent 
of carbonate cementation is interpreted to be related to the amounts of extrabasinal and 
intrabasinal carbonate grains, which provided nuclei and sources for the precipitation and 
growth of carbonate cements. Other diagenetic alterations, such as pyrite and albitization, had 
no impact on reservoir quality. Scarce early diagenetic cements, coupled with abundant 
ductile carbonate and siliciclastic framework grains, have led to rapid porosity loss owing to 
compaction. Conversely, abundant quartz in the sandstones prevented rapid loss of porosity 
by mechanical compaction.  
Reservoir quality was affected by mesogenetic cementation by quartz overgrowths, calcite and 
dolomite intergranular pressure dissolution of quartz grains, and formation of fracture-filling 
calcite cement (δ18OV-PDB values from –10.4‰ to –7.8‰; Th temperatures of ≈ 150°C), which 
                                                        
 
 
 
 
* Corresponding author : garcia@emse.fr

mailto:garcia@emse.fr


International Journal of Chemical Reactor Engineering, 2009, 7, A39 
doi: 10.2202/1542-6580.1881  
 

2 

are attributed to deep circulation of hot meteoric waters during extensional stages of 
tectonism. The results of this study illustrate that diagenetic evolution pathways of the 
arenites and sandstones are closely linked to the variation in detrital composition, particularly 
the proportion and types of extrabasinal noncarbonates, extrabasinal carbonates, and 
intrabasinal carbonate grains. These insights suggest that marine turbiditic hybrid arenites 
and calclithites of foreland basins are subjected to more rapid and extensive porosity loss 
owing to compaction and cementation than associated siliciclastic sandstones. Degradation of 
reservoir quality makes these hybrid arenites, calclithites, and sandstones suitable as tight gas 
reservoirs, but only if fracture porosity and permeability develop during tectonic deformation. 

KKeeyywwoorrddss::  
Arenites; Siliciclastic Sandstones; Foreland Basins; Eocene Hecho Group; Pyrenees; Spain; 
porosity loss; diagenetic evolution; carbonate cementation; Reservoir quality 

I. Introduction 
The diagenetic evolution of sandstones is complex and controlled by several interrelated 
parameters, including the tectonic setting of the basin and provenance (Morad et al. 2000), 
which exert a profound impact on the composition of the extrabasinal sand grains (Dickinson 
and Suczek 1979; Dickinson and Valloni 1980; Dickinson et al. 1983; Dickinson 1984; Lawton 
1986; Schwab 1986). Although the impact of detrital composition on the mechanical and 
chemical stability and, hence, on burial diagenesis of sandstones is well documented (Bloch 
1994), comparative diagenetic and related reservoir-quality evolution pathways of foreland-
basin hybrid arenites and of closely associated siliciclastic sandstones are relatively poorly 
explored. Furthermore, only rarely is the diagenesis of such arenites integrated with the 
depositional facies and tectonostratigraphic evolution of the basins (e.g., Scholle 1971; 
Spadafora et al. 1998). 
To address these gaps, this study explores the Hecho Group (southcentral Pyrenees) of the 
Aínsa–Jaca foreland Basin, Spain. Although the group has been subjected to intensive 
sedimentological, sequence stratigraphic, and tectonostratigraphic studies (Remacha et al. 
1995; Soto and Casas 2001; Remacha et al. 2003; Jones et al. 2005; Remacha et al. 2005; 
Falivene et al. 2007; Bakke et al. 2008) because it is considered as world-class analogue for 
numerous deep-water turbidite reservoirs (Labourdette et al. 2008), less attention is given to 
diagenetic processes accounting for the pervasive porosity destruction of the turbiditic 
arenites (Fontana et al. 1989; Caja et al. 2007; Garcia et al. 2007). Elucidation of the impact 
of diagenesis on reservoir quality of marine turbidites is important because these deposits 
represent some of the foremost poorly explored. Furthermore, only rarely is the diagenesis of 
such arenites integrated with the depositional facies and tectonostratigraphic evolution of the 
basins (e.g., Scholle 1971; Spadafora et al. 1998). 
To address these gaps, this study explores the Hecho Group (southcentral Pyrenees) of the 
Aínsa–Jaca foreland Basin, Spain. Although thegroup has been subjected to intensive 
sedimentological, sequence stratigraphic, and tectonostratigraphic studies (Remacha et al. 
1995; Soto and Casas 2001; Remacha et al. 2003; Jones et al. 2005; Remacha et al. 2005; 
Falivene et al. 2007; Bakke et al. 2008) because it is considered as world-class analogue for 
numerous deep-water turbidite reservoirs (Labourdette et al. 2008), less attention is given to 
diagenetic processes accounting for the pervasive porosity destruction of the turbiditic 
arenites (Fontana et al. 1989; Caja et al. 2007; Garcia et al. 2007). Elucidation of the impact 
of diagenesis on reservoir quality of marine turbidites is important because these deposits 
represent some of the foremost important frontiers for hydrocarbon exploration (Spadafora et 
al. 1998; dos Anjos et al. 2000; Vilasi et al. 2006; De Ros and Goldberg 2007; Dutton 2008; 
Mansurbeg 2007; Mansurbeg et al. 2008). The results of this study illustrate the importance 
of tectonostratigraphy, depositional facies, and diagenetic evolution on the spatial and 
temporal distribution of reservoir quality, and hence aid hydrocarbon exploration in marine 
turbiditic arenite successions deposited in foreland basins. 
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II. Geological background 
The Pyrenees Mountains are an Alpine chain formed as a fold and thrust belt during the Late 
Cretaceous to early Miocene at the collision front between the Iberian and the Eurasian plates 
as a result of roughly north–south crustal contraction (Figure 1). At lithospheric scale, there 
are two main features (Muñoz 1992; Teixell 1998), including: (a) subducted Iberian lower 
crust beneath Eurasia, and (b) delaminated orogenic prism overlying the lower crust showing 
an asymmetric, fan-shaped body. 
Within the orogenic prism, south-vergent structures dominate in number and extension, and 
form the south-Pyrenean zone, including the study area (Figure 1). Bedrock in this zone 
includes: (i) a Hercynian basement with granitoids and low-grade metamorphic rocks, (ii) a 
Mesozoic preorogenic sedimentary succession up to late Santonian, (iii) a synorogenic 
assemblage of Upper Cretaceous to lower Miocene sedimentary rocks, and (iv) a post-tectonic 
sedimentary succession, which is developed mostly in the Ebro basin (Figure 1). 
The Eocene Hecho Group strata (Mutti et al. 1972) consist of a succession of turbidite systems 
filling a foredeep, here referred to as a turbidite wedge. The succession consists of five major 
unconformity-bounded tectonostratigraphic units, or TSUs (Remacha et al. 2003; Remacha 
et al. 2005), which reach a maximum thickness of about 4500 m (Figure 2). The boundaries 
between the TSUs record the main basin-modifying events and the greater stepwise 
depocentermigration onto the gently slopingmargin of the foreland basin (Figure 2). 
Consequently, the tectonic signature is expressed at the boundaries of the TSUs at south-
central Pyrenees scale, with these unconformities extending into adjacent basins. Thus, the 
stratigraphic succession of TSUs within the turbidite basin represents the more practical 
division that is linking major units. The TSUs can also be expressed in both the time-
equivalent fluviodeltaic domain (Figure 3), developed to the east on a thrust-top basin (Ager–
Tremp–Graus Basin), and the associated carbonate ramps of the southern margin of the 
foreland basin. 
The five turbidite wedges (TSUs) fill the basin floor of a series of successive narrow and 
elongated foredeeps that are strongly controlled by the tectonic evolution of the basin. Each 
wedge consists of two main growth stages (cf. Mutti et al. 1985a; Mutti et al. 1985b): a lower 
sandy stage (type I and II), transitionally evolving upward into a muddy stage (type III) 
(Figure 3). The sandy deposits have a single entry point to the southeast (submarine canyon 
head) with the inner segment of the foredeep trending north–south. In the youngest turbidite 
systems of TSU-5, the general sediment entry point is dominant yet there was a northern 
supply known as the Rapitán system (Remacha et al. 1995), located North of Jaca. 

III. Methods 
A total of 241 very fine- to coarse-grained arenite samples were collected from fresh outcrops 
of four turbidite systems (TSU2–TSU5) of the Hecho Group (Figures 4, 5). Samples include 
various depositional facies within the Hecho Group (i.e., channel, channel-to-lobe transition, 
overbank, and sheetlike lobes; Figure 4A). Double-polished thin sections from each sample 
were stained for carbonates (alizarin red-s and potassium ferricyanide). Modal analyses from 
84 representative samples (TSU-2: n = 6, TSU-3: n = 29, TSU-4: n = 25, and TSU-5: n = 21) 
with medium-sand median grain size (0.25–0.5 mm) and moderate to poor sorting were used 
to minimize compositional differences due to grain-size variations. Quantification of 
framework grains, porosity, and diagenetic minerals were obtained by counting 300 points 
per thin section. Modal abundances of framework grains are reported normalized to 100%, 
whereas abundances of diagenetic components and porosity are relative to total rock volume 
(i.e., 300 counted points). Cathodoluminescence (CL) microscopy was carried out using a 
Technosyn 8200 MkII using 12–16 kV accelerating voltage, 300–350 µA beam current, and 
0.2–0.1 Torr vacuum pressure. The chemical composition of carbonate cements was 
determined by electron microprobe analysis (EMP) using a JEOL JXA-8900 with four 
detectors. Double-polished samples were coated with carbon film. Microprobe operation 
conditions were 15 kV accelerating voltage, 20 nA beam current, and 10 µm beam size. 
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Detection limits were approximately 250 ppm for Mn, 200 ppm for Fe, 100 ppm for Mg, 400 
ppm for Ca, and 270 ppm for Sr. For comparison purposes, the results were normalized to 
100 mole % of CaCO3, MgCO3, FeCO3, and MnCO3. 
Bulk-rock stable carbon and oxygen (δ 13C and δ 18O) isotope analyses were conducted on 
carbonate cement and detrital carbonate grains in 21 samples. Two steps of reaction with 
phosphoric acid were used to separate calcite (CO2 extracted after three hours at 25°C) from 
dolomite (CO2 extracted after 24 hours at 50°C) in whole-rock powders (Al-Aasm et al. 1990). 
Isotopic ratios are reported in per mil relative to the V-PDB standard. Values were calibrated 
using NBS-19 as the primary standard, and analytical precision was better than 0.05‰. 
Thirty polished sections were studied for chemical composition of feldspars and were then 
examined in BSE images, using a JEOL JXA-8900 electron microprobe with four detectors 
(15 kV accelerating voltage, 21.5 nA beam current, and 5 µm beam size). Fluid-inclusion 
microthermometry was carried out on a Linkam THMSG 600 heating–cooling stage attached 
to an Olympus BH-2 microscope equipped with a longfocal-distance lens (80 X). The 
apparatus was calibrated at low temperature by inclusion of pure CO2 in topaz (-56.6°C) and 
synthetic inclusions of pure water in quartz (0.015°C) and at high temperature by known 
standard melting temperature provided by Merck. Vitrinite reflectance analyses included the 
measure of up to 100 points per sample in the organic matter. Vitrinite fragments displaying 
evidence of recycled origin were not observed in the studied samples. 

IV. Results detrital composition 
IIVV..11..  HHyybbrriidd  AArreenniitteess  aanndd  CCaallcclliitthhiitteess  

Noncarbonate extrabasinal (NCE), carbonate extrabasinal (CE), and carbonate intrabasinal 
(CI) components (sensu Zuffa 1980) of the Hecho Group arenites (Figure 6A) reveal that 
TSU-3 (Torla, Broto, Gerbe, and Cotefablo turbitide systems), TSU-4 (Banastón turbitide 
system) and TSU-5 (Aínsa, Morillo, and Guaso turbitide systems) are made up of hybrid 
arenites (sensu Zuffa 1980) and calclithites (sensu Pettijohn et al. 1972). Calclithites are rich 
in CE grains, such as dolostones, dolomicrite, discrete rounded dolomite crystals with grain 
size similar to other grain types, grainstones, sparitic and micritic limestones, micritic 
fossiliferous limestones, and discrete sparitic crystals (Table 1). Hybrid arenites are 
characterized by the occurrence of CI grains, which include mainly Eocene foraminifera and 
skeletal fragments of shallow-water organisms (foramol facies), intraclasts, peloids, and 
phosphate fragments (Table 1). 
Below, ‘‘hybrid arenites’’ refers to both hybrid arenites (sensu stricto) and calclithites to 
simplify the comparison of diagenetic processes affecting carbonate-rich arenites and 
siliciclastic sandstones. 
Total feldspar content in the hybrid arenites is variable, from 1% to 18% (of total rock volume) 
but can reach up to 41% (Figure 6B). K-feldspar and plagioclase are partly replaced by clay 
minerals and carbonates. Kfeldspar content ranges from 1% up to 8%, (TSU-3, Torla), and 
plagioclase ranges from 1% to 16% (TSU-4, Banastón 1 and 2; Table 1). Monocrystalline quartz 
(16% to 28%) is more abundant than polycrystalline quartz grains (5% to 9%). Chert grains 
range in abundance from 1% to 3%, lithic rock fragments from 1% to 3%, and mica 
(dominantly muscovite) and heavy minerals are present in amounts less than 1%. 
Abundance of the lithic rock fragments and extrabasinal CE (Figure 6C) increases upwards, 
from 41% in TSU-3 to 46% in TSU-4 to 55% in TSU-5 (Table 1). Lithic grains include 
metamorphic (MRF), plutonic (PRF), and sedimentary (SRF) rock fragments. The TSU-3 
arenites contain dominantly SRF (up to 1%), whereas the TSU-4 and TSU-5 contain greater 
amounts of SRF (2% and 3%, respectively) and MRF (3% and 1%, respectively) than PRF (1% 
in TSU-4 and TSU-5). The MRF are of high-, medium-, and low-grade origins (phyllites and 
metasandstones). Sedimentary rock fragments, which dominate in TSU-3, are mainly 
sandstones, mudrocks, and chert. Other lithic grains include minor amounts of volcanic rock 
fragments, subvolcanic alkaline (basalt), and acidic (andesite–rhyolite), which are most 
abundant in TSU-5 (Table 1). Total feldspar content increases upwards, from 10% in TSU-3, 
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to 16% in TSU-4, to 16% in TSU-5, (Table 1). Abundance of monocrystalline and 
polycrystalline quartz grains decreases from TSU-3 to TSU-5 (79% in TSU-3, 64% in TSU-4, 
and 63% in TSU-5). 

IIVV..22..  SSaannddssttoonneess  

The sandstones occur only in the lowermost unit of TSU-2. Plotted on a QFL ternary diagram 
(Q, quartz; F, feldspars; L, lithic fragments, including chert of volcanic and sedimentary 
origin; Pettijohn et al. 1972), the sandstones are classified as quartzarenites (Figure 6B). 
Monocrystalline quartz is more abundant (up to 67%) than polycrystalline grains (up to 18%). 
Detrital feldspars (<6%) include equal proportions of plagioclase and K-feldspars. Lithic 
grains in the siliciclastic sandstones are scarce (<2%) and include metamorphic and 
sandstone rock fragments. Conversely, CE grains are abundant (up to 40%, average of 18%; 
Figure 6C), which include dominantly dolostone (up to 13%), micritic limestones (up to 10%), 
and bioclasts (up to 8%; Table 1). Muscovite occurs up to 3%, and heavy minerals, mainly 
tourmaline and zircon, are present in minor amounts, up to 2%. 

V. Petrology and chemistry of diagenetic minerals 
VV..11..  CCaallcciittee  CCeemmeenntt  
Intragranular, intergranular, and scarce fibrous circumgranular calcite cement occurs in the 
siliciclastic sandstones and the hybrid arenites but is most abundant in the hybrid arenites of 
TSU-5, in which they compose up to 31% of the rock (Table 1). Intragranular ferroan calcite 
cement displays reddish-brown luminescence and equant mosaic texture, and engulfs pyrite 
in the skeletal grains, particularly the foraminifera (Figures 7A–F). The chemical composition 
of this calcite is similar in all turbidite systems (Figure 8, Table 2). Blocky to poikilotopic, 
ferroan calcite crystals occur as grain-displacive, intergranular cement (150–1200µm;  
Table 1, Figures 9A, B). This cement displays various luminescence colors, including: (i) red 
circumgranular crystals engulfed by nonluminescent calcite (Figures 9C, D), and (ii) 
nonluminescent to dark-red calcite crystals (Figures 9E, F). Small amounts of calcite cement 
occur also as syntaxial overgrowths around echinoderms being engulfed by, and hence 
predating, intergranular poikilotopic calcite cement. 
Electron microprobe analyses revealed that the intergranular and intragranular carbonate 
cements are ferroan calcite (Table 2; Figure 8). Fe content ranges from 630 to 15981 ppm in 
all TSU, Mn is up to 1231 ppm, Ba is up to 2553 ppm, and Sr varies nonsystematically within 
the different TSU from below the detection limit up to 12143 ppm (Table 3).  
Intergranular calcite cement in arenites from TSU-4 (Banastón 5) contains primary fluid 
inclusions based on their occurrence along crystal growth lines. Homogenization 
temperatures (Th) range from 70°C to 120°C, with modal values of 80°C. Final melting of ice 
ranges between -14.2 and -17°C (mode -15.2°C), indicating salinities of 17.9–20.2 wt % eq. 
NaCl (mode = 18.8 wt % eq. NaCl). Eutectic temperatures lower than -40°C are characteristic 
of the H2O–NaCl–(CaCl2) system. Scarce, small (<5–40 µm), primary fluid inclusions in vein-
filling calcite cement show higher Th values (145 to 162°C; mode =150°C) than those measured 
in the intergranular cement. Final melting of ice displays values from -0.8 to -2°C, indicating 
relatively low salinities (1.3 to 3.3 wt % eq. NaCl; mode of 2.3 wt % eq. NaCl). Intergranular 
calcite cement has δ18OV-PDB values that range from -10.0‰ to -5.8‰ and δ 13CV-PDB from -
2.7‰ to +0.4‰ (Table 4). 
The red luminescent, fibrous circumgranular calcite cement (40–60 µm wide) is most 
abundant in the sandstones of the TSU-2, i.e., in the lowermost and most deformed 
tectonostratigraphic unit (Figures 10A, B). This cement shows the highest Sr content among 
the carbonate cements (1640 to 5978 ppm), whereas Fe, Mn, and Ba contents are relatively 
low (2340 to 6179 ppm; up to 720 ppm; and up to 484 ppm, respectively) (Tables 2 and 3, 
Figures 8). Fibrous calcite cement has δ18OV-PDB values close to -9.7‰ and δ CB

13
V-PDB values 

varying from +0.7‰ to +0.4‰ (Table 4; Figure 11). 
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VV..22..  VVeeiinn  CCaallcciittee  

Vein calcite, which is common in siliciclastic sandstones of TSU-2 and occasionally in the 
lowermost part of the hybrid arenite units (TSU-3), occurs as prismatic to coarse blocky 
crystals (>2 mm: Figure 10C, D) with curved faces and concavo-convex and sutured 
intercrystalline contacts. Barite crystals are scattered between the blocky calcite crystals. 
Some of the calcite crystals are saddle shaped with sweeping extinction, and curved crystal 
faces occur in the veins. Vein, blocky, and prismatic calcites have δ18OV-PDB values from  
-10.4‰ to -7.8‰ and δ13CV-PDB from -1.8‰ to -1.4‰ (Table 4, Figure 11). 

VV..33..  DDoolloommiittee  CCeemmeenntt  aanndd  OOvveerrggrroowwtthhss  
Dolomite cement occurs in small amounts in the siliciclastic sandstones and in the hybrid 
arenites but may reach amounts as high as 23% in sandstones from TSU-2 and up to 12% in 
the hybrid arenites of TSU-5 (Guaso unit; Table 1). Dolomite cement occurs as small 
(<20µm), scattered crystals, or as aggregates of few crystals in the intergranular pores or as 
rims around the framework grains (Figures 9A, B, 11A, B). These scattered dolomite rhombs, 
which occur in small amounts (<2%) in all TSUs, are engulfed by, and hence predate, 
intergranular ferroan calcite cement (Figures 12A, B). No textural differences were observed 
between the dolomite cement in the siliciclastic sandstones and the hybrid arenites. 
Dolomite cement occurs also as syntaxial overgrowths (50–100 µm wide) around detrital 
monocrystalline dolomite grains present in the siliciclastic sandstones and the hybrid arenites 
(Table 1). The dolomite core is nonluminescent, whereas the overgrowths show bright orange 
luminescence (Figures 12C, D). Two zones of dolomite overgrowths were distinguished using 
backscattered electron imaging (Figures 12E, F). The early dolomite overgrowth is 
characterized by relatively low Mn and Fe contents (up to 1928 ppm and 84009 ppm, 
respectively), whereas the later overgrowths are richer in Mn and Fe (up to 1928 ppm and 
84009 ppm, respectively; Table 2). The small amounts and small size of the overgrowths 
precluded obtaining separate isotopic analyses for the diagenetic and detrital dolomite. Bulk 
detrital dolomite and the overgrowths have δ18OV-PDB values that range from -8.5‰ to -6.1‰ 
and δ13CV-PDB from -1.2‰ to + 0.7‰ (Figure 11, Table 4) and are, thus, largely similar to stable-
isotope values for some of the intergranular calcite cements. Some of the samples contain 
trace amounts of siderite cement (<1%; occasionally up to 10% in calclithites of the Banastón 
5 unit) composed of small (<20 µm) scattered crystals or groups of few crystals replacing 
carbonate bioclasts and lithic grains. 

VV..44..  AAllbbiittee  

Feldspar grains in the sandstones and the hybrid arenites display petrographic features 
similar to albitized feldspars described by Morad (1986), Morad et al. (1990), and Saigal et al. 
(1988), such as the irregular and obliterated twinning planes, and the presence of untwinned, 
vacuolated feldspar grains that display patchy extinction patterns. 
Nonluminescent diagenetic albite occurs as overgrowths on primary green-to-blue 
luminescent plagioclase. Diagenetic albite overgrowths on plagioclase and albitized K-feldspar 
grains are engulfed by, and hence predate, ferroan calcite cement (Figures 13A, B). Most of 
the diagenetic albite has replaced K-feldspar and plagioclase (Figures 13C, D). In many cases, 
calcite cement has selectively replaced the non-albitized parts of the detrital feldspar while the 
albitized part remained unaffected (Figures 13E, F). Electron microprobe analysis of albite 
overgrowths shows nearly pure end-member composition (99.9 mol % Ab), whereas albite 
replacing plagioclase grains has more variable composition (nil to 2.6 mol % An; Table 5, 
Figure 14). Scarce, coarse barite crystals are closely associated with albitized K-feldspars. 

VV..55..  QQuuaarrttzz  aanndd  PPyyrriittee  
Quartz cement occurs as syntaxial overgrowths around the monocrystalline quartz grains (up 
to 4% in TSU-5, Morillo unit; Table 1). Pyrite occurs in trace amounts (<1%) as framboids 
within carbonate bioclasts in most of the studied samples. Pyrite is engulfed by, and thus 
predates, intergranular, coarsely crystalline, ferroan calcite cement (Figures 15A, B). Organic 
matter associated with pyrite is composed of vitrinite, inertinite, and bituminite. The mean 
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vitrinite reflectance (Ro) measured in TSU-3 is 0.9 (n = 25), TSU-4 is 0.39 (n = 34) and TSU-
5 is 1.51 (n = 5) (Barker and Pawlewicz 1994) indicates temperatures of 128°C, 62°C, and 
169°C, respectively. 

VV..66..  CCoommppaaccttiioonn  FFeeaattuurreess  aanndd  PPoorroossiittyy  

Primary intragranular porosity in bioclasts was completely occluded by ferroan calcite 
cement. Primary intergranular porosity has been nearly completely destroyed in the 
siliciclastic sandstones and the hybrid arenites. In both rock types, physical and chemical 
compaction are the dominant processes causing porosity loss. Mechanical compaction is 
indicated by bending of mica grains and plastic deformation of ductile sedimentary and 
metasedimentary (slates and phyllites) as well as carbonate grains (Figures 15C, D). In the 
siliciclastic sandstones, chemical compaction is evidenced by intergranular straight, 
concavoconvexand sutured contacts that occur along the quartz–quartz and carbonate–
carbonate grain contacts (Figure 15E).  
Total intergranular volumes (i.e., the sum of intergranular pore space and intergranular 
cement) of hybrid arenites are relatively low (10–20%; Table 1). Siliciclastic sandstones in 
TSU-2, however, have total intergranular volumes up to 47%. Minor secondary porosity (1–
2%) occurs in the hybrid arenites and in the sandstones, formed by dissolution of coarsely 
crystalline, intergranular calcite cement and carbonate grains. Open fracture porosity was not 
observed. Fractures in the siliciclastic sandstones from TSU-2 and TSU-3 are completely filled 
by carbonate cement. 

VI. Discussion 
VVII..11..  PPaarraaggeenneettiicc  SSeeqquueennccee  

The petrographic data suggest that diagenetic alterations of the Hecho Group, which are 
interpreted to have been accomplished during eodiagenesis (<2 km depth) and 
mesodiagenesis (>2 km) (sensu Morad et al. 2000), vary significantly among the turbiditic 
hybrid arenites and the sandstones. Due to the lack of a detailed knowledge of the burial 
history of the succession, it is difficult to interpret the exact timing and burial depths or 
temperatures for all of the diagenetic processes and products. Nevertheless, an overall 
paragenetic sequence was established based on superposition and textural relationships of 
various diagenetic alterations and on the fluid-inclusion analyses (Figure 16). Eogenetic 
alterations in the hybrid arenites include: (i) precipitation of minor amounts of framboidal 
pyrite from marine pore waters within carbonate bioclasts, reflecting local reducing 
conditions (Raiswell 1997; Schieber 2002), (ii) precipitation of ferroan calcite cement in 
intragranular pores of bioclasts, (iii) cementation by intergranular poikilotopic ferroan calcite, 
and (iv) intense mechanical compaction favored by the presence of abundant ductile 
framework grains (primarily sedimentary, shale and siltstones, vitreous volcanic rock 
fragments, lowgrade metamorphic rock fragments, and carbonate intraclasts). Mesogenetic 
alterations include: (i) pressure dissolution (i.e., chemical compaction) of the carbonate 
grains, (ii) cementation by intergranular blocky ferroan calcite, (iii) precipitation of dolomite 
overgrowths, and (iv) albitization of detrital feldspars and development of albite overgrowths. 
Eogenetic alterations in the siliciclastic sandstones include: (i) fibrous circumgranular calcite 
cement, (ii) minor amounts of framboidal pyrite from marine pore waters precipitating within 
the carbonate bioclasts, and (iii) cementation by intergranular poikilotopic ferroan calcite and 
dolomite cement. Mesogenetic alterations in the sandstones include: (i) intergranular 
pressure dissolution (i.e., chemical compaction) of detrital quartz grains and concomitant 
formation of quartz overgrowths, (ii) cementation by intergranular blocky ferroan calcite, (iii) 
precipitation of dolomite overgrowths, (iv) albitization of detrital feldspars with development 
of albite overgrowths, and (v) formation of vein-filling calcite and scarce barite crystals in 
TSU-2. Dissolution of coarsely crystalline, intergranular calcite cement and carbonate grains 
giving secondary porosity occurs in the hybrid arenites and the sandstones. There are no 
pronounced differences in diagenetic evolution of the siliciclastic sandstones and hybrid 
arenites among the studied TSUs and various depositional facies (e.g., channel, channel-to-
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lobe transition, overbank, and sheetlike lobes; Figure 4A). Thus, variations in the diagenetic 
evolution pathways can be attributed mainly to variation in the detrital compositions, 
particularly the proportion and types of extrabasinal noncarbonate grains (feldspar and low-
grade metamorphic rock fragments), extrabasinal carbonate grains, and intrabasinal 
carbonate grains (Figures 6, 17), which do not show any systematic facies control. 

VI.2.  Distribution  and  Conditions  of  Carbonate  Cementation    VI.2. Distribution and Conditions of Carbonate Cementation

Cementation of the turbiditic hybrid arenites by carbonate was enhanced by the presence of 
abundant carbonate grains, which can act as nuclei for the precipitation and growth of 
carbonate cement (cf. South and Talbot 2000; Ketzer et al. 2002; Ketzer et al. 2003; El-Ghali 
et al. 2006).  
Pressure dissolution of the carbonate grains rendered them assources of carbonate cement 
(Morad 1998). However, the common occurrence of fibrous circumgranular calcite (Figure 
7A, B), which is commonly considered as typical marine cement (Tucker and Wright 1990), in 
arenites of TSU-2 and TSU-3 suggests that eogenetic calcite cement was also sourced by 
marine pore waters. Cementation by fibrous circumgranular calcite may have been promoted 
by diffusion of dissolved Ca2+ and HCO3

-  from the overlying seawater (Kantorowicz et al. 
1987; Ketzer et al. 2003). Thus, cementation by fibrous calcite likely commenced near the 
seafloor (Kendall 1985; Tobin et al. 1996). Fibrous calcite in marine sediments has been 
interpreted to be derived from the neomorphism of aragonite and/or high-Mg calcite (Tucker 
1986; Moore 1989). The high Sr content (up to 6000 ppm; Figure 8) of this calcite may 
support an aragonitic precursor (Tucker 1986; Moore 1989; Tucker and Wright 1990), 
whereas the relatively high amounts of Fe in these calcites suggest precipitation from suboxic 
to anoxic pore waters (Froelich et al. 1979). The reason behind limited amounts of fibrous 
calcite in TSU-4 and TSU-5 is unclear but could be caused by relatively short residence time of 
the sediments near the seafloor due to high sedimentation rates during deposition of these 
units (cf. Morad et al. 2000; Ketzer et al. 2003). 

The δ13CV-PDB values of fibrous calcite (+0.4‰ to +0.7‰) also suggest derivation of dissolved B

carbon from seawater or from the dissolution of detrital marine carbonate grains. However, 

the low oxygen isotope values of the calcite cements ( OV-PDB ≈ -9.7‰) are indicative of δ18

formation at elevated temperatures or from meteoric water (Morad 1998). Assuming that 
these calcite cements, which commonly fill small pores in compacted sandstones, are derived 

from evolved basinal brines with Oδ18
v-smow value of +2‰, the OV-PDB values of calcite would δ18

indicate precipitation temperatures of 55–90°C, whereas precipitation from meteoric waters 

with 8Ov-smow value of -6‰ results in near-surface, eogenetic temperatures of 15–35°C. δ18

Nevertheless, the rapid loss of porosity and permeability of the arenites, which are rich in 
ductile grains (Nagtegaal 1978; Pittman and Larese 1991), particularly by mechanical 
compaction, probably precluded influx of considerable volumes of meteoric waters into the 
arenites. Hence, the fibrous calcite might have been recrystallized at elevated temperatures 
(Saigal and Bjorlykke 1987) and stretched by tectonic shear stresses. 
Cementation of the arenites by intragranular ferroan calcite (Figure 8) probably occurred in 
the Mn–Fe reduction geochemical zone below the seafloor (Froelich et al. 1979). The 
intergranular patches of blocky to poikilotopic calcite cement are suggested to have been 
sourced by dissolution of carbonate grains and pressure dissolution of these components 

during progressive burial. The low and variable δ18OV-PDB values of the intergranular calcite 
cement (-10.0‰ to -6.0‰) suggest precipitation at temperatures of 35–50°C if a pre-

Quaternary marine water δ18Ov-smow value of -1.2‰ (Shackleton and Kenneth 1975) is assumed. 
Higher temperatures (ca. 50–75°C) are obtained if precipitation is assumed to have occurred 

from evolved formation waters with δ18Ov-smow value of +2‰ (Morad 1998). The δ13CV-PDB values 
(-1.4‰ to +0.4‰) are consistent with derivation of dissolved carbon from the dissolution of 
detrital marine carbonate grains. 
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Calculated precipitation temperatures for intergranular blocky calcite cement from fluid-
inclusion analyses (≈80°C; Figure 17) and the high salinity (ranging from 17.9 to 20.2 wt % eq. 
NaCl) support an interpretation of precipitation from hot basinal fluids, probably sourced 
from the underlying Upper Triassic evaporitic deposits (Díaz Merino et al. 2006). Low oxygen 

isotope values (δ18OvPDB =- 10.4‰ -7.9‰), high measured Th (≈ 150°C), and low salinities of 
vein calcite that crosscuts all other diagenetic carbonates suggest formation from hot meteoric 
waters (Bitzer et al. 2001; Ferket et al. 2004). Meteoric-water infiltration into these tight 
arenites is expected to have influenced only host rock in the vicinity of fractures, which were 
formed during uplift and deformation of the foreland basin (Spadafora et al. 1998). The 
orientation of the calcite crystal growth perpendicular to the vein walls (Figure 7C) indicates 
that meteoric-water flux and cementation occurred during extensional deformation of the 
sandstones (Travé et al. 1997; Bodego and Agirrezabala 2007). The occurrence of saddle-like 
calcite crystals may indicate a dolomite precursor, which is typical high-temperature 
carbonate cement formed at temperatures greater than 70°C (Spötl and Pitman 1998). The 
replacement of fracture-filling saddle dolomite is attributed to flux of hot meteoric waters 
(Zeeh et al. 2000; Marfil et al. 2005). 
Petrographic evidence suggests the presence of two generations of dolomite cement, including 
early scattered dolomite crystals that precipitated around the framework grains (particularly 
around extrabasinal dolostone grains), followed by chemically zoned, syntaxial dolomite 
overgrowths. The grain-coating dolomite cement is interpreted to have been precipitated at or 
near to the seafloor from marine pore waters, and could have been sourced by the dissolution 
of high-Mg bioclasts and by the alteration of volcanic rock fragments (Morad 1998). 
Formation of microcrystalline calcite and dolomite cements around the carbonate grains at 
shallow depths below the seafloor may be sourced bydiffusion of Mg2+, Ca2+, and HCO3

- from 
the overlying seawater (Wilkinson 1989). The chemical zonation in dolomite overgrowths 
(Figure 8) presumably mimics variations in the concentrations of dissolved Fe and Mn in the 
pore waters, which might reflect changes in pore-water chemistry owing to mixing zones, Eh 
fluctuations in the reactant fluid, or variations in the supply of Fe and Mn ions, possibly from 
terrestrial input (Hendry et al. 2000). 

The δ13CV-PDB values of bulk dolomite (-1.2‰ to +0.7‰) suggest derivation of dissolved 
carbon from marine pore waters and/or from dissolution of marine carbonate grains. 
Assuming precipitation from marine pore waters, the narrow range of low oxygen isotope 

values in dolomite cement (δ18O from -8‰ to -6‰) would indicate precipitation at elevated 
temperatures. Using the fractionation equation of Land (1983), precipitation temperatures of 

60–75°C are obtained with a pre-Quaternary marine water δ18Ov-smow value of -1.2‰ 
(Shackleton and Kenneth 1975). However, higher temperatures (ca. 75–100°C) are obtained if 

precipitation occurred from evolved marine pore waters with δ18Ov-smow value of +2‰. The lack 

of correlation between δ18O and δ13C values (Figure 11) may be the result of derivation of 
dissolved carbon from dissolution of detrital carbonate grains in the host sediments, 

independently of the variation in temperature, and hence in δ18O values. 
Variation in the amount of cementation was controlled not only by the amounts of detrital 
carbonate grains but also by the residence time of the sediments near the seafloor (i.e., 
sedimentation rates; Wilkinson 1989; Morad et al. 2000). 
Dolomite cement similar to that in the arenites is present in the condensed sections within the 
lowstand wedges of depositional sequences in the Eocene Hecho Group (Marfil et al. in 
press). Textural relationships and chemical composition suggest an early diagenetic origin for 
microcrystalline dolomite, which could be similar to the grain-coating dolomite reported in 
this paper. In the condensed episodes (dolomite in yellow beds, Figure 11), the dolomite 

overgrowths show δ18O values comparable to detrital dolomites and overgrowths of the 

turbidite arenites (from -8.5 to -6.3‰ δ18O, Table 4), which could indicate that cementation 
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by dolomite continued during deeper burial (Hendry et al. 2000; Aqrawi et al. 2006; Machent 
et al. 2007). 

VVII..33..  OOrriiggiinn  aanndd  CCoonnddiittiioonnss  ooff  AAllbbiittiizzaattiioonn  
Albite can be of detrital or diagenetic origin. The petrographic evidence from this succession 
suggests that albite in the sandstones and the hybrid arenites was formed by the replacement 
(i.e., albitization) of detrital plagioclase and K-feldspars. Diagenetic albitization in sandstones 
is controlled by temperature, chemistry of formation water, and reaction kinetics (Boles 1982; 
Aagaard et al. 1990; Morad et al. 1990). Albitization is also a common feature of 
hydrothermally altered granitic source rocks (Varlamoff 1972). Evidence of diagenetic 
albitization in these sandstones include: (i) absence of sericite and epidote, which typically 
occur in hydrothermally albitized feldspars (Zurcher et al. 2005), (ii) occurrence of both of 
grain-replacive albite and euhedral albite overgrowths (Figures 13A,B), indicating that the 
overall geochemical conditions were suitable for albite formation in the arenites, (iii) nearly 
pure chemical composition of the replacive albite and of albite overgrowths (Morad 1986; 
Saigal et al. 1988), and (iv) lack of luminescence of the albite overgrowths and albitized grains 
(Figure 13C–F; Kastner and Siever 1979; Saigal et al. 1988; Morad et al. 1990). The presence 
of barite within altered feldspars (e.g., in TSU-3) may be the result of derivation of barium 
from albitization of Kfeldspar (Ali and Turner 1982; Long and Luth 1986; Kastner and Siever 
1979). Al3+ and Ca2+, by-products of plagioclase albitization, may be precipitated in carbonates 
relatively easily under the pCO2 levels present in most basins (Boles 1982; Morad et al. 1990), 
consistent with the presence of abundant calcite cement in the siliciclastic sandstones and in 
the hybrid arenites. 

VVII..44..  EEvvoolluuttiioonn  ooff  RReesseerrvvooiirr  QQuuaalliittyy  
Scarce early diagenetic calcite and dolomite cements rendered the hybrid arenites and 
sandstones sensitive to mechanical compaction, which resulted in significant porosity 
destruction during eogenesis (cf. De Souza et al. 1995). The relatively low intergranular 
volume data (Table 1) reflect that the arenites suffered from significant compaction prior to 
cementation (cf. Paxton et al. 2002). The higher amounts of mechanically stable quartz grains 
in the sandstones resulted in less pervasive mechanical compaction, and thus preserved 
higher intergranular volume compared to the hybrid arenites (cf. Bloch et al. 2002). Porosity 
loss in the sandstones is interpreted to have occurred mainly by chemical compaction, i.e., 
intergranular pressure dissolution along quartz–quartz grain boundaries, and by concomitant 
cementation by syntaxial quartz overgrowths (cf. Fontana et al. 1989). The presence of 
dominantly point contacts between grains engulfed by poikilotopic ferroan calcite cement 
suggests relatively early precipitation of this cement. The presence of various types of grain 
contacts (point, straight, and sutured) and various intergranular volumes within intergranular 
ferroan calcite cement suggest precipitation during progressive burial and concomitant 
mechanical and chemical compaction (Machent et al. 2007). Several authors have concluded 
that pressure dissolution of quartz grains is enhanced by a considerable increase in burial 
depth (i.e., increase in effective stress), temperature, and time (>3 km, >90°C; Oelkers et al. 
1996; Sheldon et al. 2003), whereas the onset of pressure dissolution of carbonate grains has 
been suggested to occur at burial depths less than ca. 1500 m (Buxton and Sibley 1981; Saller 
1984). Carbonate pressure dissolution has acted as a source of burial carbonate cements in 
the studied rocks. 
Secondary porosity is rare in the siliciclastic and hybrid arenites and has resulted mainly from 
the dissolution of coarsely crystalline, intergranular calcite cement and carbonate grains. 
Dissolution of calcite cement and pressure dissolution of carbonate grains indicate that the 
diagenetic evolution of these deposits has involved considerable cement redistribution 
(Dutton and Barton 2001). The extremely low porosity and permeability of sandstones and 
hybrid arenites from this foreland basin (Ketzer and Morad 2006) make them suitable only 
for gas rather than oil reservoirs. However, porosity and permeability in such reservoirs can 
be generated by tectonic fracturing (Camara et al. 1988; Díaz Merino et al. 2006). 
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This study thus reveals that the diagenetic evolution of turbiditic arenites of foreland basins 
follow various diagenetic evolution pathways, which can induce considerable variation in the 
spatial and temporal distribution of reservoir quality and heterogeneity. Sandstones rich in 
mechanically stable quartz grains have been subjected to slower rates of porosity loss than 
arenites rich in ductile extrabasinal and intrabasinal carbonate grains (Bloch et al. 2002; 
Paxton et al. 2002). Moreover, these carbonate grains act as sites for nucleation and growth of 
carbonate cement, and hence contribution to the greater rates of porosity loss than the 
quartz-rich sandstones (Buxton and Sibley 1981; Saller 1984). 

VII. Conclusions 
Petrological and geochemical study of marine foreland basin turbiditic hybrid arenites and 
sandstones of the Hecho Group (Eocene), southcentral Pyrenees, Spain, reveals that 
diagenetic evolution pathways are closely linked to the variation in detrital composition, 
particularly the proportions and types of extrabasinal noncarbonates, extrabasinal 
carbonates, and intrabasinal carbonate grains. Important results include: 

 Marine turbiditic hybrid arenites are subjected to more rapid and extensive porosity loss 
owing to more compaction and cementation in these than in siliciclastic sandstones in 
the same succession. Total elimination of reservoirs quality makes the hybrid arenites 
and sandstones suitable only as tight gas reservoirs dominated by microporosity. 

 Hybrid arenites are cemented extensively by mesogenetic carbonates (calcite, dolomite, 

and trace amounts of siderite). The low δ18O values of the intergranular calcite cement  
(-10.0‰ to -5.8‰) coupled with the high salinity (mode = 18.8 wt % eq. NaCl) and 
Th (mode = 80°C) of fluid inclusions suggest involvement of basinal saline fluids sourced 

from the underlying Upper Triassic evaporitic deposits. The low δ18OV-PDB values of the 

Fe-dolomite (δ18O = -8.5‰ to -6.3‰) suggest continuous precipitation during 
progressive burial and increasing temperatures, sourced mainly from pressure 
dissolution of intrabasinal and extrabasinal carbonate grains. 

 The siliciclastic sandstones in the deepest tectonostratigraphic unit are characterized by 
the dominance of quartz grains, which prevented substantial porosity loss by 
mechanical compaction. Mesogenetic processes affecting the reservoir quality included 
quartz cementation, calcite and dolomite cementation, and chemical compaction (i.e., 
intergranular pressure dissolution of quartz grains). The well-lithified sandstones were 
brittle, favoring the development of fracture porosity and permeability during tectonic 
deformation. 

 Diagenetic alterations common to hybrid arenites and siliciclastic sandstones, such as 
pyrite precipitation, intragranular calcite cementation, and albitization, which are not 
extensive, had no effect on reservoir quality. 

 The formation of vein saddle calcite with δ18OV-PDB values from -10.4‰ to -7.8‰ and 

δ13CV-PDB from -1.8‰ to -1.4‰, with Th temperatures of ≈ 150°C, is attributed to deep 
circulation of hot meteoric waters during fracturing associated with the extensional 
stage of tectonism in the foreland basin. 

 These results illustrate that proper understanding of the spatial and temporal 
distribution of reservoir-quality evolution in marine turbiditic arenite successions 
should be based on an integrated approach that links, primarily, diagenesis to variations 
in composition of primary framework grains. The diagenetic evolution pathways likely 
are not unique to this succession, and may thus provide insights into patterns of 
diagenesis in other foreland-basin successions. 
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Figures 

 

FFiigguurree  11::  HHiigghhllyy  ssiimmpplliiffiieedd  ggeeoollooggiiccaall  mmaapp  ooff  tthhee  PPyyrreenneeeess  sshhoowwiinngg  llooccaattiioonn  ooff  bbootthh  tthhee  ssttuuddyy  aarreeaa  aanndd  tthhee  ccrroossss  
sseeccttiioonnss  iinncclluuddeedd  bbeellooww  ((AA––BB  aanndd  CC––DD))..  TThhee  lliitthhoosspphheerree--ssccaallee  bbaallaanncceedd  ccrroossss  sseeccttiioonnss  sshhooww  tthhee  mmaaiinn  ssttrruuccttuurraall  
ffeeaattuurreess  ooff  tthhee  cceennttrraall  PPyyrreenneeeess,,  aa  ffaann--sshhaappeedd  ddeellaammiinnaatteedd  oorrooggeenniicc  wweeddggee  oovveerrllyyiinngg  tthhee  lloowweerr  ccrruusstt,,  rreellaatteedd  ttoo  
tthhee  ssuubbdduuccttiioonn  ooff  tthhee  IIbbeerriiaann  ccrruusstt  bbeenneeaatthh  tthhee  EEuurraassiiaann  ppllaattee..  CCrroossss  sseeccttiioonn  AA––BB  ((ffrroomm  MMuuññoozz  11999922))  aaccccoouunnttss  
ffoorr  ffiieelldd  ddaattaa  aanndd  iinntteerrpprreettaattiioonn  ooff  tthhee  EECCOORRSS  PPyyrreenneeeess  sseeiissmmiicc  ssuurrvveeyy..  CCrroossss  sseeccttiioonn  CC––DD  ((ffrroomm  TTeeiixxeellll  11999988))  iiss  
bbaasseedd  oonn  ffiieelldd  wwoorrkk  ddaattaa  aanndd  iinntteerrpprreettaattiioonn  ooff  tthhee  EECCOORRSS––AArrzzaakk  sseeiissmmiicc  ssuurrvveeyy  ffoolllloowwiinngg  tthhee  VVeerraall  ttrraannsseecctt  ttoo  
tthhee  ssoouutthh  ((AAnnssóó  vvaalllleeyy))..  
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FFiigguurree  22::  CCoommppoossiittee  ssttrraattiiggrraapphhiicc  ccoolluummnn,,  mmoossttllyy  mmaaddee  aalloonngg  tthhee  AArraa  RRiivveerr  vvaalllleeyy,,  ffrroomm  SSiieerrrraa  TTeennddeenneerraa  ttoo  
SSaannttaa  MMaarriiaa  ddeell  BBuuiill,,  wwiitthh  cchhrroonnoossttrraattiiggrraapphhiicc  rreeffeerreennccee  ffoorr  tthhee  TTSSUUss  aanndd  tthheeiirr  ccoommppoonneenntt  ttuurrbbiiddiittee  ssyysstteemmss  
aanndd  nnoommeennccllaattuurree..  TThhee  ccoolloorrss  uusseedd  iinn  tthhee  ddiiffffeerreenntt  TTSSUUss  aarree  ssuubbjjeeccttiivvee  aanndd  ddoo  nnoott  hhaavvee  ggeeoollooggiiccaall  mmeeaanniinngg..    
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FFiigguurree  33::  SScchheemmaattiicc  ccrroossss  sseeccttiioonn  ooff  tthhee  eeaasstteerrnn  aanndd  cceennttrraall  ppaarrtt  ooff  tthhee  EEoocceennee  ffoorreellaanndd  bbaassiinn  ooff  tthhee  ssoouutthh--
cceennttrraall  PPyyrreenneeeess,,  SSppaaiinn..  SSeeee  FFiigguurree  11  ffoorr  llooccaattiioonn  ooff  BBoollttaaññaa  aanndd  TTrreemmpp––AAggeerr  rreeggiioonnss..  TThhee  ssttrraattiiggrraapphhiicc  sseeccttiioonn  
ccoonnssiissttss  ooff  ffiivvee  mmaajjoorr  uunnccoonnffoorrmmiittyy--bboouunnddeedd  uunniittss  ((TTSSUUss;;  rreeddrraawwnn  ffrroomm  MMuuttttii  eett  aall..  11998855,,  MMuuttttii  eett  aall..  11998888))..  

 

FFiigguurree  44::  CChhrroonnoossttrraattiiggrraapphhiicc  ssuucccceessssiioonn  ooff  tthhee  ttuurrbbiiddiittee  ssyysstteemm  wwiitthhiinn  tthhee  HHeecchhoo  GGrroouupp,,  sshhoowwiinngg  tthhee  vvaarriioouuss  
tteeccttoonnoosseeddiimmeennttaarryy  uunniittss,,  tthhee  ffaacciieess,,  aanndd  tthhee  ssttuuddiieedd  sseeccttiioonnss..  

  ⇒⇒  

FFiigguurree  55::  EExxaammpplleess  aanndd  ffiieelldd  aappppeeaarraannccee  ooff  ssaammpplleedd  oouuttccrrooppss  ooff  tthhee  HHeecchhoo  GGrroouupp..  AA))  TTSSUU--22,,  aanndd  BB))  lloowweerr  TTSSUU--
33  oorr  TToorrllaa  ttuurrbbiiddiittee  ssyysstteemmss..  BBootthh  oouuttccrrooppss  aarree  llooccaatteedd  iinn  tthhee  BBaarrrraannccoo  ddeell  SSoorrrroossaall  ((wweesstt  ooff  tthhee  BBoollttaaññaa  
aannttiicclliinnee))  aanndd  sshhooww  ssttrroonnggllyy  ffoollddeedd  ccoommppoossiittee  ddeeppoossiittiioonnaall  sseeqquueenncceess  ((tthhiirrdd--oorrddeerr  ssccaallee))  wwiitthh  ffaacciieess  aassssoocciiaattiioonnss  
ooff  sshheeeettlliikkee  ssaannddssttoonnee  lloobbeess  ((ssaannddyy  ssttaaggeess  ooff  ggrroowwtthh)),,  ttrraannssiittiioonnaallllyy  oovveerrllaaiinn  ((ttoo  tthhee  lleefftt))  bbyy  ffiinnee--ggrraaiinneedd  aanndd  
tthhiinn  bbeeddddeedd  mmuuddssttoonneess  ((mmuuddddyy  ssttaaggeess  ooff  ggrroowwtthh  oorr  ssllooppeeddeellttaa  wweeddggeess))..  CC))  OOvveerrttuurrnneedd  ((ttoopp  ttoo  tthhee  lleefftt))  ffiinniinngg--
uuppwwaarrdd  hhiigghh--ffrreeqquueennccyy  ffaacciieess  ccyyccllee  ((ffoouurrtthh--oorrddeerr  ssccaallee))  ooff  tthhee  BBrroottoo  sshheeeett  ssaannddssttoonnee  lloobbeess,,  wwiitthhiinn  TTSSUU--33,,  
eexxppoosseedd  aalloonngg  tthhee  rrooaadd  ttrreenncchheess  bbeettwweeeenn  BBrroottoo  aanndd  tthhee  CCootteeffaabblloo  ppaassss  ((NNWW  ooff  tthhee  ssttuuddyy  zzoonnee))..  DD))  SShheeeett  ssaannddss  ooff  
tthhee  cchhaannnneell––lloobbee  ttrraannssiittiioonn  ffaacciieess  ooff  TTSSUU--44  ((BBaannaassttóónn  ttuurrbbiiddiittee  ssyysstteemmss))  iinn  tthhee  SSaann  VViicceennttee  zzoonnee,,  nnoorrtthh  ooff  tthhee  
HHeecchhoo  GGrroouupp  oouuttccrroopp  bbeelltt,,  llooccaatteedd  eeaasstt  ooff  tthhee  BBoollttaaññaa  aannttiicclliinnee  ((AAíínnssaa  BBaassiinn))..  EE))  OOuuttccrrooppss  ooff  tthhee  BBaarrrraannccoo  
FFoorrccaazz,,  nnoorrtthh  ooff  AAíínnssaa,,  sshhoowwiinngg  tthhee  AAíínnssaa--22  ttuurrbbiiddiittee  ssyysstteemmss,,  wwhhiicchh  aarree  llooccaatteedd  iinn  tthhee  lloowweerr  ppaarrtt  ooff  tthhee  TTSSUU--55,,  
aanndd  sshhoowwiinngg  cchhaannnneell––lloobbee  ttrraannssiittiioonn  ffaacciieess  aassssoocciiaattiioonn..  FF))  SSaanndd--rriicchh  hhiigghh--ssiinnuuoossiittyy  cchhaannnneellss  ooff  tthhee  MMoorriilllloo  
ttuurrbbiiddiittee  ssyysstteemmss,,  wwiitthhiinn  TTSSUU--55,,  iinn  tthhee  BBaarrrraannccoo  SSiieessttee..  
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FFiigguurree  66::  CCoommppoossiittiioonnaall  pplloottss  ooff  tthhee  HHeecchhoo  GGrroouupp  ccaarrbboonnaattee--rriicchh  aarreenniitteess..  FFiirrssttoorrddeerr  NNCCEE--CCEE--CCII  ccllaassssiiffiiccaattiioonn  
((aafftteerr  ZZuuffffaa  11998855)),,  sseeccoonndd--oorrddeerr,,  QQ––FF––LL  ccllaassssiiffiiccaattiioonn  ((aafftteerr  PPeettttiijjoohhnn  eett  aall..  11997722))  aanndd  QQ––FF––LL  ++  CCEE  
ccllaassssiiffiiccaattiioonn..  NNoottee  tthhee  iinnccrreeaassee  iinn  LL  ++  CCEE  ttoowwaarrdd  tthhee  TTSSUU--55..  TThhee  mmoosstt  cchhaarraacctteerriissttiicc  ffaacciieess  ooff  tthhee  ssttuuddiieedd  uunniittss  
aarree::  TTSSUU--22,,  cchhaannnneell––lloobbee  ttrraannssiittiioonn  ttuurrbbiiddiittiicc  aarreenniitteess  ((FFííggoollss));;  TTSSUU--33,,  cchhaannnneellss  ((TToorrllaa,,  AArrrroo,,  aanndd  GGeerrbbee)),,  
cchhaannnneell––lloobbee  ttrraannssiittiioonn  ((TToorrllaa,,  BBrroottoo)),,  aanndd  lloobbeess  ((CCootteeffaabblloo));;  TTSSUU--44,,  ccaannyyoonn––cchhaannnneell  ttrraannssiittiioonn,,  oovveerrbbaannkk  
ddeeppoossiittss,,  aanndd  cchhaannnneell––lloobbee  ttrraannssiittiioonn  ((BBaannaassttóónn  11  ttoo  44));;  TTSSUU--55,,  cchhaannnneell  aanndd  cchhaannnneell––lloobbee  ttrraannssiittiioonn  ((AAíínnssaa  11  
aanndd  22)),,  hhiigghhssiinnuuoossiittyy  cchhaannnneell  ssyysstteemmss  ((MMoorriilllloo)),,  aanndd  cchhaannnneell––oovveerrbbaannkk  ccoommpplleexxeess  ((GGuuaassoo))..  

FFiigguurree  77::  OOppttiiccaall  pphhoottoommiiccrrooggrraapphhss  ((ccrroossss--ppoollaarriizzeedd  lliigghhtt)),,  ccaatthhooddoolluummiinneesscceennccee  iimmaaggeess  aanndd  BBSSEE  iimmaaggeess  
sshhoowwiinngg::  A,  BA, B))  rreedd  lluummiinneesscceenntt  iinnttrraaggrraannuullaarr  ccaallcciittee  cceemmeenntt  ((TTSSUU--55));;  tthhee  bbrriigghhtteerr  lluummiinneesscceennccee  oobbsseerrvveedd  iiss  dduuee  
ttoo  tthhee  pprreesseennccee  ooff  eelleevvaatteedd  MMnn//FFee  rraattiioo..  C,  DC, D))  DDaarrkk--rreedd  lluummiinneesscceenntt  iinnttrraaggrraannuullaarr  ccaallcciittee  cceemmeenntt  ((TTSSUU--55))..  E,  FE, F))  
IInnttrraaggrraannuullaarr  aanndd  iinntteerrggrraannuullaarr  ccaallcciittee  cceemmeenntt  eenngguullffiinngg  ssmmaallll  ccrryyssttaallss  ooff  ppyyrriittee..  NNoottee  iinn  PPaarrtt  EE  tthhee  pprreesseennccee  ooff  
ppaarrttiiaallllyy  bbrrookkeenn  sskkeelleettaall  ffoossssiillss  bbyy  mmeecchhaanniiccaall  ccoommppaaccttiioonn,,  wwhhiicchh  pprreeddaatteess  tthhee  iinntteerrggrraannuullaarr  ccaallcciittee  cceemmeenntt..  

  ⇒⇒  
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FFiigguurree  88::  CCrroossss  pplloottss  ooff  FFee  vveerrssuuss  SSrr  ((TTSSUU--22)),,  aanndd  FFee  vveerrssuuss  MMnn  ((TTSSUU--33,,  TTSSUU--44,,  aanndd  TTSSUU--55))  ooff  ccaallcciittee  aanndd  
ddoolloommiittee  cceemmeennttss  sshhoowwiinngg  tthhee  hhiigghh  SSrr  ccoonntteennttss  iinn  ffiibbrroouuss  ccaallcciittee  cceemmeenntt  ooff  TTSSUU--22  aanndd  tthhee  hhiigghh  MMnn  aanndd  FFee  
ccoonntteennttss  iinn  tthhee  oouutteerr  ddoolloommiittee  oovveerrggrroowwtthh  ccoommppaarreedd  ttoo  iinnnneerr  oovveerrggrroowwtthh..  

  

FFiigguurree  99::  OOppttiiccaall  pphhoottoommiiccrrooggrraapphhss  ((ccrroossss--ppoollaarriizzeedd  lliigghhtt))  aanndd  ccaatthhooddoolluummiinneesscceennccee  iimmaaggeess  sshhoowwiinngg::  A,  BA, B))  
ssmmaallll  ddoolloommiittee  ccrryyssttaallss  aarroouunndd  tthhee  ffrraammeewwoorrkk  ggrraaiinnss  eenngguullffeedd  bbyy  tthhee  ccooaarrssee  mmoossaaiiccss  ooff  iinntteerrggrraannuullaarr  ccaallcciittee  
cceemmeenntt..  C,  DC, D))  DDaarrkk--rreedd  ttoo  nnoonnlluummiinneesscceenntt  ddrruussyy  ccrryyssttaallss  ffoolllloowweedd  bbyy  rreedd  lluummiinneesscceenntt  mmoossaaiicc  ccaallcciittee  ccrryyssttaallss  
((TTSSUU--55))..  E,  FE, F))  nnoonnlluummiinneesscceenntt  ttoo  ddaarrkk  rreedd  lluummiinneesscceenntt  ccaallcciittee  cceemmeenntt  eenncclloossiinngg  wweellll  rroouunnddeedd  ddeettrriittaall  ccaarrbboonnaattee  
ggrraaiinnss  ((CCEE  aanndd  CCII)),,  ggrreeeenn  aanndd  bblluuee  ddeettrriittaall  ppllaaggiiooccllaassee,,  aanndd  vvoollccaanniicc  rroocckk  ffrraaggmmeenntt  iinn  TTSSUU--55  ttuurrbbiiddiitteess..  

  ⇒⇒  
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FFiigguurree  1100::  OOppttiiccaall  pphhoottoommiiccrrooggrraapphhss  ((ccrroossss--ppoollaarriizzeedd  lliigghhtt))  aanndd  ccaatthhooddoolluummiinneesscceennccee  iimmaaggeess  sshhoowwiinngg::  A,  BA, B))  
ddaarrkk  rreedd  lluummiinneesscceenntt  ffiibbrroouuss  ttoo  bbllaaddeedd  ccaallcciittee  cceemmeenntt  eenngguullffeedd  iinn  aa  rreedd  lluummiinneesscceenntt  iinntteerrggrraannuullaarr  ccaallcciittee  cceemmeenntt  
((TTSSUU--22  qquuaarrttzzaarreenniitteess))..  C,  DC, D))  PPaarrttiiaall  vviieeww  ooff  rreedd  lluummiinneesscceenntt  vveeiinn--ffiilllliinngg  ccaallcciittee  cceemmeenntt  iinn  aa  ssuubbaarrkkoossee  ffrroomm  
TTSSUU--22..  
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FFiigguurree  1111::  CCrroossss  pplloott  ooff  δδ1133CCVV--PPDDBB  vveerrssuuss  δδ1188OOVV--PPDDBB  ooff  ccaallcciittee  cceemmeennttss  aanndd  ddeettrriittaall  ddoolloommiittee  ggrraaiinnss  aanndd  tthheeiirr  
oovveerrggrroowwtthhss  iinn  tthhee  ssttuuddiieedd  ttuurrbbiiddiittee  aarreenniitteess..  AAuutthhiiggeenniicc  ddoolloommiittee  iinn  tthhee  ‘‘‘‘yyeellllooww  bbeeddss’’’’  ccoorrrreessppoonnddss  ttoo  ddoolloommiittee  
ooccccuurrrriinngg  iinn  ccoonnddeennsseedd  ssuucccceessssiioonn  ooff  tthhee  ttuurrbbiiddiittee  aarreenniitteess  ooff  tthhee  HHeecchhoo  GGrroouupp  ((MMaarrffiill  eett  aall..  iinn  pprreessss))..  
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FFiigguurree  1122::  AA))  OOppttiiccaall  pphhoottoommiiccrrooggrraapphh  ((ppllaannee  ppoollaarriizzeedd))  sshhoowwiinngg  eeaarrllyy  ddoolloommiittee  ((bblluuee  ssttaaiinneedd  ccoolloorr))  ppoossttddaatteedd  
bbyy  iinntteerrggrraannuullaarr  ffeerrrrooaann  ccaallcciittee  cceemmeenntt  ((ppuurrppllee  ssttaaiinneedd  ccoolloorr))..  BB))  CCaatthhooddoolluummiinneesscceennccee  iimmaaggee  sshhoowwiinngg  
nnoonnlluummiinneesscceenntt  eeaarrllyy  ddoolloommiittee  cceemmeenntt  ((TTSSUU--44))..  CC,,  DD))  OOppttiiccaall  pphhoottoommiiccrrooggrraapphh  ((ppllaannee--ppoollaarriizzeedd  aanndd  
ccaatthhooddoolluummiinneesscceennccee  iimmaaggeess,,  rreessppeeccttiivveellyy))  ooff  ddoolloommiittee  ddeettrriittaall  ggrraaiinnss  sshhoowwiinngg  tthhee  bbrriigghhtteerr  lluummiinneesscceennccee  ooff  tthhee  
oovveerrggrroowwtthhss..  EE,,  FF))  BBSSEE  iimmaaggee  ooff  ttwwoo  cchheemmiiccaall  zzoonneess  ooff  ddoolloommiittee  oovveerrggrroowwtthhss  wwiitthh  ddiiffffeerreenntt  FFee  aanndd  MMnn  ccoonntteennttss  
((TTSSUU--44))..  
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FFiigguurree  1133::  AA))  OOppttiiccaall  pphhoottoommiiccrrooggrraapphh  ((ccrroossss--ppoollaarriizzeedd  lliigghhtt))  sshhoowwiinngg  ppaarrttllyy  aallbbiittiizzeedd  KK--ffeellddssppaarr  ((AAbb))..  CCaallcciittee  
cceemmeenntt  ((CCaa))  iiss  sseelleeccttiivveellyy  rreeppllaacciinngg  tthhee  nnoonn--aallbbiittiizzeedd  ppaarrttss  ooff  tthhee  ddeettrriittaall  ffeellddssppaarr  wwhhiillee  tthhee  aallbbiittiizzeedd  ppaarrtt  
rreemmaaiinneedd  uunnaaffffeecctteedd..  BB))  OOppttiiccaall  pphhoottoommiiccrrooggrraapphh  ((ccrroossss--ppoollaarriizzeedd  lliigghhtt))  sshhoowwiinngg  aallbbiittee  oovveerrggrroowwtthh  oonn  KK--
ffeellddssppaarr..  CC))  OOppttiiccaall  mmiiccrrooggrraapphh  ((ppllaannee--ppoollaarriizzeedd  lliigghhtt))  sshhoowwiinngg  ttuurrbbiidd,,  vvaaccuuoollaatteedd  aappppeeaarraannccee,,  wwhhiicchh  iiss  ttyyppiiccaall  
ooff  aallbbiittiizzeedd  ffeellddssppaarrss..  DD))  CCLL  iimmaaggee  ooff  PPaarrtt  CC  sshhoowwiinngg  ddiiaaggeenneettiicc  aallbbiittee  ((ddaarrkk  lluummiinneesscceenntt))  rreeppllaacciinngg  KK--ffeellddssppaarr  
aanndd  ccooeexxiissttiinngg  wwiitthh  iinnhheerriitteedd  ppllaaggiiooccllaassee  ((ggrreeeenn  aanndd  bblluuee  lluummiinneesscceenntt))..  EE))  OOppttiiccaall  pphhoottoommiiccrrooggrraapphh  ((ppllaannee--
ppoollaarriizzeedd  lliigghhtt))  sshhoowwiinngg  aallbbiittee  oovveerrggrroowwtthhss  oonn  ppllaaggiiooccllaassee..  FF))  CCLL  iimmaaggee  ooff  PPaarrtt  EE  sshhoowwiinngg  tthhaatt  tthhee  oovveerrggrroowwtthhss  
aarree  cchhaarraacctteerriizzeedd  bbyy  ddaarrkk  lluummiinneesscceennccee,,  wwhhiicchh  iiss  ttyyppiiccaall  ooff  ddiiaaggeenneettiicc  aallbbiittee..  TThhee  ddiiaaggeenneettiicc  aallbbiittee  oovveerrggrroowwtthhss  
oonn  ppllaaggiiooccllaassee  ggrraaiinnss  aarree  eenngguullffeedd  bbyy,,  aanndd  hheennccee  pprreeddaattee,,  ffeerrrrooaann  ccaallcciittee  cceemmeenntt  ((CCaa))..  
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FFiigguurree  1144::  TTeerrnnaarryy  ddiiaaggrraammss  sshhoowwiinngg  tthhee  eelleeccttrroonn--mmiiccrroopprroobbee  cchheemmiiccaall  ccoommppoossiittiioonn  ooff  ddeettrriittaall  ffeellddssppaarrss  aanndd  
ddiiaaggeenneettiicc  aallbbiittee..  IInn  ccoonnttrraasstt  ttoo  ddeettrriittaall  ffeellddssppaarr,,  aallbbiittee  oovveerrggrroowwtthhss  sshhooww  ppuurree  eenndd--mmeemmbbeerr  ccoommppoossiittiioonn..  

FFiigguurree  1155::  AA))  OOppttiiccaall  pphhoottoommiiccrrooggrraapphh  ((ccrroossss--ppoollaarriizzeedd  lliigghhtt))  sshhoowwiinngg  eeaarrllyy  ppyyrriittee  ccrryyssttaallss  eenngguullffeedd  iinn  
iinnttrraaggrraannuullaarr  ccaallcciittee  cceemmeenntt..  BB))  SSEEMM  vviieeww  ooff  eeaarrllyy  ddiiaaggeenneettiicc  ppyyrriittee  ffrraammbbooiiddss  wwiitthhiinn  ccaarrbboonnaattee  bbiiooccllaassttss..  CC))  
OOppttiiccaall  pphhoottoommiiccrrooggrraapphh  ((ccrroossss--ppoollaarriizzeedd  lliigghhtt))  sshhoowwiinngg  ggrraaiinn--ttoo--ggrraaiinn  ccoonnttaaccttss  ((TTSSUU--44))..  DD))  OOppttiiccaall  
pphhoottoommiiccrrooggrraapphh  ((ppllaannee--ppoollaarriizzeedd  lliigghhtt))  sshhoowwiinngg  ccoonnccaavvoo--ccoonnvveexx  ccoonnttaaccttss  bbeettwweeeenn  ddeettrriittaall  ccaarrbboonnaattee  ggrraaiinnss  
((CCEE))  aanndd  ffoorraammiinniiffeerraa  ffoossssiillss  ((CCII;;  TTSSUU--44))..  EE))  OOppttiiccaall  pphhoottoommiiccrrooggrraapphh  ((ppllaannee--ppoollaarriizzeedd  lliigghhtt))  sshhoowwiinngg  ssuuttuurreedd  
ccoonnttaaccttss  bbeettwweeeenn  qquuaarrttzz  ggrraaiinnss  ((TTSSUU--22))..  FF))  CCaallcciittee  cceemmeenntt  iinn  ffrraaccttuurreedd  qquuaarrttzz  ggrraaiinnss..  

  ⇒⇒  

  



International Journal of Chemical Reactor Engineering, 2009, 7, A39 
doi: 10.2202/1542-6580.1881  
 

 

31 



International Journal of Chemical Reactor Engineering, 2009, 7, A39 
doi: 10.2202/1542-6580.1881  
 

32 

 

FFiigguurree  1166::  GGeenneerraall  ppaarraaggeenneettiicc  sseeqquueennccee  ooff  ddiiaaggeenneettiicc  eevveennttss  iinn  tthhee  HHeecchhoo  GGrroouupp  ttuurrbbiiddiittee  ssaannddssttoonneess  
ccoonnssttrruucctteedd  oonn  tthhee  bbaassiiss  ooff  tthhee  tteexxttuurraall  rreellaattiioonnsshhiippss  aammoonngg  ddiiaaggeenneettiicc  eevveennttss..  

 

 

FFiigguurree  1177::  MMiiccrrootthheerrmmoommeettrryy  ooff  aaqquueeoouuss  fflluuiidd  iinncclluussiioonnss  iinn  iinntteerrggrraannuullaarr  bblloocckkyy  ffeerrrrooaann  ccaallcciittee  cceemmeenntt  aanndd  iinn  
vveeiinn--ffiilllliinngg  pprriissmmaattiicc  ccaallcciitteess  sshhoowwiinngg  tthhee  hhiigghheerr  tteemmppeerraattuurreess  ooff  tthhee  vveeiinn--ffiilllliinngg  pprriissmmaattiicc  ccaallcciitteess  aanndd  tthhee  wwiiddee  
rraannggee  ooff  pprreecciippiittaattiioonn  tteemmppeerraattuurreess  ooff  tthhee  iinntteerrggrraannuullaarr  ccaallcciittee  cceemmeenntt..  
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TTaabbllee  11::  MMooddaall  aannaallyysseess  ooff  tthhee  ssttuuddiieedd  aarreenniitteess  ooff  tthhee  HHeecchhoo  GGrroouupp  ‘‘‘‘tteeccttoonnoosseeddiimmeennttaarryy  uunniittss’’’’  ((TTSSUU))..  
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TTaabbllee  22::  SSuummmmaarryy  ooff  eelleemmeennttaall  ccoommppoossiittiioonn  ooff  ddiiaaggeenneettiicc  ccaarrbboonnaattee  cceemmeennttss  oobbttaaiinneedd  bbyy  eelleeccttrroonn  mmiiccrroopprroobbee  
aannaallyyssiiss  sshhoowwiinngg  tthhee  cchheemmiiccaall  ddiiffffeerreenncceess  bbeettwweeeenn  tthhee  ddiiaaggeenneettiicc  ccaarrbboonnaatteess  iinn  tthhee  HHeecchhoo  GGrroouupp  
‘‘‘‘tteeccttoonnoosseeddiimmeennttaarryy  uunniittss’’’’  ((TTSSUU))..  

  

TTaabbllee  33::  SSuummmmaarryy  ooff  eelleemmeennttaall  ccoommppoossiittiioonn  ooff  ddiiaaggeenneettiicc  ccaarrbboonnaattee  cceemmeennttss  oobbttaaiinneedd  bbyy  eelleeccttrroonn  mmiiccrroopprroobbee  
aannaallyyssiiss  sshhoowwiinngg  tthhee  cchheemmiiccaall  ddiiffffeerreenncceess  bbeettwweeeenn  tthhee  ddiiaaggeenneettiicc  ccaarrbboonnaatteess  iinn  tthhee  HHeecchhoo  GGrroouupp  
‘‘‘‘tteeccttoonnoosseeddiimmeennttaarryy  uunniittss’’’’  ((TTSSUU))..  
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TTaabbllee  44::  SSuummmmaarryy  ooff  ssttaabbllee  ccaarrbboonn  aanndd  ooxxyyggeenn  iissoottooppee  aannaallyysseess  ooff  ccaallcciittee  cceemmeennttss,,  ddeettrriittaall  ddoolloommiittee,,  aanndd  tthheeiirr  
oovveerrggrroowwtthh  ooff  tthhee  HHeecchhoo  GGrroouupp  ‘‘‘‘tteeccttoonnoosseeddiimmeennttaarryy  uunniittss’’’’  ((TTSSUU))  

  

TTaabbllee  55::  SSuummmmaarryy  ooff  eelleeccttrroonn  mmiiccrroopprroobbee  cchheemmiiccaall  aannaallyysseess  oonn  aallbbiittee  aanndd  ddeettrriittaall  ffeellddssppaarrss  sshhoowwiinngg  aa  ppuurree  eenndd  
mmeemmbbeerr  ccoommppoossiittiioonn  ooff  tthhee  aallbbiittee  oovveerrggrroowwtthh..  
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