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Abstract 

This study provides an example of a high-quality fluvial hydrocarbon reservoir that was completely destroyed by hydrothermal 

processes. The reservoir unit was deposited in the Cameros Basin, located in the NW sector of the Iberian Chain (Spain). The basin 

was fi11ed with clastic fluvial deposits (sandstones and conglomerates) between Late Berriasian and Early Aptian times. Provenance 

of sands was mainly from coarse crysta11ine rocks. A humid tropical climate produced intense weathering of K-feldspar during 

transport from source to basin. Thus, a mineralogica11y mature rigid framework "With high porosity existed at the time of deposition, 

which would have constituted a high-quality hydrocarbon reservoir. At present however, the porosity of the reservoir is negligible. 

Porosity was reduced by a sequence of diagenetic processes: (1) mechanical compaction (i.e. crushing of metamorphic lithic grains) 

and chemical compaction, (2) kaolinite and siderite cementation, and (3) early quartz cementation. Hydrocarbon emplacement 

probably occurred between phases (2) and (3). A low-grade metamorphic (hydrothermal) event, reaching greenschist facies, took 

place during the Late Cenomanian. It dramatica11y reduced the remaining porosity of the reservoir and destroyed the hydrocarbon 

charge. Hydrothermal processes which affected the sandstones include (1) re-compaction; (2) late quartz cementation and 

silicification of remaining feldspars; (3) carbonate cementation; (4) chloritization of feldspars, metamorphic lithic fragments and 

intrabasinal argi11aceous grains; and (5) grmvth of pyrite and chloritoid crystals on argi11aceous material of intrabasinal, 

extrabasinal or even diagenetic origin. Hydrocarbons that migrated to the margins of the basin escaped these hydrothermal 

modifications and were preserved. The results of this study may be used to predict the diagenetic and hydrothermal evolution of 

other potential reservoirs in similar tectonic settings. 
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1. Introduction 

Among the Mesozoic basins of the Iberian Chain 

(Spain), the Cameros Basin preserves the most complete 

sedimentary record of the time interval from the 

Tithonian to the Early Albian (Fig. I ). During this 

period, the anomalously high subsidence and sedimen

tation rutes within the basin produced a sedimentary 

record that reached up to 5 k:m in vertical thickness 

(representing up to 9 !an of stratigraphic record in the 

direction of the northward migration of the successive 

depositional sequences which filled the basin). Two 

sectors with different features can be distinguished: the 
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Fig. 1. Simplified geologic map showing study area and location of the transect through the outcrops. The stratigraphic sections are located in Muriel (A), Cidones-Abejar (B), Golmayo (C), Yanguas (D), 

San Pedro Manrique (E), Valdemadera (F), Trevijano (G), Jubera (H), Amedillo (I) and Prejano (1). 



northeastern sector, chamcterized by the most rapid rates 

of subsidence and affected by low-grade (hydrothermal) 

metamorphism; and the southwestern sector, character

ized by the presence of secondary depocenters and 

unaffected by metamorphism. 

The focus of this study is the northern and central part of 

the eastern Cameros Basin (Fig. 1, outcrops from D to 1). A 

SW-NE trending geological cross-section from this area 

is shown in Fig. 2. In this area, Mas et a1. (2003) described 

eight depositional sequences (DS) ranging in age from 

Tithonian to Early Albian (Fig. 3). This study is focused 

on the maximum syn-rift filling stage (DS-4 to DS-7), 

from Late Berriasian to Early Aptian (Urbi6n Group), in 

which a succession of up to 2.2 k:m of clastic sediments 

was fonned. 

Although there are many publications dealing with 

stratigraphy, sedimentology and mineralogy ofthe Urbi6n 

Group (e.g. Salinas and Mas, 1989; Casque! et aI., 1992; 

Mas et aI., 1993; Alonso-Azcarate et aI., 1995; Mantilla 

et aI., 1998; Alonso-Azearate et aI., 1999a,b; Barrenechea 

et aI., 2001; Mata et a1., 2001; Mantilla e! aI., 2002; Mas 

et aI., 2003), little attention has been paid to reservoir 

characterisation and evaluation of these clastic sediments 

(Arribas et al., 2003). The petroleum systems of the basin 

are discussed by Mas et a1. (2002). The absence of hy

drocarbons in the basin fill prompted the present analysis 

of the metamorphic (hydrothermal) processes that caused 

their destruction. 

This paper documents the destructive effects of burial 

diagenesis and low-grade hydrothermal metamorphism on 

reservoir quality, and provides insights into the evolution 

of hydro car bon reservoirs in other basins affected by these 

processes. Hydrothermal altemtion of clastic reservoirs 

has been frequently documented (i.e., Hoflinan and 

Hower, 1979; Larese, 1997). Common related processes 

include mineral cementation and recrystallization, gener

ated by acid hot water flows, which promotes porosity/ 

permeability reduction (i.e., Oelkers et aI., 1996; De Ros 

et aI., 2000). Low-grade hydrothermal metamorphism 

may produce a complete occlusion of fluid pathways in the 

reservoir (Dutkiewicz et aI., 1995; Buick et aI., 1998). In 

many basins hydrothermal metamorphism develops local

ly, and preservation of economically exploitable reservoirs 

may occur in areas of the basin wmffected by metamor

phism (Spall et aI., 1994; Pittman and Sp61t, 1996; Spall 

et aI., 2000). Thus, understanding the processes that 

-15 km 

Fig. 2. Stratigraphic transect ofUrbi6n Group through the southern area (S), central area (C) and northern area (N) of the basin. See Fig. 1 for location 

of sections. 
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Fig. 3. Rift and post-rift stages in the evolution of the Iberian Basin (Modified from Salas et aL, 2001) and idealised stratigraphic section showing the 

latest Paleozoic and Mesozoic sratigraphic record in the Cameros area. 

affected "palaeo-reservoir" quality is an important objec

tive in predictive diagenetic reservoir modelling. 

2. Geological setting 

The Cameros Basin is an intracratonic basin, rep

resenting a folded segment of the Alpine Chain that 

developed as a consequence of the contractional inver

sion of the Mesozoic Iberian rift basin. The development 

of this basin took place in two phases: the fIrst phase 

lasted from Early Permian to the Late Triassic and the 

second from Tithonian to Early Albian. These two 

rifting phases were followed by post-rift thermal sub

sidence, during which mainly shallow marine carbo

nates were deposited (Guimeril et aI., 1995; Salas et aI., 

2001) (Figs. 1-3). 

During the second stage of rifting, a thick succession 

« 5  km total thickness) of alluvial to lacustrine, depo

sitional sequences was accumulated in the depocentre of 

the Cameros Basin (Fig. 3). According to Mas et al. 

(2003), the basin fIll constitutes a large megasequence 

bounded by two main unconformities (Fig. 3). The 

megasequence can be subdivided into eight depositional 

sequences (DS-I to 8); this study focused on the interval 

between DS-4 and DS-7, which constitutes the Urbi6n 

Group. 

The thickness of the Urbi6n Group varies dramati

cally from 100 m in the marginal areas of the basin to 

2200 m in the depocentres (Fig. 2). It comprises sand-

stones and conglomerates interbedded with shales, 

which were deposited in settings ranging from braided 

systems (Mas et aI., 2003) in the southwestern area of 

the basin (A to C in Fig. I ) to meandering fluvial and 

lacustrine systems (Mas et aI., 2003) in the central and 

northeastern areas (D to F in Fig. I ); and alluvial-fun 

facies (Mas et aI., 2003) in the northern part of the basin 

(G to J in Fig. I ). 

3. Basin evolution, potential source rocks and 

metamorphism 

Mas et al. (2003) summarized the genesis and evo

lution of the Cameros Basin (Fig. 4). Extensive car

bonate platforms developed during Jurassic times, i.e., 

before the Tithonian to Early Albian rifting phase ( I ,  in 

Fig. 4). The Cameros Trough began to form as an 

extensional ramp basin from Tithonian to Berriasian 

time. Depositional Sequences 1 to 3 were deposited in 

this time interval (2, in Fig. 4). The maximum thickness 

of strata is reached in the DS-4 to DS-8 deposits of the 

central zone, corresponding to the time interval of max

imum extension from Berriasian to Early Albian. This 

initiated organic matter maturation and hydrocarbon 

migration towards permeable Wlits in the basin (3a and 

3b, in Fig. 4). Marine environments re-occupied the 

Cameros area during the Late Cretaceous, constituting 

the Post-Rift Stage 2. During Cenomanian times, hydro

thermal metamorphism affected a significant volume of 
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Fig. 4. Cross-sections illustrating the geological history of the Cameros Basin. See text for explanation (modified from Mas et al., 2003). 

the basin fill in the Cameros Trough and hydrocarbon 

reservoirs were destroyed (4a and 4b, in Fig. 4). Finally, 

Tertiary contractional inversion of the Cameros Basin 

took place (5, in Fig. 4). 

The potential petroleum systems of the Cameros area 

have been reviewed by Mas et al. (2002, 2003) based on 

an analysis of the Cameros Extensional Ramp Basin 

(Cameros Trough) depocentre and two surrounding 



half-graben sub-basins (Rioja Trough to the North and 

Bigomia Trough to the South). The Cameros Trough is 

considered the central part of the Cameros Basin in 

which hydrothermal activity took place (Mas et aI., 

2003), and where early generation and migration of oil 

from source rocks (today over-mature) to reservoirs took 

place. Potential source rocks of the Cameros Trough are 

Callovian organic marls and black shales (type II, Tissot 

and Welte, 1978), Early Cretaceous lacustrine organic 

marls, (type II1I, Tissot and Welte, 1978), and syn-rift 

Early Cretaceous lignites and organic-rich shales (type 

III, Tissot and Welte, 1978) (Mas et aI., 2003). Among 

the most important reservoirs were syn-rift, Early 

Cretaceous charmelized fluvial sandstones (DS 4 to 7) 

(Mas et aI., 2003). The rocks that represented the seals at 

that time were the interbedded mudstones. The timing of 

hydrocarbon generation can be considered as early and 

produced in two events: ( I )  Albian, during which or

ganic matter matured by burial and (2) Late Cretaceous, 

during which maturation of organic matter was induced 

by abnormal heat flow caused by the fIrst hydrothermal 

event (Mas et aI., 2003). The early emplacement of 

hydrocarbons is supported by petrography as they pre

date quartz overgrowths. 

The metamorphism of the basin is considered as 

hydrothermal and allochemical (Casquet et aI., 1992; 

Barrenechea et aI., 1995; Alonso-Azcarate et aI., 1995, 

2001; Mantilla et aI., 2002). Two thermal events can be 

recognized (e.g. Mantilla et a!., 2002). The fIrst one is the 

most relevant here and took place after complete fIlling of 

the basin. It has been dated at the post-rift age of 106 to 

86 MaBP (from Late Albian to Coniacian). Metamorphic 

conditions ranged from low-grade to very low-grade, with 

a maximum temperature of 340-370 °C and a maximum 

pressure of 1 kbar (aprox. 3900 m). This hydrothermal 

event coincides with other regional geotectonic events 

such as the opening of the Gulf of Biscay (Olivet et aI., 

1984), and is coincident with the age of the alkaline 

magmatism in the Pyrenees (Montigny et aI., 1986). 

Another hydrothermal phase has been recorded at 40 Ma 

(paleogene). This phase was related to the beginning of 

basin inversion during the Alpine contraction. 

4. Methods 

Sandstone sampling was earned out in several strat

igraphic sections (Figs. 1, 2). In the southern part of the 

basin, these sections are located at Muriel (A), Cidones

Abejar (B) and Golmayo (C). In the centml part, locations 

of the sections are Yanguas (D), San Pedro Manrique (E) 

and Valdemadera (F). In the north, locations of these 

sections are Trevijano (G), Jubera (H), Amedillo (I) and 

Prejano (1). About 150 samples of sandstone were an

alysed to determine clastic and authigenic products. An

alytical methods included conventional petrography, fluid 

inclusion microthermometry, cathodoluminescence, and 

analyses with electron microprobe and scmming electron 

microscope (SEM). 

For petrographic analysis, standard doubled-polished 

thin sections were etched and stained using HF and 

sodium cobaltinitrite for potassium feldspar identifica

tion, and alizarin red and potassium fenocyanide to better 

distingnish carbonate components (Chayes, 1952; Lind

holm and Finkelman, 1972, respectively). Four hundred 

points were cOWlted per sample for quantitative petro

graphic analyses. The "Gazzi-Dickinson" method (Inger

soll et a1., 1984) and petrographic groups defmed by Zuffa 

(1980) were used to classify points. Post-depositional 

changes to the original framework were also considered 

and evaluated. These analyses permit a reconstruction of 

the original framework composition required for prove

nance deductions and diagenetic inferences. 

Electron microprobe analysis was used to character

ise carbonates cements, feldspars, clay minerals and 

solid fIbres of hydrocarbons. Acceleration voltage and 

sample current intensity were set at 15 K v and 20 nA. 
Standards used were TAP, LD2, PETJ, PETllI, LIP and 

LIFH. Many images were taken Wlder the microprobe in 

backscattered light in order to recognize different bright

ness levels. 

Double-polished thin rock slices detached from their 

glass mOWlt were prepared from most samples for fluid 

inclusion microthermometric analysis. The thickness of 

the slices was between 30 and 50 fllli. In all cases, cold 

preparation techniques were used to avoid re-equilibra

tion of fluid inclusions (Goldstein and Reynolds, 1994). 

The measurements were carried out on a petrographic 

microscope equipped with a Linkam TIIMSG 600 

heating and cooling stage which enables temperatures of 

phase transitions in the range of -180° to 300 °C. This 

heating stage is mounted on an Olympus BX60 po

larizing microscope. 

Small fragments of double-polished rock slices were 

also imaged under CL using an Oxford Instrument 

photomultifIlter-based CL detector installed on a JEOL 

T330 SEM. Cathodoluminescence photography was 

performed after homogenisation temperatures had been 

determined in order to avoid any negative effects on data 

acquisition. 

SEM-CL textures were used to verify that the studied 

fluid inclusions were located in quartz cement and not in 

quartz clasts, to evaluate the possibility of fmding some 

zoning inside the quartz overgrowth itself, and also to 

determine the timing of quartz cementation relative to 



other diagenetic processes. The latter contributed to es

tablishing the diagenetic sequence on the basis of textoral 

relationships. 

5. Results 

5.1. Petrofacies 

Following the criteria of Dickinson (1985), it is 

possible to note a trend in framework composition from 

South to North (Fig. 5). In proximal zones (southern 

area), the sandstone composition is quartzofeldspathic 

(mean QSIF ISLtI; Fig. 6A) and K-feldspar prevails over 

plagioclase. Sandstones from the southern part corre

spond to subarkoses instead of ideal arkoses due to 

chemical weathering in a tropical climate, which pro

moted a rapid decay of feldspars (Ochoa et aI., 2004). 

These rocks evolve to more mature quartzose sand

stones in depocentres (mean Q9J'3LtI; Fig. 6B) suggest

ing significant mineralogical and textural maturation 

during transport over a distance of> 50 km. This sys

tematic spatial variation can also be attributed to intense 

weathering in a humid climate (Rat, 1982). In addition, 

local sources of Triassic and Jurassic sedimentary rocks 

(carbonate and clastics) produced quartzolithic sand

stone petrofacies (mean Q93FILt6) (Fig. 6C), in alluvial

fan environments in the northeastern part of the basin. In 

spite of the different petrofacies, all sandstones are 

considered to have an original quartz-rich rigid frame

work. Their mean grain-sizes range from fine to coarse. 

They are moderately to well sorted, which suggests that 

the original porosity was between 34% and 40% (Beard 

and Weyl, 1973). The high values of original porosity 

and the relatively low clay content characterize these 

deposits as very good reservoir rocks. 

1. stable craton Qrn 
2. recycled orogen 
3. magmatic arc 
4. basement uplift 

F Lt 
Fig. 5. Ternary plots showing sandstone petrofacies in the Urbi6n 

Group (according to Dickinson, 1985) in the southern area (S), central 

area (C) and northern area (N) of the basin. Qm: Monocrystalline 

quartz; F: K-feldspar; Lt: total lithic population. 

5.2. Diagenetic and hydrothermal processes and products 

Urbi6n Group sandstones experienced intense dia

genesis. The most relevant processes are indicated in 

Fig. 8. 

5.2.1. Compaction 

Compaction has been evaluated following the criteria 

of Houseknecht (1987) and Lundegard (1992) for 

estimation of the intergranular volume of the original 

sediment and its reduction during diagenesis. Porosity loss 

by compaction (COPL, Lundegard, 1992) in the analyzed 

sandstones ranges from 11.9% to 37.29% for sandstones 

in the north; from 23.6% to 39.6% in the central area; and 

from 15.4% to 39% in the south (Table 1). Note that these 

values include both mechanical and chemical compaction. 

According to Lundegard (1992), the [COMPACT (Com

pactional Index�COPU(COPL+CEPL)) in the Urbi6n 

Group varies between 0.6 and 0.9, indicating that com

paction can be considered the main process responsible for 

porosity loss (Figs. 7 A and 9). Likewise, different dia

genetic pathways of sandstones from the north, centre and 

south indicate that compaction has most strongly affected 

the central part of the basin, which has experienced the 

most subsidence. 

5.2.2. Cements and replacements 

Several diagenetic precipitates occluded the inter

granular pore space. Some of these replace framework 

components or other cements. 

5.2.2.1. Clay Minerals. Kaolinite occurs as pore-filling 

cement in all areas, occupying intergranular pore space 

and occasionally as replacement of K-feldspar, generat

ing diagenetic matrix (epimatrix). Its occurrence is highly 

variable (mean 0.7%, 1.6%, 8.9% in the northern, central 

and southern areas respectively). 

It is possible to distinguish two generations of pore 

filling, an earlier generation included in the eodiagenesis 

and a later generation that fills secondary pores. The first 

pore filling appears to be enclosed by other cements and 

deformed by mechanical compaction, which suggest an 

early stage of generation. Eodiagenetic kaolinite is com

mon in wann and wet continental environments (i.e. 

Worden and Morad, 2003). The last phase shows vadose 

fealores and is included in the telodiagenetic stage. It has 

only been recognized in samples from the southern area of 

the basin. Telodiagenetic kaolinite must be associated with 

an influx of low-pH meteoric waters during uplift (Lanson 

et aI., 2002; Ketzer et aI., 2003; Worden and Morad, 2003). 

Illite appears as pore lining around detrital grains and 

as replacements of K-feldspar (epimatrix, Fig. 6E). The 



Fig. 6. Thin-section photomicrographs of detrital components and diagenetic features in Urbi6n Group sandstones. A) MedilUll-grained sandstone 

from the southern area of Cameros Basin, showing a quartzose framework with K-feldspar (K) grains. Plane-polarized light. B) MedilUll-grained 

quartzarenite from the central area of the basin. The long and concave-convex grain-to-grain contacts suggest that chemical compaction occurred. 

Cross-polarized light. C) Coarse-grained sublitharenite from the northern area of the basin, exhibiting a well-sorted framework with carbonate grains 

(echinoid fragment). Plane-polarized light. D) Illite pore lining in a quartzarenite from the northern area. E) K-feldspar cement ([KD in a very coarse

grained quartzarenite of the central area. Cross-polarized light. F) Fibres of hydrocarbons showing features of defonnation. G) Hydrocarbon traces 

sUITmmding quartz grains. H) Tiny siderite rhomb suggesting an early diagenetic origin. Note the diagenetic matrix (epimatrix) on the left side, 

produced by the replacement of a K-feldspar by clay minerals. Plane-polarized light. 

pore lining is inferred to be early and related to the 

eodiagenetic stage. It is generally thin and discontinuous 

(Fig. 6D). Its occorrence is variable (maximum per-

centage 13.2%, 15.7% and 2.9%, mean 2.3%, 2.8% and 

0.5% in the northern, central and southern areas re

spectively). The illite pore lining is tangential to grain 



Fig. 7. Thin-section photomicrographs of detrital components and diagenetic features in Urbi6n Group sandstones. A) Non-carbonate intrabasinal 

grain (NCI, rip-up clast) defonned by mechanical compaction. Cross-polarized light. B) SEM cathodollUllinescence image of a detrital quartz grain 

with internal zoning in the overgrO\vth. Note the crushing and microfracturing of the grain before quartz precipitation. C) Quartz replacing a still 

recognisable K-feldspar grain, cross-polarised light. D) Backscattered image of a plagioclase from a sample in the northern area with relicts ofK-feldspar. 

This could be evidence of albitization. E) Backscattered image of carbonate cement from the central area. F) prismatic chloritoid evidencing a low-grade 

metamorphic process. Cross-IXJlarized light. G) SEM cathodollUllinescence image of detrital quartz grains from the northern area showing two phases of 

quartz cement. The sketch on the right side better differentiates the two quartz cementation phases. 

surfaces. Some illitic coatings are texturally similar to 

smectite, which suggests a smectite precursor (Morad 

et aI., 1994) that was illitised during diagenesis. Re

placement of K-feldspar by illite is considered to have 

taken place during mesodiagenesis in a relatively closed 

system at 120 °C-140 °C, and at burial depths greater 

than 3.7 km (Chuhan et aI., 2000, 2001). Illitisation of 

feldspar pre-dates quartz cementation. It is not clear 

whether the process continued after precipitation of 

quartz. 

5.2.2.2. Kfeldspa, This cement occurs as euhedral, 

thin and discontinuous overgrowths and is commonly 

corroded and replaced by illite and carbonate cements 

(Fig. 6E). It attains 0.5% in all areas of the basin. It is a 

very early phase, which predates quartz and carbonate 

cements. This indicates early precipitation in eodiage

netic environments (Fig. 8). 
5.2.2.3. Injection of hydrocarbons. The first event of 

hydrocarbon injection is inferred to have occurred early, 

because some hydrocarbon fibres lie between quartz 

grains, pre-dating quartz cements (Fig. 6F and G). The 

fibres occur as very thin, brown coatings. The presence 

of these hydrocarbon residues has been confirmed with 

electron microprobe analysis and with organic solvents. 

The residues are related to the migration of oil into the 

reservoir, which took place in the Late Aptian-Early 

Albian, prior to the hydrothermal event. This migration 

involved the Cameros Trough and its satellite basins, 

located to the north and south. Furthermore, Mas et al. 

(2003) suggest that the tectonic inversion of the basin 
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(Eocene-Early Miocene) produced another late migra

tion of hydrocarbons towards satellite basins. 

5.2.2.4. Siderite. Siderite occurs as isolated crystals 

(Fig. 6H) and is considered an early phase, as it is often 

appears embedded in quartz cement. Siderite precipita

tion requires a reducing environment related to metha

nogenesis (e. g. Mozley and Wersin, 1992). 

5.2.2.5. Early and late quartz. Quartz is generally the 

most abundant cement but is variable in abundance. It is 

mainly developed in the northern and central areas, 

reaching 9.9% and 12.9% of total rock volume (mean, 

2% and 2.8%) respectively. 

Diagenetic quartz cement appears as overgrowths 

around detrital grains, and locally includes other earlier 

diagenetic phases such as clay minerals (kaolinite and 

illite) and siderite. Quartz cement typically appears to 

have been corroded by other minerals (i.e. carbonates). It 

postdates compaction, which indicates that it precipitated 

during relatively deep burial (mesodiagenesis, Fig. 8) at 

depths of more than 2.5 km and temperatures above 80 °C 

(e.g. Worden and Morad, 2000; Walderhang et aL, 200 1). 

In addition, quartz cement postdates hydrocarbon 

emplacement. Although early hydrocarbon emplacement 

has been cited as a barrier to authigenic quartz nucleation 

(Worden et aL, 1998; Bloch et aL, 2(02), quartz cemen

tation is possible regardless of the timing of hydrocarbon 

generation and migration (Reed et aL, 2005). Pressure 

solution, clay mineral reactions in intercalated mudstones, 

and the dissolution of K-feldspars during burial diagenesis 

(Bjorlykke and Egeberg, 1993; Barclay and Worden, 

2000; Bloch et aL, 2002) are likely sources for quartz 

cement. Quartz cementation is facilitated in the presence of 

micas, clay minerals and/or organic matter, which release 

the water necessary to diffuse silica out of the contact zone 

(Wilson, 1994). Chemical compaction generated quartz 

cementation prior to the metamorphic peak event. 

In addition, the fluid inclusion analysis discussed 

below indicates the presence of a second quartz cement 

phase (late quartz in Fig. 8) that is ascribed to the 

metamorphic event. This phase of quartz cementation is 

recognizable on cathodoluminescence images as a 

zonation in the overgrowths (Fig. 7B). The zonations 

in the quartz overgrowths are due to variations in alu

minium and transition metals (Kraishan et aL, 2(00). 
5.2.2.6. Secondary porosity. Secondary porosity is 

high in the southern area (maximum value of 20.1 %, 

mean 9.2%), and decreases to lower values in the central 

and northern areas (mean 2.5 and 7.9%, respectively). It is 

manifested by the presence of corroded grains and partial 

dissolution and originated by the dissolution of framework 

grains, mainly K -feldspars and carbonates. Occasionally, 

secondary pores have developed in intergranular cement. 

5.2.2.7. Hematite. Hematite cement occurs as grain 

coatings or as secondary pore filling. Its occurrence is 

very variable (mean 1.2%, 1.1 % and 3.4% in the northern, 

central and southern areas respectively). Occurrences of 



this cement are typically accompanied by high values of 

secondary porosity. Hematite cement precipitates Wlder 

oxidizing conditions and may appear as an early grain 

coating or as a telodiagenetic product, resulting from de

dolomitization of Fe-rich dolomite at shallow depths 

(Morad et aI., 1995) and pyrite oxidation. 

5.2.3. Metamorphic processes and products 

In addition to diagenetic processes and products, hydro

thermal imprints on the sandstones have been observed in 

samples from the northern and central areas of the basin. 

5.2.3.1. Pyrite precipitation. The percentage of pyrite 

considered of metamorphic origin ranges from 0.2% to 

1.4% in the northern area (mean 0.1 %) and from 0.2% to 

8.2% (mean 0.9%) in the central area. These pyrite 

crystals appear as euhedral coarse crystals that cement and 

replace framework and previous diagenetic products in 

the sandstones (Alonso-Azcarate et aI., 2001). This pyrite 

is attributed to highly saline waters that produced sulphur 

mineralisation in the presence of hydrocarbons (Rowe and 

Burley, 1997; Alonso-Azcarate et aI., 2001). Tempera

tures of367 °C have been estimated for the precipitation 

of this mineral (Alonso-Azdtrate et aI., 1999a). 

5.2.3.2. Replacement of Kfeldspars by quartz. Re

placement of K-feldspars by quartz is common in samples 

from the central and northern areas (Fig. 7C). It occurs in 

percentages between 0.2% and 1.6%, in the northern area 

and between 0.2% and 4.2%, in the central area and is 

manifested by the presence of illite inclusions on quartz 

overgrowths that preserve the external shape of precursor 

K-feldspar grains. This process requires high silica 

concentrations and high temperatures. For this reason, it 

must be related to hydrothermal fluids supersatorated in 

silica. 

5.2.3.3. Carbonate cements. Dolomite appears as 

small rhombic crystals that locally occlude pores. Its 

content varies from 0.2% to 36.1 %. The mean values are 

12.5% in the northern area and 1.5% in the central area. 

Dolomite crystals typically have abundant fluid inclu

sions that give the cements a turbid aspect in transmitted 

light. Dolomite cement has a bright cathodolumines

cence signal that is explained by anoxic conditions 

during precipitation (Theker, 1988). The origin of this 

dolomite is presumably related to hydrothermal fluids, 

and postdates the pyrite phase. Later carbonate cements, 

especially calcite, frequently replaced dolomite cement 

in the telodiagenetic stage. 

Ankerite occurs as isolated patches and is replaced by 

later calcite cement (Fig. 7E). Ankerite cement occupies 

such a low percentage of intergranular volume that it has 
not been quantified. In the central part of the basin, 

ankerite has bright luminescence (Fig. 7E) and high values 

of Mn (manganic ankerite). In many cases, the trace

element content of late diagenetic carbonate cements is 

depleted in iron and magnesium, and emiched in 

manganese (Lynch and Land, 1996; Milliken, 1998). 

Alternatively the high Mn values can be generated by 

hydrothermal flow (Chow et aI., 1996; Morad et aI., 2000). 

5.2.3.4. Albitization. The presence of twinned and 

Wltwinned albite in the northern and central areas of the 

basin suggests that albitization took place. The albites 

appear as fresh idiomorphic and subidiomOlphic grains, 

and sometimes have textoral evidence of K-feldspar 

replacement (Fig. ID). The composition of authigenic 

albite is close to the Na end member and is largely non

luminescent (Kastner and Siever, 1979). Albitization pre

dates several carbonate cementation phases and is 

connnon as a replacement in depths greater than 2500 m, 

especially in sandstones rich in K-feldspars (Morad et aI., 

1990). The Na required for albitization is probably derived 

from dissolution of Triassic evaporites (Saigal et al., 1988). 

5.2.3.5. Chlorite and chloritoid. A metamorphic 

event is also inferred from the presence of two meta

morphic minerals, chlorite and chloritoid, in samples 

from the northern and central areas of the basin 

(Fig. 7F). The content of chlorite varies from 0.2% to 

4.2% (mean 1.5%) in the northern area and from 0.2% to 

10% (mean 2%) in the central area. 

Chlorite replaces quartz, K-feldspars and micas. It 
appears on argillaceous framework grains (intrabasinal 

grains and metamorphic rock fragments) and is asso

ciated with clay minerals from the sandstone matrix. 

Diagenetic chlorite is recognized as polycrystalline 

micronodules or as radial aggregates. The content of 

chloritoid reaches 2.4% (mean 0.4%). It appears as 

tabular crystals or in aggregates. It is possible that these 

crystals retrograde into chlorite whilst maintaining their 

previous morphology (pseudomorphosis). 

5.3. The imprint of hydrothennal processes on quartz 

overgrowths 

Under transmitted light, quartz overgrowths are 

generally 20 to 40 flm thick and display uniform extinc

tion. Two types of quartz cement can be recognized 

under SEM-CL, which will be referred to as cathodo

luminescence zones Q 1 and Q2. These two cements 

occur together in different samples from the northern 

and central areas of the basin. 



Q I (Fig. 7G) is dark under CL and it preserves 

"ghosts" of fibrous structure that are perpendicular to 

the detrital grain-overgrowth boundary. Q2 is bright and 

has concentric growth zoning (Fig. 7B) or is iso

pachous. Locally, this cement displays irregular bound

aries inconsistent with growth and has a patchy 

distribution. The dark Q I cement has been fractured 

and its spaces filled with bright Q2. Fragments of QI are 

frequently included in the Q2 cement. The destruction 

of the original texture of QI cements is probably due to 

high-temperature recrystallization (Goldstein and 

Rossi, 2002). Hence, the hot hydrothermal fluids that 

generated the bright Q2 cement are likely to have 

caused the recrystallization of Q 1 as well. In contrast, 

Q 1 cement is less common in sandstones from the 

central area and where it appears is thin and discontin

uous. This could also be related to the predominance of 

hydrothermal processes, which lowered the preserva

tion potential of Q 1 in the central area relative to the 

northern area. 

Homogenization temperatures were measured in 

syntaxial quartz overgrowths in sandstones from the 

northern and central areas. Two types of fluid inclusions 

were observed in distinct parts of quartz overgrowths, as 

shown by SEM-associated cathodoluminescence images. 

One type of fluid inclusion (the frrst generation) occurs in 

the dark, non-luminescent phase (QI), closest to the 

detrital grain-overgrowth boundary. It was formed at low 

temperatures (from 100.5 °C to 115 °C, mean 110 °C), 

and is interpreted to have a diagenetic origin. The other 

type of fluid inclusion (the second generation) is included 

in bright and more luminescent cements (Q2, Fig. 7G), 

further away from detrital grain-overgrowth boundaries. It 

was formed at higher temperatures (from 95 °C to 227 °C, 

mean 175 °C), and is considered to be of hydrothermal 

origin (Fig. 9). We propose that the high temperatures 

reflect the injection of hydrothermal fluids whereas the 

low tempemtures reflect maximum burial. The spatial 

distribution of the two types of inclusions and their 

temperatures of formation indicate that the Q2 phase is of 

hydrothermal origin. 

The first cement (Q I )  precipitated from a single fluid 

reservoir, because salinity values are homogeneous within 

each sample, whereas the fluid inclusions with higher 

temperatures are inferred to correspond to a mixture of 

two fluid reservoirs, recognized by different salinity 

values for similar homogenization tempemtures (Th) in 

the same sample. For Th � 100 °C, salinity values between 

3.4 and 6.2 %0 were registered. These reservoirs could 

have been affected by the hydrothermal metamorphism 

related to the rifting evolution (Casquet et aI., 1992; 

Barrenechea et aI., 1995). 
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Fig. 9. Diagenetic paths diagrams showing the loss of porosity by 

cementation processes (CEPL) versus compaction processes (COPL) 

of the studied sandstones in the southern, central and northern areas of 

the basin, according to Ltmdegard (1992). 

The circulation of hydrothermal fluids took place 

after the basin was filled. This suggests that hydrother

mal activity was not restricted to the deepest part of the 

basin (Barrenechea et a!., 2001). The maximum 

temperatures did not exceed 340 °C (highest metamor

phic conditions) and the pressure remained below 1.0 Kb 

(around 3.5 to 4 km deep). Fluid circulation could have 

been enhanced by extensional fractures, sedimentary 

discontinuities and the relatively high permeability ofthe 

deposits (Alonso-Azcarate et a!., 1999a). 

6. Discussion 

Although petrofacies vary from south (quartzofelds

pathic) to north (quartzose and quartzolithic, respec

tively), all sandstones from the Urbi6n Group in the 

Cameros Basin had a rigid fiumework with high original 

porosity values at the time of deposition. Textural 



maturation of sediments during transport and intense 

weathering produced moderately to well-sorted sand

stones with a quartzose framework. The presence of 

primary porosity in some samples from the northern and 

southern areas indicates that conduits for fluid flow were 

not completely eliminated during burial. Together, these 

features suggest that the fluvial sandstones were 

originally a high-quality reservoir. Unfortunately, dia

genetic and metamorphic processes degraded these 

original characteristics. Diagenetic processes reduced 

original porosity by intense compaction (COPL) and 

cementation (CEPL). Concavo-convex contacts, which 

indicate pressure solution, are common. Mechanical and 

chemical compaction was the most important mecha

nism of porosity reduction in the basin. 

Several cementation phases have been distinguished. 

Pore-filling kaolinite, pore-lining illite and K-feldspar 

cements were recognized. These cementation phases 

started to fill the intergranular pores in the eodiagenetic 

stage. Petrographic observations suggest that kaolinite 

formed at shallow depth. An influx of fresh water is a 

likely explanation for its origin (Bj0rlykke, 1998). K

feldspar overgrowths formed at relatively shallow burial 

deptha. K-feldspar precipitation requires high silica 

activities and high K +!H + ratios (Morad et aI., 2000) 

and the occurrence of feldspar overgrowths may imply 

that detrital feldspars were dissolving (De Ros et aI., 

1994). Generation and migration of hydrocarbons 

occurred during early mesodiagenesis. Today, this is 

recognizable by the presence of carbon residues 

appearing as thin fibres, locally showing deformation 

features. These are the result of mixing of hydrocarbons 

with subsequent hydrothermal fluids, which generated a 

carbon residue and triggered water release. 

In addition, in the mesodiagenetic realm, a re-com

paction event took place that induced breakage of clasts 

and previous cements by framework collapse, and 

reduced the porosity (Figs. 7B and 10). Re-compaction 

has been inferred only in samples from the northern and 

southern areas of the basin, in which sufficient K

feldspar and carbonate cement were present to promote 

framework collapse by dissolution. Thus, porosity 

reduction is proposed to have occurred in four stages 

(Fig. 9): (1) Loss of primary porosity by early 

mechanical compaction; (2) early cementation, mainly 

by kaolinite and K-feldspar; (3) dissolution of frame

work grains in the southern area and dissolution of 

carbonates in the northern area; and (4) framework 

collapse by re-compaction. 

The diagenetic trend of sandstones from the central 

area is different, for many reasons. Firstly, there are not 

as many K-feldspars that are prone to dissolution, so re-
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compaction did not take place. Secondly, the central area 

experienced the most subsidence, which means that 

compaction has been greatest there. Also, quartz cement 

seems to be the main cause of porosity reduction in the 

central area relative to the northern and southern areas. 

Carbonate cementation has been of minor importance for 

porosity reduction. The diagenetic trend implies constant 

compaction with minimal carbonate cementation. 

In the northern and central areas of the basin, hydro

thermal metamorphism destroyed reservoirs and caused 

a second generation of quartz overgrowths and replace

ment of K-feldspar by quartz, in addition to carbonate 

cementation (including dolomite and ankerite), albitiza

tion, and precipitation of pyrite and chlorite-chloritoid. 

All these processes are consistent with the presence of 

fluids supersaturated in silica, which are typical of hy

drothermal systems (Fournier, 1985). Moreover, accord

ing to Alonso-Azcarate et a1. (1999a), the estimated 

temperatures for pyrite precipitation are consistent with 

the hydrothermal metamorphic realm. 

Textural and fluid inclusion evidence indicates that 

precipitation of silica of diagenetic and metamorphic 

origin occurred throughout the burial history. Tempera

tures deduced from fluid inclusion analysis in the second 

generation of quartz overgrO\vths of metamorphic origin 

range from 95 °C to 227 °C, which is compatible with the 

maximum temperature of 340 °C proposed by Casque! 

e! a1. (1992) for the metamorphic peak. The hydrothermal 

phase that affected the Cameros Trough also destroyed the 

hydrocarbon charge and the porosity of the reservoirs. 

Nevertheless, those hydrocarbons that migrated early 

from the Cameros depocentre towards the margins of the 

basin may have been preserved, as they were not affected 

by hydrothermal metamorphism (Mas e! aI., 2003). Thus, 

sufficient permeability and intergranular volume must 



have been preserved in "rigid-grain" sandstones, despite 

significant burial. 

The fmal processes that affected the Urbi6n Group 

rocks are related to telodiagenesis, and include the 

generation of secondary porosity, cementation of 

haematite, oxidation of pyrites, and replacement of 

dolomite by calcite. All these processes were more 

intense in the northern and southern areas than in the 

central area, possibly because circulation of meteoric 

waters was slower in the central area of the basin, due to 

the lower porosity values of the hydrothermally altered 

sandstones. 

7. Conclusions 

1. The dispersal systems that fed the Cameros Basin 

produced large volumes of sands with quartz-rich 

petrofacies during sedimentation of the Urbion Group. 

Their rigid framework and low matrix content pro

moted high primary porosity values favourable for a 

high-quality reservoir. 

2. The provenance of the sandstones has influenced 

diagenesis mainly by controlling the spatial distribu

tion of K-feldspars. The most important diagenetic 

processes are compaction (mechanical and chemical) 

and cementation by kaolinite, siderite and quartz. 

Hydrocarbon emplacement occurred before quartz 

cementation. 

3. Diagenetic processes related to hydrothermal meta

morphism significantly reduced porosity and destroyed 

all reservoir potential in the Cameros Trough. Dom

inant processes were re-compaction, late quartz and 

carbonate cementation, and growth of chlorite, clllor

itoid and pyrite. 

4. The preservation of hydrocarbons in peripheral and 

satellite basins supports the idea that the Urbi6n 

Group is a good potential hydrocarbon reservoir in 

locations not affected by hydrothermal processes. 

5. This study in the Cameros Basin may serve to reassess 

the possibility of fmding potential clastic reservoirs in 

intracratonic rift basins, despite the likely presence of 

locally destructive effects on reservoir quality pro

duced by clastic diagenesis and low-grade hydrother

mal metamorphism. 
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