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ABSTRACT

Detailed structural cross-sections, analysis of extensional structures and palaeotemperatures

obtained from primary ¯uid inclusions in quartz and calcite veins from the extensional

Cameros Basin (N Spain) allow an interpretation of its thermal evolution and its geometric

reconstruction to be constrained. The Cameros Basin underwent an extensional stage during

the Late Jurassic to Early Cretaceous, with a maximum preserved thickness of Mesozoic

deposits of about 9000 m. During the Tertiary, the basin was inverted, allowing a large part of

the sedimentary sequence to be exposed. Extensional deformation in individual beds created

N120E-striking tension gashes in the synrift sequence, parallel to the master normal faults

limiting the basin and dipping perpendicular to bedding. The extensional strain calculated from

tension gashes varies between 4 and 12%. The number and thickness of veins increases the

lower their position in the stratigraphic section. Palaeotemperatures were obtained from

samples along a stratigraphic section comprising a thickness of 4000 m synrift deposits.

Homogenization temperatures range from 107 to 225 uC. Palaeothermometric data and

geometric reconstruction give a geothermal gradient of 27±41 uC kmx1 during the extensional

stage and allow an eroded section of at least 1500 m to be inferred. Low-grade metamorphic

assemblages in lutitic rocks of the deepest part of the basin presently exposed at surface imply

P±T conditions of 350±400 uC and less than 2 kbar, which implies a geothermal gradient of

about 70 uC kmx1. Since the metamorphic thermal peak is dated at 100 Ma, the P±T path

indicates a heating event during the late Albian, probably linked to the reaching of thermal

equilibrium of the continental crust after extension. The results obtained support the

hypothesis of a synclinal basin geometry, with vertical superposition of Lower Cretaceous

sedimentary units rather than a model of laterally juxtaposed bodies onlapping the prerift

sequence.

INTRODUCTION

Diagenetic and very low-grade metamorphic evolution, as

well as ¯uid ¯ow in sedimentary basins, are a subject of

increasing interest. Several methods have been applied to

the study of the thermal evolution of sedimentary basins,

including illite crystallinity, mineral assemblages, ¯uid

inclusions, maturity of organic matter and apatite ®ssion

tracks (Naeser et al., 1989; Allen & Allen, 1990; Merriman

& Frey, 1999; Merriman & Peacor, 1999, and references

therein). Dif®culties arise in the study of the low-grade

metamorphic evolution of basins from the scarcity and

restriction in the application of geo-thermometers and

geo-barometers since chemical or isotopic equilibrium is

not always achieved (De Caritat et al., 1993; Essene &

Peacor, 1995, 1997). Consequently, comparative studies

are necessary to calculate their P±T conditions and to

reconstruct their evolution. The extent and timing of ¯uid

¯ow during thermal evolution in low-grade environments

is also controversial. Some studies provide evidence for

kilometre-scale ¯uid ¯ow within the basin (Etheridge
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et al., 1983; Wall & Etheridge, 1988), but others (Yardley

& Botrell, 1992; Cartwright et al., 1994) demonstrate that

¯uid ¯ow is limited to the formation of veins. Heat ¯ow

and thermal gradients in extensional sedimentary basins

are controlled by the basin geometry, mechanisms of basin

formation, the magnitude of extension, nature of rocks

and ¯uid ¯ow within the basin ®ll (Mackenzie, 1978;

Royden et al., 1980; Andrews-Speed et al., 1984; Aoyagi

& Asakawa, 1984; Ter Voorde & Bertotti, 1994).

Extensional veins contemporaneous with extension are

common in many sedimentary basins (Arthaud et al.,
1977; Guiraud & SeÂguret, 1984) and associated with

different rock types (mainly sandstones and limestones).

Extensional veins are usually perpendicular to the

minimum stress axis (s3), and parallel to normal faults

and tensional joints (Arthaud & SeÂguret, 1972; Ramsay &

Huber, 1983; Hancock, 1985; Angelier, 1994; Dunne &

Hancock, 1994). Quartz and calcite crystals within veins

are contemporary with extension. Fluid inclusions and

isotope analysis provide one of the best tools available for

determining properties of ¯uids associated with geological

processes (Mullis, 1987; Burrus, 1989; Goldstein &

Reynolds, 1994; Kirschner et al., 1995; Sharp, 1999,

and references therein) and can be considered as a time

capsule storing information about ancient temperatures,

pressures and ¯uids (Goldstein & Reynolds, 1994).

Therefore, microthermometric studies of primary ¯uid

inclusions from extensional veins can be used to under-

stand diagenetic evolution (Burrus, 1989). Determination

of palaeotemperatures and palaeogradients in ancient

sedimentary basins is also an important tool to constrain

basin models, concerning both their geometry and

tectonic setting (Magara, 1976; Miall, 1984; Allen &

Allen, 1990; Green et al., 1995; Heydari, 1997; Willett

et al., 1997). In addition, the temperature that rocks

passed through in a sedimentary basin is a decisive factor

in controlling the process of hydrocarbon formation, both

in the oil and the gas windows (Quigley & Mackenzie,

1988; Zhao et al., 1996) and is essential for the evaluation

and exploration of hydrocarbon potential.

The Cameros Basin is a particular area that underwent

a complex tectonothermal evolution within the Mesozoic

intraplate basins in the northern Iberian plate. Although

its evolution remains controversial, it is believed that the

evolution consisted of: (1) an important period of extens-

ion (Early Cretaceous) giving 8 km of synrift deposits;

(2) an early compression without inversion, with fold-

ing and cleavage, at the end of the Early Cretaceous

(Casas-Sainz & Gil-Imaz, 1998), and (3) low-grade

metamorphism in the depocentre of the basin with a

thermal peak dated about 100 Ma. (Goldberg et al., 1988).

The basin was completely inverted during the Tertiary

(Casas-Sainz, 1993; GuimeraÁ et al., 1995; Casas-Sainz &

Gil-Imaz, 1998), allowing a continuous stratigraphic

section of the basin ®ll to be exposed at the surface.

The geometry of the extensional Cameros Basin is subject

to discussion with two main models being proposed: (i)

vertical superposition of the present-day outcropping

sedimentary units, which implies that the sedimentary

®lling was 9 km thick (Casas-Sainz & Gil-Imaz, 1998) and

(ii) lateral shingling of the sedimentary units, with a

thickness of the synrift sequence not larger than 5 km

(Guiraud & SeÂguret, 1984; Casas-Sainz, 1993; GuimeraÁ

et al., 1995). The role of ¯uids has been also controversial:

Casquet et al. (1992) proposed a clear relation between

mineral assemblages and ¯uid circulation, whereas Mata

(1997) and Mata et al. (1998) proposed a local over-

printing caused by a retrograde hydrothermal event on

a low-grade prograde sequence.

In this paper we use structural analysis, restored cross-

sections, ¯uid inclusion data, stable isotopes and mineral

assemblages to reconstruct the thermal history and

geothermal gradients of the Cameros Basin during

Cretaceous time. For this purpose, we use data from

extensional gashes corresponding to the rifting stage, and

mineralogical assemblages formed during the peak of the

thermal event, corresponding to a later stage in its

evolution. On the basis of the results, hypotheses for

the geometry and the role of ¯uids in the Cameros Basin

are revised.

GEOLOGICAL SETTING

The Iberian chain (Fig. 1) is an intraplate mountain range

that occupies the central±eastern part of the Iberian

peninsula (Julivert, 1978; Alvaro et al., 1979; Capote,

1983). It consists of three main structural units:

1 A Variscan `basement', formed by Cambrian to

Carboniferous sedimentary sequences, mainly sandstones

and shales, up to 10 km thick (Ferreiro et al., 1991; Casas

et al., 2000). The Variscan structures are N±S to NW±SE

and E±W folds, and north-verging thrusts. Late-Variscan

fractures (Permian in age) show two main strikes:

NW±SE and NE±SW. Variscan structures and late

Variscan fracturing strongly conditioned the location

and orientation of extensional and compressional struc-

tures during the Mesozoic and the Tertiary (Salas &

Casas, 1993). The Palaeozoic is overlain by Lower and

Middle Triassic sandstones and limestones.

2 The Middle±Upper Triassic, consisting of shales and

gypsum, are the main detachment levels at the regional

scale (Pyrenees and Iberian Chain), both for the exten-

sional and the compressional deformation (GuimeraÁ &

Alvaro, 1990; Casas-Sainz & Gil-Imaz, 1998).

3 The Mesozoic (Jurassic±Cretaceous) and Tertiary

(Eocene±Oligocene) sedimentary cover shows maximum

thickness of more than 5 km at the eastern (Maestrat

Basin) and western (Cameros Basin) sectors of the Iberian

Chain. Its structure is de®ned by NW±SE, E±W and

NE±SW folds and thrusts in the northern part of the

chain, and changes to N±S in the south-westernmost

sector (MunÄoz-MartõÂn & De Vicente, 1998).

The north-eastern part of the Iberian plate underwent

two Mesozoic rifting stages (Early Triassic and Early

Cretaceous), each followed by thermal subsidence

M. P. Mata et al.
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(Ferreiro et al., 1991; Salas & Casas, 1993). Rifting was

associated with extension in the western Tethys and the

opening of the northern Atlantic (Ziegler, 1989). Triassic

rifting produced sedimentary basins with sediment

thicknesses of up to 1500 m (SopenÄa et al., 1983; Arche

& LoÂpez-GoÂmez, 1996). Extension was accomplished

by faults probably transecting the whole crust, since

magmatism of mantle origin (alkali basalts) is found in

many places (Lago et al., 1988; Pocovi et al., 1997). Early

Cretaceous rifting gave rise to important extensional

basins, such as the Cameros and Maestrat basins where

sediment thicknesses of more than 5 km accumulated

(Mas et al., 1993; Salas & Casas, 1993; Casas-Sainz &

Gil-Imaz, 1998).

The Cameros Basin, now exposed in the Cameros

Massif, forms the north-western most part of the Iberian

Chain. It comprises up to 8 km of Upper Jurassic to

Lower Cretaceous strata. It is interpreted to be a half

graben with a northern active border composed of listric

normal faults striking NW±SE to E±W. Synrift strata

form a wedge that progressively thins toward the

south-west and ends more abruptly toward the north-east

(Guiraud, 1983; Casas-Sainz & Gil-Imaz, 1998).

Stratigraphy of the basin

The Cameros Massif can be divided into two sectors

(Fig. 1) (Tischer, 1966; Salomon, 1980; Guiraud &

SeÂguret, 1984; Mas et al., 1993): (1) a western sector,

where the thickness of terrestrial Upper Jurassic ± Lower

Cretaceous strata reaches more than 2 km, with large

WNW-trending folds and thrusts, and (2) an eastern

sector, where Mesozoic strata are 9 km thick and form

gentle NW-trending folds (Fig. 2). We have centred our

study in the eastern sector of the Cameros Massif where

metamorphic minerals, a large number of veins, and the

maximum thickness of synrift sediments occur.

The Mesozoic series of the Cameros Basin lies

unconformably on Variscan basement, consisting of

Precambrian shales and Cambro-Ordovician sandstones

and shales, folded and thrusted in an E±W direction.

Lower and Middle Triassic strata reach a maximum

thickness of 250 m and consist of terrestrial and shallow

marine deposits. Upper Triassic strata consist of lutite

and gypsum of variable thickness (0±500 m), and were

the regional detachment level for the Mesozoic sedimen-

tary cover, both during extension and compression

Fig. 1. Geological setting of the Eastern Cameros Basin and other Cretaceous basins within the northern Iberian peninsula. The

locations of the cross-section and seismic re¯ection pro®le of Figs 3 and 4, respectively are also shown.

Thermal evolution during Mesozoic extension and Tertiary uplift

# 2001 Blackwell Science Ltd, Basin Research, 13, 91±111 93



Oncala

Torrecilla

DEMANDA MASSIF

Cervera

10 Km

EBRO Clavijo

Neila Massif

BASIN

Legend

Tera Group
Oncala Group
Urbión Group

Enciso Group
Oliván Group

Tertiary molasse

Sy
n-

ri
ft

 s
eq

ue
nc

e

Palaeozoic basement 
(and Lower and Middle Triassic)

Marine Jurassic (pre-rift sequence)

Triassic (undifferentiated)

Albian (post-rift sequece)

15

Enciso

21

30

43

30

15

25

20

18

30

35

20

40

25

30

20

20

21

75
15

18

50
40

45
15

17

60

10

25
30

10

35

15

22

13

28

30

6

23

25

22

7

13

15

20

40

17

20

35

22
25

25

28

16

25

40

40

7

1323

6

15
15

N

A

Moncayo

O
ncala Anticline

JU
R

A
SS

IC
L

O
W

E
R

 C
R

E
T

A
C

E
O

U
S

T
E

R
T

IA
R

Y Quaternary

U
R

B
IO

N
 G

.
E

N
C

IS
O

 G
.

O
L

IV
A

N
 G

.
O

N
C

A
L

A
 G

.
T

E
R

A
 G

.

(GR1)

T-1, T-2, 
T-3, T-4

(GR3)

(GR4)

M
ax

im
um

 p
re

se
rv

ed
 th

ic
kn

es
s 

 (k
m

) O-1

B

U-1
U-2U-3
U-4U-5
U-6U-7
U-8U-9
U-10

Massif

GR5

GR-4

GR-3

U-1,2

U-6,7,8
U-3,4,5

U-9,10
E-1

GR2
O-1

(GR-5)

(GR-2)

E-1, E-2, E-3

GR-1

T-1,2,3,4

E-2,3

Cameros
thrust

Cameros
thrust

1.
8

1.
0

2.
5

2.
5

1.
5

0.
8

Yanguas

Pegado
A

nticline

M
.

P
.

M
a
ta

e
t

a
l.

9
4

#
2001

B
lackw

ell
S

cien
ce

L
td

,
B

asin
R

esearch,
1
3,

91±
111



(Casas-Sainz, 1993; Casas-Sainz & Gil-Imaz, 1998).

Marine Jurassic carbonate rocks, unconformably lying

on the Triassic and the Palaeozoic (Goy et al., 1976;

Aurell et al., 1992) range in thickness between 400 and

800 m. They consist of massive, laminated, and bioclastic

limestones, and successions of alternating marl and

limestone.

The Upper Jurassic ± Lower Cretaceous synrift

sequence, Kimmeridgian to Albian in age, is represented

in the Eastern Cameros Massif by ®ve lithostratigraphic

groups (Tischer, 1966): Tera, Oncala, UrbioÂn, Enciso

and OlivaÂn (Fig. 2), collectively termed `Wealdian', with

a maximum combined thickness of about 8 km. They

consist of ¯uvial and lacustrine facies, with some brackish

and lagoonal episodes, and show maximum individual

preserved thickness of 1500, 2500, 2500, 1000 and

1800 m, respectively. The ¯uvial series (mainly repre-

sented in the Tera, UrbioÂn and OlivaÂn Groups) consist of

quartzitic and arkosic sandstones, siltstones and shales

derived from acidic sources (Mata et al., 2000). The

lacustrine episodes (dominant in the Oncala and Enciso

Groups) are represented by silty and limestone beds. The

post-rift sequence consists of upper Albian marine lime-

stones 50 m thick (MunÄoz et al., 1997), upper Albian to

Cenomanian sandstones (Utrillas Formation) with inter-

bedded coal measures, and Upper Cretaceous marine

limestones (not outcropping in the Eastern Cameros

Massif, (Fig. 2).

Structure and Mesozoic±Tertiary evolution

The northern border of the Cameros Massif is an

E±W-striking north-verging thrust, with a horizontal

displacement of 25 km over the Tertiary molasse of the

Ebro Basin. Its southern limit is de®ned by south-

verging thrusts with horizontal displacements of 5 km

(GuimeraÁ et al., 1995; Casas et al., 2000).

The Eastern Cameros Massif shows an overall synclinal

geometry, with its northern limb stratigraphically thinned

(1 : 5) with respect to the southern limb (Figs 2 and 3).

Dips in the southern limb vary between 10u and 35uN.

The northern limb of the syncline shows dips up to 80uS,

with an average value of 50uS (Casas-Sainz, 1993). Along

the northern border of the Cameros Massif several normal

faults, with throws ranging from centimetres to tens of

kilometres can be recognized (Casas-Sainz & Gil-Imaz,

1998). These faults indicate that the present-day northern

border of the Cameros Massif, resulting from thrusting

during Tertiary inversion, records the shape of the

northern margin of the Mesozoic Basin.

The structure of the Cameros Massif was controlled

by Mesozoic extension, Early Cretaceous folding and

Tertiary folding and thrusting (Casas-Sainz & Gil-Imaz,

1998):

1 During the Late Jurassic ± Early Cretaceous, crustal

extension affected both the prerift and the synrift

sequences. Extension in the prerift sequence (marine

Jurassic) was achieved by normal faults, rooting in Upper

Triassic, low-strength evaporites (Fig. 3). In the synrift

sequence, extension was achieved both by normal

synsedimentary faulting linked to growth strata and by

internal brittle deformation, mainly hydroplastic faults

and tension gashes (Guiraud, 1983; Guiraud & SeÂguret,

1984; Diaz-MartõÂnez, 1988; Mata et al., 1996). A NNE±

SSE to NE±SW extension direction is obtained from

structural analysis of tension gashes and faults (Guiraud &

SeÂguret, 1984). The isopachs of the synrift sedimentary

units suggest a half-graben basin geometry (Guiraud

& SeÂguret, 1984; Casas-Sainz, 1993; see Fig. 3). In a

regional 3-D view, the normal faults marking the

northward edge of the basin are interpreted to have

a general NW±SE strike with some E±W segments

(Casas-Sainz, 1993).

2 Cleavage and low-grade metamorphic assemblages in

the Cameros Massif are a unique feature of the Iberian

Chain and have been interpreted as the result of

Cretaceous (Aptian to Albian) shortening and folding in

an incipiently thinned continental crust (Casas-Sainz &

Gil-Imaz, 1998). The mechanisms for cleavage formation

are pressure solution in the calcareous rocks, and orien-

tated recrystallization of phyllosilicates in lutites. The

absolute dating of the thermal metamorphic peak by

Ar39±Ar40 isotope analysis of illite (Goldberg et al., 1988)

and K±Ar analysis of illite (Casquet et al., 1992) indicates

an age ranging between 86 and 108 Ma. Preliminary

estimations of P±T conditions (Guiraud & SeÂguret, 1984)

indicate that maximum temperatures did not reach

450 uC, at less than 2 kbar. Textural relations show

that chloritoid crystals are randomly orientated in a

strongly orientated matrix and cut across the cleavage

fabric (Casas-Sainz & Gil-Imaz, 1998). This textural

relationship indicates, at the regional scale, that the

metamorphic peak postdates both the extension stage and

the cleavage-related folding.

3 The present-day geometry of the Cameros Basin

(Fig. 3A) is mainly due to Tertiary contraction, which

inverted and transported the basin 25 km northward

(GuimeraÁ & Alvaro, 1990; Casas-Sainz, 1993; GuimeraÁ

et al., 1995; Casas-Sainz & Gil-Imaz, 1998). The main

structure is a single, low-angle thrust incorporating slices

of Variscan `basement', cropping out in the Sierra de la

Demanda (Figs 1 and 2). Tertiary compressional struc-

tures strike E±W to NW±SE. The footwall of the main

thrust consists of up to 4 km of Tertiary molasse of

the Ebro basin (MunÄoz-JimeÂnez & Casas-Sainz, 1996)

Fig. 2. A. Geological sketch of the Eastern Cameros Massif showing the location of the samples used for palaeothermometric

studies. B. Stratigraphic log of the Upper Jurassic to Lower Cretaceous Cameros Massif showing the stratigraphic location of the

studied samples.
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(Fig. 4), underlain by a Mesozoic sucession that reaches

a maximum thickness of 700 m (Lanaja, 1987). The

southern border of the massif is formed by NW±NE-

striking, south-verging thrusts with horizontal displace-

ments of up to 5 km (Platt, 1990; GuimeraÁ et al., 1995;

Casas et al., 2000).

LOCATION OF OUTCROPS, SAMPLES
AND METHODS

Structural measurements at ®ve different sites (GR1,

GR2, GR3, GR4 and GR5) and 18 samples were taken

from the UrbioÂn to the OlivaÂn group in a continuous

prograde sequence (Fig. 2 and Table 1) of the Eastern

Cameros Basin. Samples were accurately located within

the stratigraphic series, taking into account the thickness

of the different sequences, obtained from direct measure-

ment in the ®eld (Guiraud, 1983; Guiraud & SeÂguret,

1984) and checked by the interpretation of seismic

re¯ection pro®les and borehole data (Casas-Sainz &

Gil-Imaz, 1998) (Fig. 4). These data correspond to the

maximum thickness preserved in the basin centre. Most

samples were taken from quartz-rich veins, and the host

rocks are mainly sandstones, siltstones and continental

limestones. Host rock mineral assemblages range from

deep diagenesis to epizone (Table 1). The methodology

used includes structural analysis of the tension gashes,

mineralogical and ¯uid inclusion studies and isotopic

analysis.

Microthermometric analyses were performed on a

Linkam THMS-600 heating±freezing stage calibrated

using natural pure CO2 inclusions, bidistilled water

and Merck standards. Errors are t0.2 uC for freezing

and t2 uC for heating. Raman and microprobe analysis

of some of the veins have been carried out at SCT

of Barcelona University. Scanning electron microscopic

studies on polished thin sections were made in a Hitachi

S-3200N, equipped with a Noran X-ray energy-

dispersive system, and operated at 20 kV at the

University of Michigan. Electronic Microprobe Analysis

(EMPA) of host rock was performed on a Cameca

Camebax SX 50 at the University of Granada. Operating

conditions were 20 kV accelerating potential and 30 mA

beam current. Anhydrous oxides and simple silicates

were used as probe standards. Isotopic data in this study

were procured from 16 quartz and calcite vein samples.

For oxygen isotope analysis of quartz, oxygen was

extracted using the BrF5 technique (Clayton & Mayeda,

1963). Carbon dioxide was extracted from carbonates

using phosphoric acid (McRea, 1950). The isotopic ratios

of the CO2 and O2 gases were measured using a Finnigan

Mat 251 mass spectrometer. Isotopic compositions are

reported in delta notation relative to VSMOW for oxygen

and VPDB for carbon. XRD analysis of host rock and

veins were determined using a Phillips 1710, with CuKa
radiation and automatic slit of the University of Zaragoza.

GEOMETRY OF EXTENSIONAL
STRUCTURES

In the studied areas, tension gashes are arranged in sets

and usually cross-cut whole strata. Their thickness ranges

between 1 and 80 cm. The maximum thickness of veins is

found at the base of the UrbioÂn Group (samples U-1 to

U-3) and at the PeÂgado anticline (T-1 to T-4). Both areas

possibly correspond to the deepest zones within the basin,

at the level of the present outcrop (Figs 2 and 3). Veins

are ®lled with milky and ®brous quartz crystals in

quartzitic sandstones, whereas calcite veins show a more

massive in®ll in limestones.

Tension gashes are nearly perpendicular to bedding,

both with horizontal or dipping beds (Fig. 5), except for

site GR4, located on the western limb of the PeÂgado

anticline, where they are at 60u to bedding (Fig. 5). The

mean direction of tension gashes is N120E, which gives a

NNE±SSW extension direction for the central part of the

basin. The geometric relationship between bedding and

tension gashes, and their mean direction, parallel to the

main normal faults limiting the basin toward the north,

indicates that they are contemporaneous with the rifting

stage, and pre-date Tertiary folding. Where the relation-

ship between tension gashes and cleavage can be seen (for

example, at the limbs of the PeÂgado anticline, Fig. 2),

cleavage post-dates extensional structures.

Although it is dif®cult to quantify the extensional

deformation due to tension gashes, because of the very

nature of brittle deformation, an attempt was made to

measure the thickness of every extensional gash perpen-

dicular to bedding in several outcrops. The cumulative

length (i.e. cumulative vein thickness) was related with

the initial length of the bed, giving the total deformation

in each outcrop during extension (Fig. 5A). The amount

of extension determined for individual strata is given by

the relationship (SEg/SEm)r100, where Eg is the

thickness of each tension gash and Em the length of the

nondeformed bed between two consecutive gashes. Their

values range between 2% and 12% (Fig. 5A), with single

important variations found between different strata. At

the lower part of the UrbioÂn Group (GR1, Fig. 5A) the

amount of extension calculated for ®ve strata show values

of 4, 2, 12, 7 and 5%. In sites GR2 and GR3 the amount

of extension varies between 7 and 10% and at the PeÂgado

anticline it is 12%.

In some places tension gashes are associated with

pinch-and-swell structures within sandstone strata, and

bed-parallel cleavage in incompetent beds. The geometry

Fig. 3. A. Cross-section showing the present-day geometry of the eastern Cameros Massif. B. Restored cross-section at the end

of the Late Cretaceous. Cross-section located in Fig. 1. The location of sample sites (projected along each stratigraphic level) is

indicated.
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Table 1. Descriptions of samples and analytical details of veins. qtz: quartz; kfs: potassium feldspar; pl: plagioclase; chl: chlorite; ill: illite; I/S: interlayer illite smectite; ab: albite; cal: calcite;

prl: pyrophyllite; ms: muscovite; pg: paragonite; cld: chloritoid: py: pyrite; dol: dolomite.

Host rock Vein

Sample Lithology Mineralogy (XRD) Width Mineralogy Type

Tmi (s, n0)

Tmcc (s, n0)

Th (s, n0)

ThCO2 (s, n0) d18O d18O d18O (H2O)

O-1 Sandstone qtz±kfs/pl±chl±ill±I/S 1±2 cm qtz I 107 (17,16)

E-3 Sandstone qtz±kfs/pl±chl±ill±I/S ? qtz ± + 17.7

E-2 Sandstone qtz±kfs±chl±ill±chl/sm±ab ? qtz±ab ± + 16.8

E-1 Limestone qtz±chl±ill±chl/sm±ab±cal 2±3 cm qtz±cal I x 4.9 (0.3, 19) 160 (6,25) + 24.3 10½

U-10 Sandstone qtz±chl±ill-chl±ab±cal 20 cm qtz±cal ± + 15.3 (cal)

+ 17.4 (qtz)

x 9.1

U-9 Sandstone qtz±chl±ill±chl±prl±ms±pg±ca 20 cm qtz±cal ± + 22.1 (cal)

+ 17.9 (qtz)

x 8.2

U-8 Siltstone qtz±chl±ms±pg ? qtz + 15.6 (cal) x 5.1

U-7 Sandstone qtz±chl±ms-pg±cld ? qtz±cal I x 5.2 (0.1, 10) 158 (6,18) + 17.3 2.5½

U-6 Sandstone qtz±chl±ms±pg±cld±py 10 cm qtz ± + 22.1 (cal)

+ 16.8 (qtz)

x 7.5

U-S Sandstone qtz±chl±ms±pg±cld 10 cm qtz I x 5.1 (0.4, 25) 151 (20,12) + 16.6 1½

U-4 Sandstone qtz±chl±ms±pg±cld±(py) 10±50 cm qtz I±II x 4.8 (0.3, 49)

6.4 (1.3, 24)

183 (15,64) + 17.5 4.5½

U-3 Sandstone qtz±chl±ms±pg±cld±py 10±50 cm qtz I±II x 2.8 (0.7, 15) 197 (30,15)

U-2 Sandstone qtz±chl±nis±pg±cld±py 10±50 cm qtz II x 5.1 (0.2, 15)

7.1 (0, 5 ,7)

199 (7,19) + 19.2 7.5½

U-1 Sandstone qtz±chl±ms±pg±cld±py 10±50 cm qtz II x 5.2 (0.5, 25)

7.4 (0.5, 20)

208 (14,19)

22.1 (1.5, 9)

+ 19.3 8½

T-4 Limestone qtz±chl±ill±chl/sm±cal±dol 60 cm qtz ± + 26.5

T-3 Siltstone qtz±chl±ill±chl/sm±cal±dol 80 cm qtz±cal I x 6.7 (0.4, 14) 223 (9, 19) + 20.7 10½

T-2 Sandsnston qtz±chl±ill±cal 10 cm qtz ± + 14.8 x 7.9

T-1 Siltstone qtz±chl±ill±chl/sm±cal±dol±py 80 cm + 17.5
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of bed-parallel cleavage in lutites associated with pinch-

and-swell structures follows the shape of the sandstone

beds (Fig. 5B). This kind of structure is found in areas

which were presumably deeply buried within the basin-

®ll (Fig. 2). The calculated amounts of extension cannot

be extrapolated to the whole of the basin, but they give an

idea about the difference in extensional deformation

between the different stratigraphic levels, and the

mechanisms of deformation involved during the exten-

sional processes in the synrift sequence. The increase in

vein density and extension from the upper to the lower

part of the sedimentary series, and the perpendicularity

between beds and veins, suggest a mechanism of bending,

with extension at the external hinges, for the formation

of the main extensional syncline (Figs 2 and 3). This

mechanism agrees with the wedge geometry of the synrift

sequence (Fig. 3), with differences in dip of more than

30u from the upper to the lower part of the sedimentary

series (Casas-Sainz & Gil-Imaz, 1998).

PALAEOTHERMAL ANALYSIS

Vein composition

Optical, XRD and microprobe analysis reveal that veins

are almost invariably quartz with minor calcite and albite.

Table 1 shows the mineralogy of the veins and host rocks.

Quartz is present as milky and prismatic and ®brous

crystals ®lling veins in quartz-rich sandstones. The size of

quartz crystals ranges from milimetres to 25 cm at site

GR5 (PeÂgado anticline). Chlorite, muscovite and albite

are also locally present near the contact of the host rock or

in the vein. EMPA of chlorite and muscovite in veins is

shown in Table 2. Pyrite and titanium oxide crystals have

been found as sporadic minor constituents.

Fluid inclusion study

Data were acquired from 10 different veins; nine of them

located at the central sector of the basin and one from the

Fig. 4. Seismic re¯ection pro®le and interpretation of the central part of the Cameros Massif. Cross-section Fig. 1.
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south-eastern part (GR5 site, Fig. 2). All the inclusions

studied are hosted in quartz crystals. Their classi®cation

is based on the number of phases observed at room

temperature and on estimates of the ¯uid composition

determined by observation of phase changes during

preliminary heating and freezing runs. Three types of

inclusions have been found:

(a) Type I: NaCl±H2O biphasic at room temperature

(liquid and vapour), with vapour to liquid ratios between

0.1 and 0.2 and sizes from 5 to 70 mm, with regular shape.

(b) Type II: NaCl±CO2(+N2)±H2O triphasic and

biphasic at room temperature (two liquids and vapour or

liquid and vapour), with vapour to liquid ratios between

0.2 and 0.3 and sizes from 3 to 50 mm. They are more

regular in shape than Type I and mainly negative crystals.

(c) Type III: biphasic with a liquid (its refraction index

gives a dark colour) and a gas bubble, with morphology

and size similar to those of Type II inclusions.

Microthermometric data were obtained from Type I

and II inclusions based on the occurrence in single

crystals showing evidence of growth zonation. The

inclusions appear as subparallel groups, particularly

with different concentrations in adjacent zones. Using

microthermometric techniques together with Raman

spectrometry analyses, it is possible to ®nd the composi-

tion and total homogenization temperatures for Type II

inclusions. Raman analyses of 21 inclusions from samples

U-1, U-2 and U-4 indicate that the carbonic phases of

these ¯uid inclusions are mixtures dominated by CO2

with some amounts of N2. The CO2/N2 ratio changes

from 1 : 0 to 1 : 0.25. For Type I inclusions, measured

eutectic temperatures between x29 uC and x23 uC
indicate a system with H2O and NaCl as components.

Figure 6 displays the histograms of Tmi vs. Th and Tmi vs.

Th diagrams.

Microthermometric data (Table 1) show a net decrease

in homogenization temperature up sequence, from a mean

temperature of 223 uC in sample T-3 to 107 uC in sample

O-1. Comparing samples from the same sector, a similar

behaviour is found: U-1 is the lowermost sample in the

central area with a mean Th of 208 uC, one hundred

degrees higher than the uppermost sample of the same

sector, O-1. Without considering changes in real

entrapment temperature due to changes in pressure,

there is a linear correlation between the Th obtained

and the position of samples within the stratigraphic log.

The correlation curve (Fig. 7) indicates a gradient of

27 uC kmx1, assuming that this correlation is linear, as it

occurs in the upper levels of the crust, not considering

variations due to the different thermal conductivity of

rocks. If this linear correlation is assumed, there must be

an eroded section of at least 1500 m, in order to obtain

a surface temperature within an acceptable range.

The real temperature of ¯uid inclusion formation can

be calculated approximately if a pressure can be obtained

from an independent source. In our case, this pressure can

be estimated according to the burial depth of each sample,

assuming (i) that the position within the stratigraphic

column coincides with this depth and (ii) that the

minimum eroded section can be calculated according to

the linear temperature gradient as explained in the

previous paragraph. Pressure corrections of homogeniza-

tion temperatures were calculated for molar volumes

of 21 mL molx1 and 20 mL molx1, for a composi-

tion XH2O
=0.941, XCO2

=0.040, XNaCl=0.0185. This

composition is the most similar to the analysed inclusions

Fig. 5. A. Orientation (Schmidt projection, lower hemisphere) of tension gashes in the eastern Cameros Massif at some of the

sites in which samples for palaeothermometric studies were taken (location in Fig. 1). The stereoplots show the poles of tension

gashes (black circles) and bedding surfaces (great circles in broken lines). The histograms show the amount of extension due to

vein formation at the different outcrops studied, and different strata within the same outcrop. The sketch below indicates the

way extension is calculated. B. Field aspect (photograph and sketch) of quartz tension gashes and pinch-and-swell structures at

the base of the UrbioÂn Group (site GR1 in Fig. 2A).

Table 2. Electron microprobe analysis of chlorite, chloritoid,

muscovite and albite. Cations for chlorite and mica calculated

on the basis of O10(OH)8, and O10(OH)2, respectively. All

iron as Fe2+.

Host rock Vein

Chl Ctd Chl Mc Alb

SiO2 21.84 24.48 22.84 46.84 69.37

A12O3 23.76 39.96 25.23 36.18 20.03

FeO 37 26.82 33.5 1.33 0

MgO 4.86 0.57 6.74 0.21 0

MnO 0.14 0.46 0.16 0 0

NiO 0.08 0 0 0

Cr2O3 0 0.05 0.01 0 0

TiO2 0.05 0.02 0.04 0.02 0.04

Na2O 0.01 0 0 0.81 12.26

K2O 0.02 0.03 0.01 8.74 0.02

CaO 0 0 0.01 0.03 0

H2O 11.01 4.52

tot 87.76 92 387 99.72 98.87 101.75

Si 2.46 1.02 2.49 3.11 2.98

Al(IV) 1.54 1.51 0.89 0

Al(V1) 1.62 1.73 1.94 0

Al(T) 3.16 1.97 3.24 2.83 1.02

Fe 3.49 0.94 3.05 0.07 0

Mg 0.82 0.04 1.09 0.02 0

Mn 0.01 0.94 0.02 0 0

Ni 0 0 0 0 0

Cr 0 0 0 0 0

Ti 0 0 0 0 0

Na 0 0 0 0.1 1.02

K 0 0.02 0 0.74 0

Ca 0 0 0 0 0

Fe/(Fe+Mg) 0.81 0.96 0.74 ± ±
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for which experimental data exist (Gehrig, 1980).

Isochores of inclusions with NaCl were obtained

according to the state equations given by Bodnar &

Vityk (1995) included in program MacFinclor by Brown

& Haggeman (1995). The results obtained (Fig. 7) agree

with a linear temperature gradient of 41 uC kmx1, and

are consistent with the eroded section inferred from the

noncorrected temperatures. Although these temperatures

must be taken cautiously, they allow us to constrain the

gradient during ¯uid inclusion formation between 27 and

41 uC kmx1.

There is a perceptible spatial distribution of inclusion

type in the stratigraphic sequence. Samples located at the

bottom of the UrbioÂn Group always contain Type II

inclusions. In samples U-4 and U-3, Type I and II

(biphasic) inclusions coexist in a single crystal. Although

both types of inclusions are located at the bottom of

the crystal, and are considered as primary, they are not

found in the same bands. The difference in the ¯uid

composition can be interpreted as a consequence of

changes in host mineralogy of the veins. Close samples,

below within the stratigraphic series, have only Type II

and above have only Type I.

In samples U-4 and U-3 the homogenization tempera-

ture of the Type I (170 and 180 uC) is always lower than

Type II (200 and 245 uC); if both types are considered

primary inclusions, these Th differences can be used to

calculate the minimum pressure of formation for them.

Using Bodnar & Vityk's (1995) equation for the NaCl±

H2O system and Bowers & Helgeson's (1983) for the

NaCl±H2O±CO2 system, the difference in temperature

found between the two types of inclusions corresponds

to a minimum pressure of about 0.6 and 1.1 kbar,

respectively.

From melting ice temperature (Table 1 and Fig. 6) no

important changes in salinity are obtained. Values range

from 7.7 to 10 Wt% NaCl for samples containing Type I

inclusions. T-3 sample hosted in siltstone has the highest

and U-9 hosted in limestone the lowest. This apparent

homogeneity seems to be in con¯ict with a local ¯uid

source although these salinities are in accordance with

those observed in other detrital basins (Hanor, 1979).

Nevertheless, samples with sandstone as host rocks, have

the same salinity.

Isotopic data

Values of isotopic composition of water and minerals

show a wide dispersion (see Table 1 and Fig. 8). The

Fig. 6. A. Histograms of melting ice temperature (Tmi) and homogenization temperature (Th) of the studied samples. B. Tmi

plotted against Th.
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d18O of quartz ranges from +26 to +16.60½. According

to the Th values measured, and based on the quartz±water

fractionation equation of Clayton et al. (1972), the

calculated d18O of water in equilibrium with quartz

ranges from +1 to +10.0½. Samples U-1 to U-10

were obtained from the same central sector of the

Cameros Basin. Samples U-1 to U-7 show a direct

correlation between the d18O value of water in quartz with

depth of burial (assuming that it is equivalent to the

position in the stratigraphic sequence, see Fig. 7). This is

in agreement with a local isotopic buffering of ¯uids, since

homogeneous values should be expected if large-scale

¯uid ¯ow was involved. However, it should be noted that

samples U-10 and U-9 do not plot on this trend.

The highest d18O values of water are found in samples

hosted in limestone and calcareous siltstone (T3 and

E1), which is inconsistent with an in¯uence of d18O-

rich phases as carbonate minerals on isotopic water

composition.

Calcites show quite constant d13C values of about

x8½, except for sample U-8 which has a value slightly

higher (x5½), but variable d18O values between +14.8

and + 22.1½. Both the lowest and the highest d18O

value of the mineral are found in veins hosted in

sandstone. Low d13C values indicate an in¯uence of

organic carbon in the ¯uid. The highest d13C value is

found in a sample hosted in siltstone.

Lack of suitable ¯uid inclusions for microthermometric

studies precludes evaluation of the water isotopic com-

position. Quartz coexisting with calcite shows an almost

constant value of d18O whereas d18O in calcite varies

from +22.1 to +15.3½. Using Sharp & Kirchner's

(1994) empirical calibration equation, 171t15 uC is

obtained for the pair of U-10, and negative temperatures

for the two other pairs (U-6 and U-9). Although no

suitable ¯uid inclusions for microthermometric studies

were found in these samples, the negative values for

temperature from isotopic geothermometers clearly point

to a nonequilibrium between quartz and calcite. Finally,

the high d18O values for these calcites seem to indicate

a major contribution of d18O-rich phases to a late and

low-temperature ¯uid.

Fig. 7. A. Temperatures obtained from ¯uid inclusions in the samples studied, plotted against their depth, according to the

stratigraphic column, with and without pressure correction (see text for explanation). B. Linear regression curves for the

noncorrected and corrected temperatures.
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Mineral assemblages

On the basis of mineral assemblages (Table 1 and Fig. 9),

a prograde sequence from deep diagenesis to epizone can

be de®ned for the rocks of the Cameros Basin. This

tendency has been previously described on the basis of

illite crystallinity and mineralogical studies (Guiraud &

SeÂguret, 1984; Goldberg et al., 1988; Alonso-AzcaÂrate

et al., 1995; Barrenechea et al., 1995; Mata, 1997).

The mineral assemblages from the bottom to the top of

the sequence in the CV section are:

(i) quartz+chlorite+muscovite+paragonite

+chloritoidtcalcitetalbite

(ii) quartz+chlorite+muscovitetparagonite

tpyrophyllitetcalcitetalbitetchlorite/smectite

(iii) quartz+chlorite+muscovitetsmectite

tillite/smectitetalbite

The highest-grade mineral assemblage (i) is present

in GR1 site (deepest strata within the Mesozoic

Basin exposed at surface) and can also be found in a

NW±SE-orientated area from GR1 to GR5 sites (Fig. 2).

Paragonite and chloritoid disappear up sequence and

sporadic pyrophyllite is detected. Large poikiloblastic

pyrite crystals (up to 20 cm in length) have also been

described in assemblages (i) and (ii) together with the

assemblage: cookeite (Al±Li-rich chlorite)+rectorite+
kaolinite+barite, probably related with the pyrite

deposit (Mata et al., 1998; Alonso-AzcaÂrate et al., 1999)

due to syn- to post-hydrothermal overprinting. Assem-

blage (iii) is found in the upper strata of the Enciso

and OlivaÂn Groups. Although illite crystallinity data

(Alonso-AzcaÂrate et al., 1995; Barrenechea et al., 1995)

show values typically in the range from epizonal to dia-

genetic conditions, interference of the (001) re¯ection of

paragonite can distort the true IC value in paragonite-

bearing rocks (Frey, 1987, and references therein).

Therefore, metamorphic conditions are based on the

reaction

2 pyrophyllite +amesite=4 chloritoid+6 quartz

+2 H2O (1)

which can be calculated from coexisting phases of the

above mentioned assemblages.

Representative chemical composition on the basis of

EMPA of coexisting chloritoid, chlorite and pyrophyllite

are shown in Table 2. Figure 9 shows a BSE image where

Fig. 8. Oxygen isotopic values of silica (circles) and calcite (open squares) as a function of depth and position within the

stratigraphic series.

Fig. 9. Backscattered scanning electron photograph of the

mineralogical assemblage (i), where chloritoid and chlorite

crystals can be seen.
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random chloritoid crystals and chlorite crystals can be

seen. The P±T conditions for assemblage (i) among the

amesite, Mg-chloritoid, quartz and H2O phases have been

calculated with the program THERMOCALC v2.5 and

the database of Holland et al. (1998). The activities of

these phases were calculated on an ideal basis by using the

program AX (Holland 1992, written communication).

These calculations yield a minimum temperature of

300±350 uC over a pressure range of 1±6 kbar for

assemblage (1). The reaction:

albite=jadeite+quartz (2)

was used to constrain an upper pressure limit through the

absence of jadeite at < 6±7 kbar at 300±350 uC. An

upper temperature limit was calculated by using the

reaction

2 paragonite+amesite+2 quartz=
2 albite+4 Mg-chloritoid+2 H2O (3)

due to the absence of albite in some samples and by the

reaction

pyrophyllite=kyanite+3 quartz+H2O (4)

since kyanite is not stable.

The previous calculations indicate that temperature

ranges between 300 and 350 uC in a pressure range of

1±6 kbar. These data suggest that at least 350 uC was

reached for strata buried at 5600 m minimum depth.

DISCUSSION

Factors controlling vein formation and
composition source of ¯uids

Field and structural data along a continuous stratigraphic

sequence from the OlivaÂn Group to the UrbioÂn Group

show that veins are concentrated in the deepest areas of

the basin or the lower sections within the stratigraphic

units, being almost absent in upper stratigraphic units.

The presence of veins shows that extensional deformation

took place and boudinage can be observed. Geometrical

relations between strata and veins (almost perpendicular,

and veins with a constant direction) suggest an extensional

origin. The strike of veins coincides with the strike of the

main normal faults limiting the basin to the north and

south (GuimeraÁ et al., 1995; Casas-Sainz & Gil-Imaz,

1998) and also with the strike of metric to hectometric

faults contemporary with the Early Cretaceous extension

(Guiraud, 1983; Casas-Sainz & Gil-Imaz, 1998). All these

data are consistent with a NNE±SSW extension direction

and point to an extensional origin for the vein-®lls

analysed in this study.

The base of the UrbioÂn group, where the larger veins

are located (Fig. 5b), is composed of < 50 m of ¯uvial,

channellized quartz-rich sandstones overlying a lime-

stone sequence and it is overlain by a > 3000-m-thick

sequence of pelitic±psammitic strata. Brittle behav-

iour, chemical composition of sandstones and abrupt

permeability changes between the overlying lutitic strata

and the sandstones seem to have conditioned the

formation of the broader, deeper veins and the ¯uid

migration within the veins.

On the other hand, and on the basis of ¯uid inclusion

and isotopic data, a local origin for the ¯uids can be

suggested. Inclusions types correlate mainly with the

lithology of the different units. Moreover, the results of

¯uid inclusion analyses indicate a correlation between the

stratigraphic level in which the samples were taken and

the homogenization temperature, even when no pressure

correction is applied (Fig. 7). Varied calculated isotopic

water compositions support the idea of a local ¯uid ¯ow

resulting in isotopic buffering of ¯uids at the basin scale,

since a homogeneous value should be found with large-

scale ¯uid ¯ow. The highest d18O value of water coincides

with the samples hosted in limestone and siltstone in

accordance with an in¯uence of d18O-rich phases as

carbonate minerals on isotopic water composition. Fluid

inclusion entrapment should represent the temperature of

the extensional interval since inclusions can be considered

as primary in origin.

As a conclusion, the geometry of veins is related to the

stages of ®lling of the basin with moderate to high loads.

Fluid ¯ow may have occurred on a local scale of tens of

metres, con®ned to individual packets of sandstone and

shale in the deepest areas of the basin. This mechanism

has been proposed in similar geological environments by

Cartwright et al. (1994) to explain the formation and

origin of ¯uid in veins and their relations with the tectonic

evolution, explaining vein formation as the result of local

processes.

The magnitude of the ¯uid ¯ow during the diagenetic

evolution of this sedimentary basin is also a useful

indicator of the origin of the low-grade mineral

assemblages. Casquet et al. (1992) and Barrenechea et al.
(1995) suggested a ¯uid-controlled metamorphism, or

hydrothermal metamorphism, in a quartz-rich area where

many of the veins are found. In contrast, we suggest that

for the ®rst diagenetic stages of the evolution of the

Cameros Basin, thermal equilibrium between ¯uid and

rock is likely, owing to the existence of localized ¯ow.

However, caution is needed when temperatures from

extensional gashes are used to calculate temperatures for

a later metamorphic event. The mineral assemblages

indicate higher temperatures than those obtained from

¯uid inclusion studies and these higher temperatures are

related to a later thermal event. Moreover, in the Cameros

Basin, the mechanism of local-scale ¯uid mobilization

seems to have occurred in different episodes to explain

the pyrite deposits that occur in other areas of the

basin where sulphide deposits are restricted to a single

high-permeability sandstone aquifer (Alonso et al., 1999).

Cretaceous geothermal gradient evolution

An initial approach to calculate the palaeothermal

gradient was made by plotting the temperature obtained
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from ¯uid inclusions against the depth of the samples,

obtained from their position in the stratigraphic log of the

basin ®ll (Fig. 7). This is the model used normally when

thermal gradients are obtained from borehole data (Hagen

& Surdam, 1989; Jensen & DoreÂ, 1993; Lerche, 1993;

Green et al., 1995) and allows for the variations of

gradient in a vertical section to be determined. Variations

with respect to a linear pattern are caused by the

differences in thermal conductivity of the different

stratigraphic units (Blackwell & Steele, 1989). Determi-

nation of the geothermal gradients also allows the eroded

sections of the basin to be estimated, considering that the

slope of the depth±temperature plot can be extrapolated

from the truncation point to the surface (Magara, 1976;

Green et al., 1995). In the example studied, the Tertiary

inversion of the basin, forming a large syncline over the

thrust surface, allows an inclined section of the basin to be

exposed at the surface (Fig. 3). If we assign depths to the

sample sites as a function of their stratigraphic position

within the sedimentary sequence, a temperature±depth

diagram can be drawn (Fig. 7). The slope of the

regression line is the palaeothermal gradient obtained

from the ¯uid inclusions analysed in this work. As we

pointed out, this gradient must be between 27 uC kmx1

and 41 uC kmx1 (Fig. 7), and allows us to infer an eroded

section of at least 1500 m.

The mineral assemblage at the top of the OlivaÂn

Group, sample O-1 (Table 1) suggests that the evolution

of these rocks corresponds to deep diagenesis and they

were buried possibly by more than 1 km, which is

consistent with the results obtained. The palaeotempera-

tures obtained can be explained by a normal or slightly

elevated geothermal gradient. These quasi-normal gra-

dients are consistent with models involving low sedi-

mentation rate (McDonald et al., 1989; Ter Voorde &

Bertotti, 1994), such as the one inferred in the Cameros

Basin during the Early Cretaceous (about 0.25 mm yrx1

on average).

From P±T calculations on the basis of mineral

assemblages, temperatures between 300 and 350 uC and

pressures of less than 2 kbar were reached at depths

between 5000 and 6000 m within the basin sedimentary

®ll. K-white mica dimensions (Mata, 1997) range from

8.98 to 9.00 AÊ in shales and sandstones of the UrbioÂn,

Enciso and OlivaÂn groups and are indicative of a low-

pressure geotectonic setting. Both mineralogical and

textural characteristics of these rocks are typical of exten-

sional low-grade settings where shale- and sandstone-

rich sequences are buried and folded in passive

margins (Merriman & Frey, 1999). Assuming that the

increase in temperature was related to an increase in

the geothermal gradient, a palaeothermal gradient of

< 70 uC kmx1 can be inferred. Both gradient and

temperatures obtained from mineral parageneses are

higher than those obtained from ¯uid inclusions for the

same point, which implies a heating event between the

end of the basin ®lling (probably early Albian, MunÄoz

et al., 1997) and the age of the metamorphic peak

(100 Ma, late Albian to Cenomanian), with the formation

of the highest grade assemblages. Between the two stages,

a cleavage-forming folding stage took place (Casas-Sainz

& Gil-Imaz, 1998). Observations in thin sections show

that chloritoid crystals are randomly orientated in a

strongly orientated matrix and cut across the cleavage

planes (Casas-Sainz & Gil-Imaz, 1998). This textural

relationship indicates, at the regional scale, that the

metamorphic peak post-dates both the extensional,

subsiding stage and also the cleavage-related folding.

Evidence of a heating event at the end of the Early

Cretaceous is also found in the central part of the Iberian

Chain, where it can be related to a generalized

remagnetization event (JuaÂrez et al., 1994, 1998). The

North Pyrenean zone, located 100 km NE of the studied

area (Fig. 1), also records a heating event (thermal

metamorphism) dated at < 90 Ma (AlbareÁde & Michard-

Vitrac, 1978). This implies that thermal metamorphism

responsible for the low-grade mineral assemblage in the

Cameros Basin had a regional signi®cance in the NE part

of the Iberian plate. Nevertheless, more data are still

needed, especially in the Iberian Chain, to clearly

correlate these events with the low-grade metamorphism

in the Cameros Basin.

The increase in temperature and geothermal gradient

during the Early Cretaceous, recorded by the increasing

temperature of mineral parageneses (350 uC) with respect

to ¯uid inclusions, is consistent with models of litho-

spheric stretching and crustal thinning during rifting

(Royden et al., 1980). Re-equilibration of isotherms after

the rifting stage (Late Cretaceous) and crustal thickening

(Late Eocene to Oligocene, Casas et al., 2000) probably

caused the cooling of the upper crust and the normal

gradient to be recovered. The ®nal stages in the thermal

evolution correspond to the Tertiary exhumation of the

whole basin (Fig. 2).

Implications for the geometry of the
sedimentary basin

The two models of the Mesozoic geometry of the

Cameros Basin can be summarized as follows (Fig. 10):

1 The lateral superposition model envisages a sag-basin

formed above a ramp of a nonoutcropping normal fault,

located at several kilometres depth within the continental

crust (Fig. 10). The top-to-the-south movement of the

hangingwall created accommodation, progressively ®lled

by synextensional basinal deposits. The maximum

thickness of sediments is limited by the vertical distance

between the two ¯ats of the normal fault. The ®nal

geometry of the synrift deposits would be an extensional

sedimentary wedge resulting from the northward migra-

tion of the depocentre during the rifting stage (Guiraud

& SeÂguret, 1984; Mas et al., 1994; GuimeraÁ et al., 1995)

with onlap to the north of the sedimentary sequences on

the prerift strata (Fig. 10). In this model the northward

dip of the synrift sequence at the southern limb of the

M. P. Mata et al.
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Fig. 10. Comparison between the geometry of the two basin models (lateral and vertical superposition of sedimentary bodies)

proposed for the Cameros Basin. The approximate location of samples within the basin is shown for the two models. In the

lower part the palaeotemperatures at the different stratigraphical units are shown (schematic).
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Northern Cameros syncline (Fig. 2) was acquired during

or immediately after the deposition of each sedimentary

unit. The ®nal true thickness of the Mesozoic basin did

not exceed 5 km, and the depth at which the rocks

exposed at the surface were buried was less than 2 km

(Fig. 10). According to this model, the palaeotemperature

recorded in each unit would not be dependent on their

stratigraphical position but only on the temperature

increase with time; for a given geothermal gradient all the

samples along the sampling section would have been

subjected to the same P±T conditions at a given time.

2 The vertical superposition model is based on a normal

fault in the Palaeozoic basement, cross-cutting the whole

upper crust with a listric geometry at depth (Casas et al.,
2000). The prerift sedimentary cover is detached from the

basement by the Upper Triassic evaporites, and is

stretched by smaller scale normal faults. In an overall

view the ®lling of the basin forms a large asymmetrical

syn-sedimentary syncline (Casas-Sainz & Gil-Imaz,

1998), its axis lying south of the present-day position of

the Northern Cameros syncline (Fig. 10). This implies

that during the extensional stage, the prerift and the

synrift strata were passively folded by bending above the

listric normal fault toward the central part of the basin

(hypothesis considered in the cross-section of Fig. 3).

This process would result in maximum extension of beds

in the hinge zone of the syncline, which crop out along

a band from GR1 site to the GR5 site. This outcrop,

where the highest density of tension gashes and pinch-

and-swell structures occur, coincides with the occurrence

of the chloritoid paragenesis. The maximum thickness of

synrift sediments at the basin centre (about 1 km of

Mesozoic prerift deposits and 8 km of synrift deposits) is

consistent with the occurrence of metamorphic assem-

blages indicating pressure conditions between 1 and

2.3 kbar (4±9 km) in the centre of the basin. Toward the

north-west and south-east the thickness of these units

decreases gradually (Casas-Sainz, 1993). The timing of

extensional bending, and also of vein formation, would be

late with respect to the main normal faults at the northern

basin margin (Fig. 3), considering that ¯uid inclusions

have a primary origin.

The thermal evolution of the Cameros Basin, deter-

mined from ¯uid inclusions and mineral parageneses,

constrains the reconstruction of the initial geometry of the

basin. The main consequence is that temperature

increases with depth and with the stratigraphic position

within the basin. Therefore, the results obtained from the

study of ¯uid inclusions and mineral assemblages argue in

favour of the second of the models proposed (Fig. 10),

since there are differences in palaeotemperatures from the

upper to the lower part of the sedimentary sequence. The

location of highest-grade mineralogical assemblage is also

consistent with this hypothesis. Casquet et al. (1992)

argued for circulation of ¯uids as proposed by Oliver

(1986) along a NW±SE shear zone to account for the

anomalous geothermal gradient in the central part of the

basin. This hypothesis implies a horizontal thermal

gradient, with temperatures increasing southward.

Nevertheless, and according to the reconstruction of

the basin geometry in the two models presented (Fig. 3),

the large faults channelling ¯uid circulation (and there-

fore the heat source) are located north of the area studied.

This is contrary to the evidence of increasing pressure/

temperature conditions from north to south through

the southern limb of the Cameros syncline.

CONCLUSIONS

The extensional Cameros Basin, formed between the Late

Jurassic and the Albian along the northern margin of the

Iberian plate, shows an asymmetric shape with fault-

controlled margins between E±W and NW±SE direc-

tions. During extension, tension gashes with quartz and

calcite composition formed in the synrift sequence,

parallel to the master faults limiting the basin, the

amount of extension accomplished by the veins being

higher the lower in the stratigraphic section. A thermal

event, giving rise to an anomalous geothermal gradient, is

necessary to explain the low-grade mineralogical assem-

blage of chloritoid, chlorite and paragonite in the deepest

area within the basin outcropping at present. Thus, an

increasing gradient from the extensional stage (between

the Late Jurassic and the Albian), to the thermal peak

(100 Ma) can be identi®ed. Palaeotemperatures from ¯uid

inclusions are representative of the extensional stage and

mineralogical assemblages in the host rock are the result

of the thermal equilibration at the thermal peak. Fluid

composition and isotopic analysis of quartz and calcite in

veins point to a local origin of ¯uids within the basin and

need not re¯ect large-scale ¯uid circulation. The present-

day geothermal gradient has probably prevailed since the

end of the Cretaceous thermal event. The Cretaceous

heating event can be correlated with a more general event

that took place in the north-eastern part of the Iberian

plate.

Comparative studies of palaeothermal, mineralogical

and structural data allow us to constrain basin models.

The results obtained for the reconstruction of the

Mesozoic basin suggest the vertical superposition of the

synrift sedimentary sequences, over a steep basin-

bounding normal fault, with a maximum thickness of

the synrift deposits of about 8 km.
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