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ABSTRACT: Diagenesis in the Cretaceous and Tertiary sediments of the Alava Block (Basque-

Cantabrian basin) has been studied using the clay mineralogy (X-ray diffraction) of cuttings from

three representative wells of a N�S cross-section. More than 5500 m of various lithologies (marls,

mudstones and sandstones) have been drilled in the northern part of the domain, and 2100 m in the

southern zone. The illitization of smectite and the disappearance of kaolinite, due to diagenesis, are

the most characteristic features in the northern well. Evolution of smectite to illite has been

differentiated into four zones, from top to bottom of the series, each showing specific I-S

interstratified clay assemblages. The disappearance of smectite and the distribution of kaolinite in the

other two wells are explained based on source-area considerations. Burial and thermal history have

been reconstructed, revealing a northward increase in thermal flow until the Oligocene (Alpine

orogeny paroxysm). In the northern well, the thermal model suggests temperatures of 160 and 270ºC

for the disappearance of smectite (R0) and illite-smectite (I-S) mixed-layer R1 clay minerals,

respectively. The disappearance of kaolinite is related to a temperature of 230ºC, a temperature never

attained in the other two wells. Retardation of these processes, in relation to temperature values in the

literature, is a consequence of the poor reactivity of marly lithologies, due to the low availability of

cations. In this regard, the scarcity of reactants (K-bearing phases) and the absence of pathways (low

permeability) for their access and circulation imply that illitization could have taken place in a closed

system, by diffusion, on a very small scale, i.e. that of the original smectite grains.

KEYWORDS: Basque-Cantabrian Basin, diagenesis, wells, marls, thermal modelling, illite-smectite, tempera-
ture, illitization, retardation.

Thermal modelling of sedimentary basins has

attracted increasing attention in recent decades

due to its application as a tool in hydrocarbon

exploration, i.e. oil or gas generation and possible

paths of hydrocarbon migration (Tissot et al., 1987;

Waples et al., 1992; Yahi et al., 2001).

Temperature values obtained from these models

have frequently been related to clay mineral

distribution in diagenetic series (Pearson & Small,

1988; Glansman et al., 1989; Velde & Lanson,

1993; Schegg & Leu, 1996) and to organic maturity

indicators, mainly vitrinite reflectance (Gier, 2000).

Although a direct correspondence between time/

temperature and organic maturity exists in many

sedimentary basins, correspondence with clay

mineral composition is not as common, as it

depends on several additional factors (Scotchman,

1987; Merriman, 2005). Most research dealing with
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relationships between clay mineralogy and burial

temperature has focused on sandstones and shales,

with the clay diagenesis of carbonate sediments

receiving very little attention.

We have studied the Alava Block (included in

the Basque-Cantabrian Basin), which presents

laterally correlated sandstone, shale and carbonate

stratigraphic series, buried at different depths. This

stratigraphic scenario has allowed us to study the

clay mineral evolution with increasing temperature

of burial, without the influence of lithological

variables. In a previous work, Sangüesa et al.

(2000) analysed the origin of clay minerals in the

Lower Cretaceous of the Alava Block. Based on

scanning electron microscopy observations, they

deduced the presence of authigenic clay minerals in

sandstones and proposed temperature ranges for

their formation.

In this paper we present thermal models of the

complete depositional history of three hydrocarbon

wells. These wells are representative of the space-

time evolution of the sedimentary environment of

the Alava Block, and offer some data for the

calibration of the models based on present-day

temperatures from one of the wells, and vitrinite

reflectance values for all three. Clay mineral

distribution, particularly indicators of the diagenetic

history such as smectite illitization steps and

kaolinite disappearance, are evaluated in the most

realistic thermal and burial history stages of the

studied wells, in accordance with the complete

geological history of the basin and available

calibration data. The aim of this study is to

understand the relative influence of various factors

on mineral changes in different wells. Variables

examined include the composition of rocks in the

source area, the lithology of the sedimentary rock,

and depth/time and temperature of burial.

GEOLOGICAL SETT ING

The study area is located in the Alava Block

domain (Rat, 1988) of the Basque-Cantabrian Basin

(Fig. 1). Its geological history is related to the

opening and closing of the Gulf of Vizcaya, which

is closely connected with the geodynamic evolution

of the North Atlantic. In this area, Cretaceous and

Tertiary sedimentation was controlled by deep

FIG. 1. Geological setting of the Alava Block, showing the locations of the three wells. In this and following

figures, C-5: Castillo-5, TV-3: Treviño-3 and LG-1: Lagran-1.
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(NW�SE) faulting, which determined the shoreline

during the depositional history of this domain. In

this paper, we present data on three deep wells:

Lagran-1, Treviño-3 and Castillo-5. These wells are

representative of the lateral and vertical evolution

of the sedimentary environment in Cretaceous and

Tertiary times, and are located along a line where

distality increases northwards.

The main stratigraphic feature of the Alava Block

(Fig. 2) is the presence of thick Cretaceous and

Tertiary series, ranging from 2100 m at the

southern end (Lagran-1) to 5500 m in the northern

end.

Outcrops of Lower Cretaceous materials

(Sangüesa et al., 2000), very scarce in the region,

consist of detrital sediments (fluvial-deltaic sand-

stones and shales) with intercalated carbonate

(Urgonian facies) episodes. Upper Cretaceous

materials are mainly carbonates (limestones and

marls) deposited on a marine platform, progres-

sively deeper northwards. Sedimentation during the

Upper Cretaceous shows great cyclicity due to

eustatic events, so that four lithological intervals

(UC1 to UC4 in Fig. 2), corresponding to four

sedimentary macrosequences (Gräfe & Wiedmann,

1993), are differentiated in the wells. Their limits

coincide with shallowing events reflected

throughout the entire basin (Amiot et al., 1983).

Tertiary sediments are only present in the central

sector of the Alava Block, seen in well Treviño-3.

They consist of three different sedimentary cycles,

only one of which (Oligocene-Miocene) is

conserved in this well. It is made up of a syn/

post-orogenic continental series comprising dolo-

mites and sandy limestones in lacustrine and

alluvial facies.

SAMPLES AND ANALYT ICAL

METHODS

Mineralogy

120 samples of cuttings from the three wells

were analysed. These samples, mainly shales and

marls, were collected at ~100 m intervals

depending on the homogeneity of each lithological

FIG. 2. Schematic stratigraphy of the Alava Block and its relationship with the proposed intervals. Modified from

Garcı́a-Mondejar (1982) and Amiot (1982). LC: Lower Cretaceous, UC: Upper Cretaceous, T: Tertiary.
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interval. They were washed with de-ionized water

and gently crushed with a laboratory jaw-crusher.

Randomly orientated powders of the bulk sample

were used to characterize the whole-rock miner-

alogy by X-ray diffraction (XRD). The <2 mm
fraction was separated by centrifugation, and then

smeared onto glass slides. In some cases, it was

first necessary to remove carbonates. A solution of

0.2 N HCl was therefore added to a suspension of

crushed rock and agitated continuously for 10 min.

Clay minerals in this fraction were identified

according to the position of the (00l) series of basal

reflections on XRD patterns of air-dried, ethylene-

glycolated, and heated (at 550ºC for 2 h) specimens

(Moore & Reynolds, 1997). The presence of

kaolinite was also checked on XRD patterns after

solvation with dimethyl sulphoxide. Illite-smectite

(I-S) mixed-layer clay minerals, smectite-rich R0

(<50%I) and illite-rich R1 (60�80%I) and R3

(>80%I), were also identified (Środoń & Eberl,

1984; Moore & Reynolds, 1989). Routine semi-

quantitative estimates were made from peak areas

on XRD patterns both for bulk-rock mineralogy and

for clay mineralogy in the separated fine fraction.

Experimental XRD patterns of almost all

samples from well Castillo-5 (in contrast with

the other two wells) show a very broad, diffuse

band associated with the 001 illite peak (10 Å) in

the low-angle region, which is only partially

resolved after glycol solvation. To further resolve

this band, the DECOMPXR decomposition soft-

ware (Lanson & Besson, 1992; Lanson & Velde,

1992) has been used in the 5�11º2y angular

interval of XRD patterns of air-dried and glycol-

solvated samples. The presence of chlorite, detrital

mica and quartz in all the samples, together with

small amounts of mixed-layer I-S, have prevented

decomposition in other regions of the profile

(Lanson & Velde, 1992). It has been necessary

to use a different total number of elementary

contributions in each sample to obtain an

acceptable fitting (reliability factor >99.5%).

Nevertheless, we have observed good consistency

in the decomposition of both types of patterns (air-

dried and ethylene-glycolated) for the 2y region.

Likewise, the relative proportions of each subpo-

pulation have been estimated from different

intensity ratios (integrated area). In the case of

illite-rich (R1 and R3) I-S, the relationships

between position (d, Å) and full-width (FWHM,

º2y) parameters for each elementary peak have

been obtained from Lanson’s (1997) diagram. The

NEWMOD program has allowed us to simulate

illite and different I-S types (R0, R1 and R3),

considering various % illite in I-S and different

crystallite sizes and distributions (N).

Thermal modelling

Burial and thermal histories have been modelled

for the three wells with the PetroMod 1D Basin

Modeling software from IES GmbH, Jülich

(Germany). This program carries out a numerical

simulation that requires:

(1) Definition of deposition, non-deposition, and

erosion events affecting the stratigraphic log of the

well, using several parameters from each litho-

logical interval such as thickness, lithology and age.

(2) Fixing of the limiting conditions: palaeowater

depth (PWD), sea-water interface temperature

(SWI) for each depositional event, and heat-flow

(HF) history. The PWD values have been deduced

from the facies type for each event. Moreover,

different HF trends have been modelled, keeping in

mind the geodynamic evolution of the basin in the

context of plate tectonics.

(3) Thermo-physical (thermal conductivity and

heat capacity) and mechanical (compressibility,

porosity, permeability, etc.) parameters are inte-

grated in the model by the software from defined

lithotypes and limiting conditions, mainly the HF

trend and burial history of the well.

(4) The validity of the assumed thermal history

has been verified by two calibration parameters: the

corrected bottom-hole temperature (BHT) data of

Arostegui & Uriarte (1991) and the vitrinite

reflectance data from different lithostratigraphic

intervals, previously reported by Sangüesa et al.

(2000). By means of successive iterations, thermal

flow was modified until good agreement was

obtained between calculated and measured calibra-

tion data.

RESULTS

Whole-rock mineralogy

Taking into account the lithology of these wells,

two thick interval sequences (Fig. 3) can be

defined: the first (Lower Cretaceous) is detrital,

mainly composed of sandstones and shales, with

intercalated Urgonian carbonatic episodes; the

second, upper, interval sequence is rich in carbonate

rocks (Upper Cretaceous and Tertiary). The
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FIG. 3. Distribution of whole-rock mineralogy in the three wells from the Alava Block, showing its correlation

with the lithostratigraphic units. (LC: Lower Cretaceous, UC: Upper Cretaceous, T: Tertiary). Simplified

stratigraphy and present-day depth are also shown.
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transition between these major lithological interval

sequences is more or less gradual.

The mineral composition of the Lower

Cretaceous sediments (intervals LC1 and LC2) is

clearly detrital in origin, with 50% quartz, 23%

phyllosilicates and 8% feldspars as principal

components. Siderite (4%) is also present. The

Upper Cretaceous rocks show a progressive

increase in carbonate, from ~50% calcite in UC1

to 95% calcite in UC3, where the calcite begins a

decrease that reaches 60�70% in UC4 (well

Castillo-5). In all cases, the remaining mineral

composition consists of quartz and phyllosilicates.

The mineral distribution of Tertiary sediments (well

Treviño-3) is very heterogeneous, with carbonates

(60% calcite and 5�34% dolomite) being more

abundant than detrital minerals (10% quartz,

2�36% phyllosilicates, and <5% K-feldspar).

Clay mineralogy (<2 mm fraction)

The distribution of clay minerals in the <2 mm
fraction is shown in Fig. 4. Mineralogical data for

the Lower Cretaceous are from Sangüesa et al.

(2000). Mica is the most abundant clay mineral in

all samples from the three wells. Illite-smectite

(I-S) mixed-layer minerals correspond to the

randomly interstratified R0 type (smectite-like)

with a small proportion of illite layers, and illite-

rich ordered R=1 and R=3 types. Kaolinite and

chlorite are also present, with a scattered

distribution.

Distribution of illite and mixed-layer I-S clays

Mica is present in all samples, is the major phase

in most of them, and shows a slight increase with

depth.

The upper sections of the three wells are

characterized by a significant proportion of R0

randomly mixed-layered I-S that disappears in the

lower sections (Fig. 4). In wells Lagran-1 and

Treviño-3, R0 is present in Tertiary�Lower

Cretaceous sediments; toward the bottom (interval

LC1), R0 is absent and illite is clearly predominant,

with only very small amounts of R1 I-S in a few

samples.

In Castillo-5, R0 mixed-layer clays are present

down to the Santonian-Coniacian sediments (UC3).

Deeper, these materials are completely replaced by

illite-rich R1 and R3 type I-S, although in different

relative proportions. The decomposition results of

the XRD patterns in this well allow them to be

grouped into four different types on the basis of

distinctive mixed-layer I-S and mica distributions.

These types correspond with lithostratigraphic

intervals from increasing depth, exemplified by

several samples from different well depths (Fig. 5

and Table 1).

In the shallowest samples (335 and 775 m), the

mixed-layer assemblage is made up of R0 smectite-

rich I-S (between 15 and 25% I), illite-rich I-S

(75% I on average) with R1 ordering, and illite-rich

I-S (90�100% I) with R3 ordering. In both samples,

decomposition of the 10 Å reflection requires only

one elementary peak, the parameters of which

indicate 98�100% I and a coherent scattering

domain size (CSDS) of 22�39 layers, typical of a

well crystallized illite (WCI).

Below 1640 m (1915 m sample in Fig. 5), the

most remarkable feature is the absence of R0. R1 is

the major illite-rich I-S (R1-R3 ratio >1). The

percentage of illite in both I-S does not vary in the

shallower samples; the CSDS for R3 ordered I-S is

similar (Table 1). The reflection at 10 Å is again

explained by a WCI, the parameters of which

indicate 100% I and a CSDS of 22�39 layers.

In the 3735 m sample, R1 and R3 I-S mixed-

layer clays are also present, but R3 is more

abundant (R1/R3 ratio <1). In this sample, the

illite reflection at 10 Å can be decomposed into two

peaks, corresponding to a poorly crystallized illite

(PCI) with 90�100% illite (6�14 layers), and to a

WCI with 100% illite and a CSDS of 22�39 layers.

In this well, below 4400 m, I-S mixed-layer clays

are entirely absent and only trace amounts of R3

can be detected in addition to the predominant illite.

The decomposition of the profile corresponding to

the sample from 5458 m shows R3 and illite, nearly

the only phase present. Illite is represented by PCI

and WCI subpopulations, with similar character-

istics to the previous sample (Table 1).

Kaolinite and chlorite distribution

Kaolinite shows great differences in vertical

distribution for the three wells. In Lagran-1 and

Treviño-3, kaolinite is present along the entire

sequence, with no significant lateral differences.

Kaolinite increases with depth from the Upper

Cretaceous towards the Lower Cretaceous, but has

not been detected in the Lower Cretaceous of

Castillo-5 despite the similarity in lithologies,

shales and sandy shales.
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Chlorite distribution does not fall into any specific

pattern. It is very scarce or even absent in Treviño-3

and Lagran-1. On the other hand, in Castillo-5

chlorite is ubiquitous, appearing in significant

FIG. 4. Distribution of clay minerals (<2 mm fraction) in the three wells (see also Fig. 5).
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amounts in the 1000�3600 m interval, both in detrital

materials (shales and sandy shales,) and marls.

BUR IAL AND THERMAL
MODELL ING

Burial history

The creation of a sedimentary basin evolutionary

model requires burial and thermal quantification of

the basin over time. This is difficult for the Alava

Block, as is the geological history of the basin

itself. The burial history we have constructed

required a number of suppositions, so the resulting

models (Fig. 6) must be considered simply as an

approximation to the real history, although they are

founded on currently available data.

In the study area, two major depositional phases

have been distinguished. The first extends until the

Eocene, and is the most modern stratigraphic record

in this region of Ypresian (55�49 Ma) age. This

phase is characterized by continuous sedimentation in

the entire region until the Upper Santonian, according

to the tectonic seating of strongly subsident blocks,

controlled by deep NW�SE faults. From this age, a

new onset of subsidence (Amiot et al., 1983) took

place. While the deposition of transgressive facies

(Vitoria Fm.) continued in the northern sector

(Castillo-5), the deposition of regressive facies had

begun in the southern one (Lagran-1) (Fig. 2). Due to

differential subsidence, the thickness of accumulated

sediment was much greater in the northern sector.

During the Alpine orogeny paroxysm (Upper

Eocene, 34 Ma), erosion took place in the northern

TABLE 1. Main features of the different sub-populations of I-S and illite identified by means of XRD profile

decomposition (DECOMPXR; Lanson and Besson, 1992) of samples from the well Castillo-5.

Sample Param. R0 R1 R3 PCI WCI Ratio

335 m

d (Å) (1) 14.59 12.17 10.41 10.01 0.3 R0/R1+R3
%I (2) � � 90�100 (98�100) 3.3 R1/R3
%I (3) 17 70�80 � absent � 4 I-S/illite
FWHM

CSDS (4)
1.15º
(2�9)

1.78º
�

0.90º
6�14 (6�14)

0.33º
36�39 (22�39)

795 m

d (Å) (1) 14.84 12.22 10.60 10.07 0.5 R0/R1+R3
%I (2) � � 90�100 (98�100) 4.9 R1/R3
%I (3) 28 60 � absent � 5.7 I-S/illite
FWHM

CSDS (4)
1.29º
(2�9)

1.62º
�

0.87º
2�9 (6�19)

0.40º
22�39 (16�25)

1915 m

d (Å) (1) 11.46 10.50 10.02 0 R0/R1+R3
%I (2) � 90�100 (98�100) 2.4 R1/R3
%I (3) absent 70�80 � absent � 4.2 I-S/illite
FWHM

CSDS (4)
1.46º
�

0.93º
6�14 (6�19)

0.33º
36�39 (22�39)

3735 m

d (Å) (1) 12.19 10.67 10.23 9.99 0 R0/R1+R3
%I (2) � 90 90�100 (98�100) (99�100) 0.5 R1/R3
%I (3) absent 70�80 � � � 1.6 I-S/illite
FWHM

CSDS (4)
1.3º

(2�9)
1.13º

6�14 (6�14)
0.63º

6�14 (6�14)
0.30º

36�39 (22�39)

5458 m

d (Å) (1) 10.78 10.16 9.97 0 R0/R1+R3
%I (2) 90�100 100 (100) (99�100) 0 R1/R3
%I (3) absent absent � � � 0.1 I-S/illite
FWHM

CSDS (4)
1.03º

2�9 (6�14)
0.50º

11�19 (11�19)
0.24º

36�39 (36�39)

(1) air-dried position; (2) according to Lanson (1997); (3) according to Moore and Reynolds (1997);
(4) according to Lanson (1997) and from Newmod program (in parenthesis). PCI � poorly crystallized illite;
WCI � well crystallized illite
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FIG. 5. Decomposition of XRD patterns for the well Castillo-5.
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and southern sectors. Meanwhile, in the central

sector, a strongly subsiding trough was individua-

lized (Miranda-Treviño syncline) as a consequence

of the southward thrusting of the whole series.

Throughout the Oligocene-Miocene (35�4.4 Ma),

molassic materials were deposited in the trough and

their distribution was controlled by palaeogeo-

graphic heights of diapiric origin.

In order to reconstruct the burial history of each

well, definition of the different events (depositional,

non-depositional and erosional) is required. We

have considered deposit events as equivalent to the

lithostratigraphic intervals from each well (Figs 4,

5). The thickness of each event has been corrected

for dip (5�20º) and the presence of inverse faults

(Treviño-3). The lithology of each event has been

defined as a percentage mixture of shale, limestone

and sandstone, bearing in mind petrographic

observations and whole-rock mineralogy established

by XRD. The age (Ma) assigned to each event

corresponds to those established by Remane (2000)

of the IUGS for the previous datings made by

several authors (Ramı́rez del Pozo, 1971; IGME,

1987) in the study area.

Perhaps the most important variable to be

considered in the reconstruction of the burial

history of a sedimentary series is the estimation of

eroded material thickness. In this study, eroded

thickness in each well has been estimated on the

basis of the available geological cartography

(IGME, 1979; EVE, 1995), field observations, and

lithological logs from the petroleum wells drilled in

the region (Sangüesa, 1998). Although it may have

been slightly diachronic, the onset of erosion has

been situated in the Lower Lutecian (49 Ma) for the

whole area, extending continuously in the northern

(Castillo-5) and southern (Lagran-1) sectors, but

interrupted in the central sector (Treviño-3) during

the Oligocene�Miocene.

Thermal regime

Although the considerable volume of data from

wells and geological sections in the Alava Block

allows a precise reconstruction of its burial history,

calibration data for the thermal history are rather

scarce. Vitrinite reflectance data are only to be had

for Lower Cretaceous materials from the three wells

FIG. 6. (above and facing page) Proposed models for the wells Castillo-5, Treviño-3 and Lagran-1, showing

burial and temperature history, heat-flow history, and calculated vitrinite reflectance curve, including calibration

data (right).

800 J. Arostegui et al.



(Sangüesa et al., 2000). Considering the wide range

of geological history (100 Ma) for which calibration

data is lacking, the thermal evolution model we

propose is not the only possible solution, as it is

possible to consider different thermal flow settings

based on the available vitrinite data. Nevertheless,

our knowledge about the geodynamic evolution of

the basin allows us to constrain a thermal flow

variation range for each stage of the evolution,

taking into account the most common values for
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basins in similar geodynamic settings (Allen &

Allen, 1990).

The simplest evolution of the thermal flow in this

basin would involve extending the present-day

value (40 mW/m2) to its whole geological history.

Logically, the results from this supposition would

not be in good agreement with the available

calibration data from the wells due to the present-

day hypothermic regime of the basin and the

different geodynamic stages it has undergone

during its evolution. As a starting point for

determining a reasonable model for the thermal-

flow evolution, we considered a number of fixed

points (ages) in the basin history (Fig. 7), approxi-

mately marking the limits for the major stages of its

geodynamic evolution (Olivet et al., 1984; Boillot,

1988; Engeser & Schwentke, 1986; Rat, 1988;

Vergés & Garcı́a-Sáenz, 2001):

(1) Strike-slip basin from the Permian-Triassic to

the middle Albian (110 Ma) due to the rotation and

translation of the Iberian Subplate in relation to

Eurasia, with involvement of the deep lithosphere.

(2) Extensional rift from the Albian (110 Ma) to

the Campanian�Maastrichtian (71 Ma), with alka-

line volcanism in the 110�85 Ma interval

(Montigny et al., 1986).

(3) Compressional basin (collisional) with

subduction of the Iberain Subplate under the

European Plate until the present day (71�0 Ma).

During this stage, an orogenic paroxysm and a

higher erosive ratio took place around the

Eocene�Oligocene boundary (34 Ma).

The most common thermal-flow value based on

the type of geodynamic setting has been assigned to

the midpoint (Ma) of each of these stages and a

progressive variation of those values has been

interpolated between consecutive points. By means

of successive iterations around these values, we

have determined those showing the best agreement

with available calibration data (Fig. 6). The result

of this simulation shows a gradient in thermal flow,

with a northward increase up to the Oligocene

(34 Ma), which corresponds to the Alpine orogeny

paroxysm (Fig. 7). From that time until the present

day, models of the three wells show good

agreement with current thermal flow (40 mW/m2).

The gradient in thermal flow may be related to the

proximity of the Iberian Subplate boundary, the so-

called North Pyrenean Fault, and its prolongation

northwestwards in the Basque Cantabrian basin: the

Leiza Fault (Martı́nez-Torres, 1991; Vergés &

Garcı́a-Senz, 2001;) and Kalamo Accident

(Mathey et al., 1999), located just north of our

study area. Alkaline magmatic activity and HT-LP

metamorphism, recorded in zones adjacent to the

Alava Block, are related to these tectonic accidents.

D I SCUSS ION

Origin of clay minerals in the Alava Block

Clay mineral assemblages in the studied wells

show important lateral and vertical variations if we

compare Castillo-5 (northern domain) with the other

FIG. 7. Schematic bar for the geodynamic history of the Basque Cantabrian basin. The major tectonic events in

the geodynamic history of basin (a), age (Ma) of the boundaries (b), and the midpoints (c) of the tectonic events,

volcanism and maximum erosion are shown. Below the arrows: thermal flow values (mW/m2) at the midpoints

agree with calibration data in each well (see explanation in text).
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two wells: Treviño-3 and Lagran-1 (central and

southern domain, respectively). If we consider

equivalent chronological periods, lateral variations

in a sedimentary basin should be interpreted in the

light of characteristics of sedimentary environments

and paleogeographic position of the stratigraphic

series considered. On the other hand, once the

paleogeographic variable is known, vertical varia-

tions should be related to climatic factors and/or

burial diagenesis, the latter acting as a modifying

process of the initial mineralogical record.

In the upper part of the three wells, the mineral

composition is qualitatively very similar, with mica

and kaolinite contents increasing and smectite

decreasing southward (Fig. 4). This distribution is

the consequence of an increase in detrital character

to the south, compatible with greater proximity to

the source area.

The ubiquitous presence of smectite in Upper

Cretaceous sediments is inherited from soils

developed in the source area in the semi-arid

climate that prevailed in this peri-Atlantic domain.

In the Lower Cretaceous of Lagran-1 and

Treviño-3 (below LC2), smectite is absent, but I-S

mixed-layer clays are also lacking (Fig. 4). This

circumstance occurs in both wells in the same

lithostratigraphic interval, at approximately the

same burial depth (1835 and 1845 m, respectively),

coinciding with a change from carbonates to detrital

sediments. The general absence of smectite for most

of the Lower Cretaceous in these two wells

indicates that it was absent from the source area,

probably as a consequence of the dominant

subtropical climate (Sellwood & Price, 1994),

suitable for kaolinite formation instead of smectite

(Sangüesa et al., 2000). During the Lower

Cretaceous, physical erosion processes due to the

rejuvenation of relief were important (Austrian

phase of the Alpine orogeny); this accounts for

the abundance of detrital mica (see below) in the

sediments.

In Castillo-5, in a younger chronostratigraphic

level (UC3), smectite was completely replaced by

R1 and R3 type I-S interstratified minerals, more

illite-rich with increasing depth. Here, in contrast to

the other wells, where I-S mixed-layer clays are

lacking, the absence of smectite must be related to

diagenesis.

Kaolinite increases with depth throughout

Lagran-1 and Treviño-3. This variation in kaolinite

proportions may be explained by the greater

distality from the source area for this sector of

the basin during the Upper Cretaceous and by a

change from warm and humid conditions in the

Lower Cetaceous to a more seasonal arid climate in

the Upper Cretaceous.

In contrast, in Castillo-5, kaolinite is absent below

the carbonate-detrital lithological limit in the

equivalent stratigraphic horizons. This absence

cannot be explained by greater relative distality in

this case, as equivalent sediments in more northern

areas, i.e. more distal from the source area, do

contain kaolinite (Arostegui et al., 1993). Its

disappearance must therefore be due to more

advanced diagenesis as a consequence of the

greater burial depth reached in this well. The

greater permeability of these facies, sandy shales

and sandstones, would have allowed the circulation

of cation-rich (K, Mg, Fe) fluids, proceeding from

the destruction of other minerals such as K-feldspar,

ankerite, siderite and smectite. These cations,

together with Al and Si from kaolinite dissolution,

could have been the source for some of the illite and

chlorite (Bartier et al., 1998; Sangüesa et al., 2000).

Chlorite is irregularly distributed throughout the

wells. It is very scarce or even absent in Treviño-3

and Lagran-1. Nevertheless, in Castillo-5 chlorite is

significant in the 1000�3600 m interval and is

associated with different lithologies (Fig. 4); there-

fore, it cannot be related to the sedimentary

environment or palaeogeographic position of this

well. It seems to be closely related instead to the

smectite-to-illite transformation as this chlorite is

present when R0 is absent and shows a clear

parallel with illite-rich (R1 and R3) mixed-layer

clays. Chlorite could be a by-product originating

from Fe, Mg and even Si from the smectite-to-illite

transformation (Ahn & Peacor, 1985; Drief &

Nieto, 2000; Masuda et al., 2001).

Smectite-to-illite transformation in well

Castillo-5

Well Castillo-5, in the northern part of the Alava

Block, has the greatest burial rates in the region and

is the only well showing smectite-to-illite evolution

through the I-S, with increasing depth. In contrast

to the other wells, smectite disappearance with

depth takes place in an upper interval (UC3:

Coniacian-Santonian) at a greater burial depth

(2910 m; Table 2) and is not coincident with a

lithostratigraphic change.

Bearing in mind that smectite was available in

the source area from the end of the Lower
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Cretaceous (LC2), the absence of smectite until the

Coniacian-Santonian (lower third of interval UC3)

in Castillo-5 must be a consequence of post-

depositional changes, related to burial diagenesis.

In this well, four zones, showing specific I-S

interstratified clay assemblages (Fig. 4), have been

differentiated from top to the bottom: (1) R0

(smectite-rich) zone, defined by the presence of

smectite-rich mixed-layer I-S; (2) R1 zone, with

illite-rich I-S interstratified clays (R1/R3 > 1);

(3) R3 zone, with illite-rich I-S interstratified clays

(R1/R3 < 1) and poorly crystallized illite (PCI); and

(4) I (illite) zone, where mixed-layer I-S is very

scarce.

The shallowest samples seem to evolve continu-

ously, with the amount of illite layers in R0-type

mixed-layer I-S increasing with depth, as shown by

Arostegui et al. (1991). In deeper zones, different

I-S types and illite coexist in each sample, showing

a relative increase with depth in the proportions of

the more illitic phase, but without apparent

differences in quantitative parameters such as %I

and CSDS of R1 and R3 phases (Table 1). These

I-S interstratified clays finally disappear with depth

below interval LC2, coinciding with the shale-

sandstone limit; below this boundary, only illite is

observed. Here, the origin of illite (PCI and WCI)

cannot be explained in the general evolution

scheme as smectite transformation of the original

reactant, due to its absence in the equivalent

sediments of the other two wells.

Smectite-to-illite evolution with progressive

diagenesis can be assigned to two basic schemes,

according to the literature: (1) continuous transfor-

mation of smectite layers to illite as burial

diagenesis progresses, with intermediate illite-rich

mixed-layer phases and the larger order in the more

diagenetically evolved samples (Hower et al., 1976;

Drits et al., 1997; Bauluz et al., 2000); (2)

discontinuous step-by-step transformation, with

variations only in the proportion of coexisting

phases, the composition of which basically

remains constant (Dong & Peacor, 1996; Nieto et

al., 1996; Dong et al., 1997).

TABLE 2. Distribution of diagenetic zones and mineralogical events in wells from the Alava Block. C-5: Castillo-5,

TV-3: Treviño-3 and LG-1: Lagran-1

Present depth (m) Burial depth (m)
Units

(lower level)
T max. (ºC)

Well C-5

R0 0�1640 1270�2910
UC4�UC3
(2/3 UC3)

160 (a)

R1>R3 1640�3700 2910�4970
UC3�2�1

(bottom UC1)
240

R3>R1 3700�4400 4970�5670
LC2

(bottom LC2)
270 (b)

I>I-S 4400�5583 5670�6853
LC1

(bottom well)
330

Kaolinite 0�3127 1270�4297
UC4�UC1
(2/3 UC1)

230 (c)

Well TV-3

R0 0�1315 520�1835
T�LC2

(1/2 LC2)
70 (a)

Kaolinite 0�3000 520�3520
T�LC1

(bottom well)
100

Well LG-1

R0 0�1010 835�1845
T�LC2

(1/2 LC2)
85 (a)

Kaolinite 0�2100 835�2935
T�LC1

(bottom well)
115

(a) Refers to the temperature for disappearance of smectite, (b) of R1 and (c) of kaolinite.
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The combined presence of R1 and R3 with

practically constant characteristics along well

Castillo-5, but varying relative proportions in the

deepest samples, seem to point to a step-by-step

illitization process.

The interpretation of XRD profiles in this study

is consistent with transmission electron microscopy

observations made by Nieto et al. (1996) of a

composite stratigraphic sequence, to the north of the

area, which covered the classic R0-R1-R3-illite

range. The presence of illite as a discrete phase is

generalized in all the samples (Fig. 5). Poorly

crystallized illite (PCI) appears only in the

deepest samples and well crystallized illite (WCI)

is present in all the samples. In shales, the first

appearance of PCI coincides with a clear decrease

in the amount of R1; therefore, it represents a more

advanced stage in illitization, which seems to

advance towards an illitic end-member, with no

smectite layers.

The presence of WCI showing similar character-

istics (~100%I and 22�39 CSDS) is constant in all

the samples along the entire C-5 well. It could

correspond to diagenetic and/or detrital origins. The

association of WCI with R0 in less diagenetically

evolved samples indicates a detrital origin, at least

partly.

Thermal modelling and clay mineralogy

The use of clay mineral changes during

diagenesis as geothermometers has attracted atten-

tion for many years (see Eslinger & Glansmann,

1993). Smectite illitization (Hoffman & Hower,

1979); the disappearance of kaolinite (Boles &

Franks, 1979; Frey, 1987; Giorgetti et al., 2000),

and the formation of chlorite (Barker & Pawlewicz,

1986; Hillier, 1993) are the processes most often

referred to. One drawback to using these reactions

as geothermometers is the need for both reactant

phases and products to be in chemical equilibrium,

a circumstance not common in diagenesis (Essene

& Peacor, 1995, 1997). Most of the phases involved

in such processes are metastable and, in addition to

temperature, kinetic factors such as time, composi-

tion of initial phases and solutions, and permeability

are key (Scotchman, 1987; Freed & Peacor, 1989;

Huang et al., 1993, Uysal et al., 2000a; Abid et al.,

2004). Nevertheless, clay minerals evolve during

diagenesis towards lower free-energy states; there-

fore, they are indicative of the reaction progress

(Essene & Peacor, 1995). As a consequence,

comparisons between the diagenetic grades of

different basins based on temperature can only be

made if the other variables are equivalent; likewise,

the temperature variation of these transformations

can be related to other kinetic factors. In the wells

from the Alava Block, the sedimentary materials

derived from a common source area and they can

be grouped in chronostratigraphic units that have a

similar lithology and are laterally correlated

(Fig. 3). Therefore, the different stages observed

in clay mineral evolution can be related to different

temperatures.

These transformations have been defined by

means of a number of mineralogical events, which

have been located in the mean depth where the

presence/absence or dominant character of specific

phases have been observed. Each event we have

defined in this way corresponds to a chronostrati-

graphic level in each well. Maximum burial depth

and temperatures have been defined for the levels

based on the burial and thermal history (Fig. 8).

Table 2 shows that the present-day depth and

temperature for each reference level are very

different from those in the past as a consequence

of the complex geological history of the Alava

Block (see Thermal Modelling).

Smectite illitization may be monitored by means

of the aforement ioned prograde zones :

R0�R1�R3�I. The lower limit of each corre-

sponds to different chronostratigraphic levels, depth

and temperature values in the wells. The tempera-

ture value for the onset of illitization in Castillo-5 is

<90ºC, calculated for the least deeply buried sample

(Fig. 5). In this well, the disappearance of smectite

(R0), which marks the transition between zones R0

and R1, took place at a maximum temperature of

160ºC (Fig. 8), much higher than the values of

75�120ºC reported in the literature (Hoffman &

Hower, 1979; Środoń & Eberl, 1984; Schegg &

Leu, 1996; Uysal et al., 2000b; Abid et al., 2004).

In Lagran-1 and Treviño-3, the disappearance of

smectite corresponds with temperature values of 85

and 70ºC, respectively (Fig. 8), and no sign of

previous illitization has been observed in XRD

profile decompositions (which are free of I-S

peaks).

The temperature for the beginning of illitization

in Castillo-5 is slightly greater than the maximum

temperature reached by the stratigraphic levels that

contain smectite in Treviño-3 and Lagran-1.

Therefore, in these wells, the disappearance of

smectite with depth is not as a result of the
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diagenetic temperature, but of the lack of smectite

in the source area.

The transition between zones R1�R3, which can

only be observed in Castillo-5 (UC-1 bottom),

corresponds to 240ºC (Fig. 6) and the complete

disappearance of R1 I-S around 270ºC (Fig. 8).

These temperatures are also greater than those

described in the literature (Abid et al., 2004). Such

high values may be related to the type of rocks

(marls and marly limestones) in which the

illitization took place. Retardation, and even

reversals, of the general smectite illitization trend

have frequently been described for this type of

lithology. Low K contents in the sediment and the

lack of necessary porosity preclude illite formation.

Roberson & Lahan (1981) also suggested that Mg2+

and Ca2+ could inhibit illitization. The Alava Block,

where the R1�R3 transition coincides in depth with

the onset of shales and sandstones, is a significant

example of such lithological control.

In the wells studied, diagenetic chlorite is

restricted to Castillo-5. The temperature interval

for chlorite formation in the Alava Block is

160�270ºC, coinciding with the development of

I-S.

Kaolinite diagenetic instability is only observed

in Castillo-5, in the UC1 interval, corresponding to

a maximum temperature of 230ºC (Fig. 8). The

stability of kaolinite is controlled by pH, ionic

activity and temperature. Illite and/or chlorite can

form at relatively low pH depending on K+ or Mg2+

and Fe2+ availability. Kaolinite in diagenetic shales

persists at maximum temperatures of ~200�210ºC

(e.g. Boles & Franks, 1979; Giorgetti et al., 2000).

As for smectite illitization, retardation of this

process in Castillo-5 would have been a conse-

quence of the poor reactivity of marly lithologies,

due to the low availability of K+, Mg2+ and Fe2+.

In the other wells, kaolinite is stable at depth, as

maximum temperatures, 100 and 115ºC, respec-

tively, were clearly insufficient for kaolinite

transformation in spite of the sandy and shaley

lithologies, where the high water/rock ratio would

have favoured cation availability.

CONCLUS IONS

The original clay distribution was the result of

detrital supply from the source area, mainly

influenced by climate and intensity of erosion.

Only in the well Castillo-5 (north) can the

influence of diagenesis be seen, due to deeper

burial and a higher thermal regime throughout its

geological history.

Illitization of smectite and the disappearance of

kaolinite are the most characteristic mineralogical

events, the results of diagenetic alteration.

Four zones of illitization have been differen-

tiated: R0 with discrete smectite, R1 without

smectite and with prevailing R1-type I-S mixed

layers, R3 with mainly R3-type I-S mixed layers,

and the I zone, with only illite.

Vitrinite-calibrated thermal models show that the

present-day thermal flow of ~40 mW/m2 is less

than that of 60�100 mW/m2 deduced for the past.

This discrepancy is due to the different geodynamic

stages the basin has undergone during its evolution.

A northward-increasing thermal flow throughout the

Cretaceous has also been deduced.

Thermal models allow temperatures of ~160ºC to

be assigned for smectite disappearance, 240ºC for

the R1/R3 transition, and 270ºC for R3/I. Kaolinite

FIG. 8. Thermal history for those chronostratigrafic levels of each well where the disappearance of a clay mineral

with depth has been observed. The disappearance of smectite (R0) (continuous line), R1-type I-S mixed layers

(point line), and kaolinite (dotted line) are shown.
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is absent at 230ºC. In the wells Lagran-1 and

Treviño-3, the absence of smectite with depth is

due to its absence in the detrital supply, while

kaolinite persists at depth throughout.

Calculated temperatures are greater than those

described in the literature, due to an unfavourable

lithological context for smectite illitization, consti-

tuted by marls and marly limestones (R0/R1) and

shales (R1/R3). The scarcity of K-bearing phases

and the low permeability of the medium explain the

observed delay.

The scarcity of reactants and pathways implies

that illitization could have taken place in a closed

system, actually on the scale of the original

smectite grains. In that case, illitization would

have taken place with transport of cations by

diffusion on a very local scale.

An increase in the relative proportion of the more

illitic phases with depth has been observed with the

CSDS of each phase. This means that the possibility

of an Ostwald ripening mechanism for smectite

illitization must be discounted. In such a low-

porosity medium, the outer surfaces of crystallites

of I-S and illite are limits for the growth of the

layers, and illitization could only take place on a

local scale.
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modelización y aplicaciones . PhD thesis,

Universidad de Paı́s Vasco, Spain.
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