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Abstract—Diagenetic kaolin minerals are very common in the Permo-Triassic succession from the SE
Iberian Range, Spain. The morphology and crystal structure of kaolin minerals has been examined in four
size fractions (<1 pm, <2 pm, <6.3 pm and <20 pm) of sandstone samples by means of scanning electron
microscopy, X-ray diffraction, infrared spectroscopy, differential thermal analysis and thermogravimetry.
Experimental data reveal that dickite is the dominant kaolin-type mineral in the entire range of size
fractions, whereas small amounts of kaolinite coexists with dickite in all size fractions. Dickite appears
typically as booklets of pseudo-hexagonal plates with blocky habit. The increase in size fraction is
concomitant with the increase in the amount of dickite and the progressive improvement of its structural
order. The extensive dickitization is attributed to the high paleogeothermal gradient recorded in the studied
area and the increase in H', presumably resulting from the flux of organic acids derived from the
underlying Carboniferous rocks and/or the late Permian succession. These conditions are more likely to be
associated with the late Cretaceous post-rift thermal stage of the eastern Iberian Basin. Lately, during the
maximum burial depth, the fine crystalline kaolin minerals were slightly illitized. Given the very small
feldspar content in the studied sequence, the results reflect the important contribution of mica alteration to
the early diagenetic formation of kaolinite as well as the late conversion to dickite.

Key Words—Crystal Structure, Diagenesis, Dickite, Kaolinite, Morphology, Paleogeothermal

Gradient, Permian, Sandstones, Triassic.

INTRODUCTION

Diagenetic formation of dickite has frequently been
described during recent decades, mostly in relation to the
widespread occurrence of this mineral in sandstone
reservoirs from the North Sea (Sommer, 1975; Jourdan
et al., 1987; Ehrenberg et al., 1993; McAulay et al.,
1994; Lanson et al., 1996; Beaufort et al., 1998) and in
Permian and Triassic sediments from other basins (Platt,
1993; Ruiz-Cruz and Moreno-Real, 1993; Morad et al.,
1994; Ruiz-Cruz and Andreo, 1996). According to those
authors, the early diagenetic vermicular kaolinite is
replaced by dickite crystals with blocky habit reflecting
a dissolution-precipitation mechanism. In most cases,
the burial depth and temperature are considered to be the
main parameters controlling the reaction. Moreover, the
formation of dickite is associated with an increase in the
activity of H', mosty related to the flux of acidic fluids
derived from the maturation of organic matter (Sommer,
1975; Morad et al., 1994; Van Keer et al, 1998).

Linking the morphological changes to crystal-structure
data obtained by combined analytical techniques resulted
in more detailed interpretations of the dickite formation
mechanism, mainly from a kaolinite precursor (Ruiz-Cruz
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and Moreno-Real, 1993; Lanson et al., 1996; Beaufort et
al., 1998). A conversion via mixed-layer kaolinite-dickite
was suggested by Ruiz-Cruz and Moreno-Real (1993).
Lanson et al. (1996) noted a gradual increase in kaolinite
crystallinity without significant morphological changes
and suggested a solid-state transformation to kaolinite
with better crystal structure prior to its conversion to
dickite. Based on a study of several size fractions,
Beaufort ef al. (1998) concluded that the early diagenetic
and fine kaolinite is progressively transformed into dickite
with a gradual increment in structural order and crystal
size, establishing a schematic reaction model related to
burial depth. The transformation is concomitant with the
transition from booklet to blocky morphology and takes
place at burial depths between 2500 and 5000 m in the
North Sea (Beaufort et al., 1998). At that burial depth,
precipitation of dickite proceeds via dissolution of fine
kaolinite crystals as well as directly by alteration of
detrital feldspar and mica grains (Lanson et al., 2002).
The Permo-Triassic fluvial red beds from the SE
Iberian Range (NE Spain) give way to a good example of
an outcropping sequence where kaolin minerals occur
extensively in coarse-grained sediments (Gomez-Gras,
1993b; Martin-Martin, 2004; Martin-Martin et al.,
2006). Those authors reported the presence of dickite
and noted three main features differentiating the area
from other case studies reported in the literature: (1) lack
of a significant amount of feldspars in the original late
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Permian and early Triassic sediments; (2) limited burial
depth of the studied sedimentary succession (<2000 m);
and (3) relatively high paleogeothermal gradients
(~49°C/km).

The aim of this work is to investigate the morphology
and crystal structure of kaolin minerals in the Permo-
Triassic sandstones in order to point out the extensive
dickitization recorded in the sedimentary succession.
Moreover, the formation of dickite is linked to the
tectonic and thermal evolution of the Iberian Range.

GEOLOGICAL SETTING

Location and structure of the study area

The Iberian Range is an intracratonic fold-thrust belt
that resulted from the Paleogene inversion of the
NW-—SE trending Iberian Basin (Guimera and Alvaro,
1990). The Iberian Basin developed between late
Permian and late Cretaceous as a result of the wide-
spread extension that affected the Iberian Plate during
the opening of the Alpine Tethys and North Atlantic
(Salas et al., 2001). Two major rifting stages have been
recognized (late Permian—Triassic and late
Jurassic—early Cretaceous) followed by two post-rift
thermal subsidence stages (Salas and Casas, 1993).
Deposition of the Permo-Triassic red beds took place
during the first stage of rifting in half-graben basins
(Arche and Lopez-Gomez, 1992; Gomez-Gras, 1993a).

The studied outcrops represent the NE margin of the
Permo-Triassic Iberian Basin and are presently located
in the south-eastern part of the Iberian Range (NE Spain)
(Figure 1a). The structure of the area is characterized by
a system of NE—SW oriented listric faults that bring to
outcrop the Hercynian basement, Permian and Triassic,
and a thin Jurassic and Cretaceous cover (Roca et al.,
1994) (Figure 1b).
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Permo-Triassic lithostratigraphy

The post-Hercynian sedimentary pile is <2000 m
thick and unconformably overlies deformed
Carboniferous rocks comprising slates and greywackes
with sporadic beds rich in plant remains (Sos, 1975). The
Permo-Triassic sediments cover the post-Hercynian
unconformity and form a succession of continental red
beds up to 490 m thick (Figure 2), which is divided into
three lithological formations (Arche and Lopez-Gomez,
1992). These formations are referred to as late Permian
(Alcotas Fm.), early Triassic (Cafizar Fm.) and Middle
Triassic (Eslida Fm.) in order to facilitate the discussion.
The late Permian is 335 m thick and is formed by
sandstones, siltstones and mudstones interpreted as
floodplain deposits of low sinuosity, ephemeral rivers
and temporary lakes (Arche and Lopez-Gomez, 1992;
Gomez-Gras, 1993b). The base of the late Permian
succession is a conglomeratic level deposited as alluvial
fans deriving from the Hercynian highlands. Frequent
coalified wood fragments occur in the base of the
sandstones in the first half of the late Permian
succession. The early Triassic (125 m thick) is composed
of pink to red colored sandstones with minor conglom-
erates and scarce mudrocks, interpreted as braided river
deposits (Arche and Lopez-Gomez, 1992; Gomez-Gras,
1993b). The Middle Triassic is 30 m thick and is made
up of mudstones, siltstones and sandstones interpreted as
floodplain deposits of low sinuosity rivers (Arche and
Lopez-Gomez, 1992; Gomez-Gras, 1993b). The Permo-
Triassic succession is overlain by the Muschelkalk
limestones (Lopez-Gomez and Arche, 1992).

Detrital and clay mineral composition of sandstones

Late Permian and early Triassic sandstones are
sublitharenites that evolve upwards to quartz-arenites
(Gomez-Gras, 1993b) (Figure 3). Late Permian sand-

Figure 1. (a) Location map showing the Iberian Range in NE Spain. (b) Simplified geological map of the study area showing the

location of Les Agulles section.
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stones are fine-grained whereas those of the early
Triassic are mainly medium-grained. Quartz is the
dominant component, forming between 60 and 72% of
the sandstones (Gomez-Gras, 1993b). Other important
components include metamorphic rock fragments (<8%)
and chert (<2%), whereas minor amounts of intrabasinal
fragments, muscovite and heavy minerals occur also.
Feldspars, which are dominated by plagioclase, are rare
and mostly altered. Clay minerals (1—-8%) have been
formed by the alteration of detrital mica and feldspars.
Middle Triassic sandstones are very fine-grained lithar-
enites (Gomez-Gras, 1993b). X-ray diffraction (XRD)
analysis of sandstones revealed a clay mineral assem-
blage formed by illite and kaolin minerals, accompanied
in the basal late Permian beds by trace to minor amounts
of chlorite and mixed-layer illite-smectite (I-S) (Martin-
Martin, 2004). The lack of significant amounts of

Figure 2. Synthetic lithological section of the Permo-Triassic
sequence from the study area showing the occurrence of
interbedded sandstones and mudrocks. MT: Middle Triassic;
M: Muschelkalk.
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feldspars in late Permian and early Triassic deposits
from the SE Iberian Range is associated with the
weathering of the Hercynian basement from the prove-
nance area (Gomez-Gras, 1993b; Martin-Martin, 2004).

SAMPLES AND METHODS

Seventeen samples distributed throughout the Permo-
Triassic succession have been collected from the Les
Agulles section outcropping in the Desert de les Palmes
area (Figures 1 and 2). Thin-sections were analyzed in a
conventional polarizing microscope in order to establish
the paragenetic sequence of diagenetic alterations.
Additionally, detailed analysis of size and morphology
of kaolin minerals was carried out using a Leo 440i
scanning electron microscope (SEM) equipped with a
Link-Oxford energy dispersive X-ray (EDX) spectro-
meter. Observations were conducted on freshly fractured
and gold-coated rock fragments.

In order to evaluate the occurrence of dickite along
the Permo-Triassic section, five representative samples
were selected on the basis of: (1) kaolin mineral content,
and (2) position in the lithostratigraphical succession.
These samples include sandstone and conglomerate beds
(Figure 2). Four size fractions (<1 um, <2 pm, <6.3 pm
and <20 um) were extracted from each of the selected
samples by successive dispersion and sedimentation
cycles. The morphology and crystal structure of kaolin-
type minerals were examined in the four size fractions
by means of complementary analytical techniques as
recommended by Lanson et al. (2002).

The XRD analyses were performed on randomly
oriented powders using a Siemens D5000 diffractometer
equipped with monochromatic CuKo radiation.

Figure 3. Detrital composition of the studied sandstones plotted
on McBride’s classification diagram showing the lack of
feldspars in the Permo-Triassic succession (data from Gomez-
Gras, 1993b).
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Measurements were made in the 19—40°26 range with a
scanning step size of 0.02°0 and a counting time of 10 s
per step. Identification of kaolin minerals was performed
using non-basal reflections (Bailey, 1980; Drits and
Tchoubar, 1990). The kaolin minerals/illite ratio was
estimated from XRD patterns obtained from oriented
preparations (air-dried and glycolated) of each size
fraction. Measurements were made in the 2—30°260 range
with a scanning step size of 0.02°20 and a counting time
of 1 s per step. Abundances of kaolin minerals and illite
were estimated following Caballero and Martin-Vivaldi
(1975).

Fourier transform infrared (FTIR) spectroscopy
spectra were recorded from specimens embedded in
KBr pellets (2 wt.% sample) using a Nicolet spectro-
meter (20SXB) equipped with a deuterated triglycine
sulfate (DTGS) infrared detector. The range analyzed
was 4000—400 cm ™' and the resolution was 2 cm~'. Up
to 300 scans were accumulated in order to improve the
signal to noise in the spectra. The identification of kaolin
minerals is documented by analysis of the hydroxyl-
stretching bands in the 3800—3500 cm ™' region of the
spectra (Russell, 1987).

Differential thermal analysis (DTA) and thermogra-
vimetry (TG) were carried out on a Mettler-Toledo 851e
analytical system. Curves were obtained from 35 mg
samples heated at rate of 10°C/min from 25 to 1100°C.
Diagnostic dehydroxylation endothermic effects for
kaolinite and dickite are considered to be at ~525°C
and ~680°C, respectively (Mackenzie, 1970).
Dehydroxylation effects of kaolin minerals are asso-
ciated with a weight loss in TG analysis corresponding
to the reaction (Paterson and Swaffield, 1987):

AleizOs (OH)4 d Alzsi207 + 2H20

The thermal evolution of the studied samples is shown in
derivative thermogravimetric (DTG) curves as weight loss
effects are more obvious than the equivalent dehydroxyla-
tion effects from differential thermal analysis (DTA).

EXPERIMENTAL RESULTS

Petrographic observations

Kaolin minerals occur mainly as crystal aggregates
that fill intergranular pores or replace muscovite,
feldspars and mud intraclast (Figure 4). Kaolinitization
of muscovite is particularly extensive in the early
Triassic sandstones, showing a complete gradation
between partially to totally altered mica (pseudo-
morphs). Large kaolin mineral aggregates with typical
accordion-like shape show unaltered sheets of parent
muscovite grains demonstrating an origin related to
replacement and expansion of mica flakes into adjacent
pore space (Figure 4b). Very coarse kaolin mineral
aggregates with fan-like shape are also seen (Figure 4c).
Kaolin mineral pseudomorphs of feldspars are also
present although quantitatively insignificant.
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Examination by SEM revealed the presence of pore-
filling kaolin minerals with a large range of crystal sizes
(Figure 5). Very small crystals (<1 pm) occur as pseudo-

Figure 4. Photomicrographs (crossed nicols) showing partially
to totally kaolinitized mica. (a) Muscovite partially altered to
kaolin minerals (white arrow) (Sample G25). (b) Large kaolin
mineral aggregates (accordions) showing unaltered sheets of
parent muscovite grains (white arrow) (Sample G17). (¢) Very
coarse kaolin mineral (dickite) aggregates with fan-like shape
(white arrow) (Sample G19).
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hexagonal individual platelets, whereas crystals >1 um
typically form booklets composed of pseudo-hexagonal
stacked plates (Figure 5a—c). In these stacks, crystals
with thick and blocky habit are frequently intercalated
with thinner crystals (Figure 5c). As the size fraction
increases, a progressive thickening of the booklets
occurs concomitantly with thickening of the plates

Extensive dickitization of fluvial sandstones
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stacked along the c* axis. The largest booklets are
composed exclusively of blocky crystals which are
elongated (10 to 15 um) in the direction of the ab
plane and up to 2 pm thick along the ¢* axis (Figure 5d).

The fine kaolin minerals appear, in turn, slightly
altered to lath-shaped illite as suggested by the partial
dissolution and etched plates (Figure 5¢). Conversely,

Figure 5. SEM images of kaolin minerals. (a) Thin kaolin mineral (dickite and kaolinite?) plates with crystal size ~2 pm. Note the
small etched plates (white arrows) coexisting with well developed and thick crystals (black arrows) (Sample G19). (b) Booklets of
kaolin minerals (dickite) completely closing the pore space (sample G18B). (¢) Kaolin mineral (dickite) booklet composed of plates
with different thicknesses along the ¢ * axis and covered by authigenic lath-shaped illite (sample G18B). (d) Very coarse kaolin
mineral (dickite) booklet comprising blocky pseudohexagonal plates up to 2 pm thick along the ¢* axis (sample G25). (e) Very fine
kaolin minerals (kaolinite) altered to illite showing dissolution features (etched plates) (sample G8B). (f) Kaolin mineral (dickite)

plates engulfed by quartz overgrowths (sample G25).
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Figure 6. XRD patterns of the four size fractions showing the dominant occurrence of kaolin minerals and illite. Characteristic ikl
reflections of dickite (solid line), kaolinite (dashed line) and illite (dotted line) are indicated (Bailey, 1980). Qtz: quartz, Cal: calcite,

Goe: goethite, Hm: hematite. CuKa radiation.

the thick and well developed crystals appear unaltered
but also covered by illite (Figure 5c). Thus, illite
formation occurred after the growth of any kaolin
minerals. Kaolin minerals are frequently engulfed by
quartz overgrowths demonstrating the earlier formation
of the former (Figure 5f).

X-ray diffraction

The XRD analysis of the four size fractions obtained
from randomly oriented powders reveals the predomi-
nance of dickite in all the samples, whereas kaolinite is
rarely recognized. Characteristic dickite reflections are
distinguished in size fractions coarser than <2 pum, being
noted at 4.44 A (020,111), 4.36 A (110), 4.12 A (112),
3.95 A (111), 3.79 A (022), 3.42 A (112), 2.50 A
(132,200) and 2.324 A (132,204) (Figure 6). These
reflections become prominent as the size fraction
increases, proving the occurrence of larger amounts of
dickite in the coarser fractions. Together with dickite,
the presence of kaolinite in the <6.3 pum and/or <20 pm
size fractions of some samples is suggested by weak
reflections at 4.46 A (020), 4.18 A (117), 3.84 A (021),
2.49 A (131) and 3.34 A (202,131) (Figure 6).
Conversely, kaolin minerals are recognized in the finer
size fractions where illite is the dominant clay mineral.
Reflections of kaolin minerals in the finer size fractions
are presumably masked due to the overlap with those of
illite and non-clay minerals such as quartz and goethite
(Figure 6). Illite reflections correspond dominantly to
the 2M, polytype, reflecting the dominance of detrital
clay mica in the samples.

Quantification of the clay components from analysis
of the XRD oriented preparations also shows that illite is
the dominant clay component in the finer size fraction
and decreases progressively towards the coarsest frac-

tion, whereas the kaolin minerals content increases
notably (Table 1).

Fourier transform infrared spectroscopy

The IR spectra of the four size fractions show three
strong absorptions bands in the hydroxyl-stretching
region (3700—3600 cm™') centered at 3621, 3649 and
3701 em™' (Figure 8). The position and relative
intensity of these bands indicate that considerable

Table 1. Clay mineral composition of selected samples.

Sample Fraction K (%) I (%)
G25 <l pm 37 63
<2 pum 60 40
<6.3 pm 77 23
<20 pm 90 10
G19 <l pm 33 67
<2 pum 52 48
<6.3 pm 72 28
<20 pum 81 19
G18B <l pum 24 76
<2 pum 52 48
<6.3 pm 69 31
<20 pm 75 25
G17 <l pm 24 76
<2 um 42 58
<6.3 pum 59 41
<20 pm 78 22
G8B <l pm 23 77
<2 um 34 66
<6.3 pm 37 63
<20 pum 59 41

K: kaolin minerals; I: illite
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amounts of dickite are present in all size fractions.
Nevertheless, the asymmetry of the 3701 cm™' band and
a shoulder at ~3670 cm ™" also suggest the occurrence of
small amounts of kaolinite. A high ratio of illite in the
four size fractions, as detected by XRD, is noted by the
broad 3620 cm ™! band. The definition of this band,
however, increases as the amount of illite decreases from
the finer to the coarsest size fraction (Figure 7; Table 1).

Differential thermal analysis and thermogravimetry

The DTA curves of the finer size fractions are poor in
quality and frequently the thermal behavior is difficult to
constrain. When coupled with DTG curves, however, the
associated weight loss and also the maximum tempera-
tures at which the effects took place are better achieved
(Figure 8).

The DTG curves of the <1 and <2 pm size fractions
show broad weight loss effects centered around 535 and
545°C, respectively. These effects are related to the large
amount of illite in the finer size fractions, as noted
previously by XRD and FTIR, and the probable
contribution of kaolinite (Paterson and Swaffield,
1987). Moreover, its broadening towards high tempera-
tures and a shoulder at 625°C suggest the existence of
poorly ordered dickite in these size fractions too.
Progressive shifting of the main weight loss effect
towards higher temperatures (~600°C) with increasing
size fraction reflects the decrease in the amount of illite

Figure 7. IR spectra of the four size fractions showing
characteristic kaolin minerals and illite bands in the OH-
stretching region (sample G17). Theoretical lines of dickite
(solid line), kaolinite (dashed line) and illite (dotted line) bands
are noted (Russell, 1987).
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in the coarser fractions and the dominance of kaolin
minerals, mostly dickite. Kaolin minerals form shoulders
to well individualized peaks between 640 and 670°C in
the <6.3 um size fraction, suggesting the presence of
dickite crystals with varying degrees of structural
ordering. A single peak centered at 670°C in the DTG
pattern of the <20 pm size fraction indicates the
presence of well ordered dickite in the coarsest size
fraction.

DISCUSSION

Occurrence of kaolinite and dickite

The analytical results indicate that dickite with varying
degrees of structural order is the dominant kaolin mineral
in all the size fractions (Figures 4—8). Dickite is typically
represented by booklets of pseudo-hexagonal stacked
plates with variable thickness along the c¢* axis.
Moreover, very thick dickite crystals with blocky habit
and well ordered structures are found in the coarsest size
fractions (Figure 5d). Kaolinite is not detected unambigu-
ously in the sandstones studied although it presumably
concentrates in the finer size fractions and forms thinner

Figure 8. DTG (derivative themogravimetric) curves of
sandstone samples showing the occurrence of intermediate
weight loss (endotherms) effects between kaolinite and dickite
diagnostic temperatures. The diagnostic dehydroxylation tem-
peratures of dickite (solid line), kaolinite (dashed line) and
quartz (dotted line) are noted (Mackenzie, 1970).
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crystals than dickite (Ehrenberg et al., 1993; Beaufort et
al., 1998). The presence of kaolinite in the <6.3 and
<20 um size fractions, however, is interpreted to result
either from a deficient sample dispersion process or the
presence of kaolinitized mica fragments in the coarse
fractions (Figure 4).

The problems in identifying kaolin minerals by XRD
patterns are attributed, at least in part, to the large
amount of illite observed in the Permo-Triassic sand-
stones (Table 1). Unlike dickite, the illite content
increases with decreasing size fraction preventing an
accurate identification of kaolin minerals in the finer
size fractions. Difficulties in discriminating kaolin
mineral polymorphs by XRD have previously been
related to both the interference of clay and non-clay
minerals (Ehrenberg er al., 1993), and the presence of
kaolin minerals with different degrees of ordering
(Brindley and Porter, 1978; Beaufort et al., 1998).

According to the computer-generated IR spectra
reported by Ehrenberg et al. (1993), the relative intensity
between the three strongest absorption bands in the OH-
stretching region suggest a high dickite/kaolinite ratio
(Figure 7). In agreement with the XRD data, the IR
results reflect the nearly exclusive occurrence of dickite
in the coarsest size fractions. Taking into account the
quantitative data reported by Ehrenberg et al. (1993), the
percentages of dickite up to 80—100% are estimated for
the coarsest size fractions whereas the large amount of
illite precludes estimation in the finer fractions.

Accurate data for structural ordering is obtained from
DTA-TG experimental results. The gradual shifting of
the dehydroxylation/weight loss effects towards higher
temperatures as size fraction increases reflects the
progressive improvement in the structural order of
dickite with increasing crystal size (Figure 8).
Therefore, the intermediate endotherms/weight loss
effects between kaolinite and dickite diagnostic tem-
perature observed in the DTA-DTG curves are inter-
preted to result from the presence of dickite with varying
degrees of structural disorder (Brindley and Porter,
1978; Beaufort et al., 1998).

Origin and time of dickite formation

Petrographic observations suggest that the alteration
of fine kaolin crystals, probably kaolinite, and detrital
mica grains provide material to form dickite aggregates
in adjacent intergranular pores. The presence of kaolin-
ite, together with the improvement in the structural order
of dickite crystals as size fraction increases, indicate that
the transformation of the early kaolinite into dickite was
associated with an increase in crystal size, as previously
observed by several authors (e.g. Beaufort et al., 1998).
Consequently, the formation of dickite was accom-
plished by a dissolution-precipitation process that
resulted in coarse and blocky crystal habits (Jourdan et
al., 1987; Ehrenberg et al., 1993; McAulay et al., 1994;
Beaufort et al., 1998).

Martin-Martin et al.
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The reported kaolin mineral accordion-like aggre-
gates are typically associated with the early diagenetic
kaolinitization and expansion of detrital mica (Bjorlykke
and Brendsdal, 1986; De Ros, 1998). Hence, dickite is
interpreted to result at least in part from the dissolution
of previously kaolinitized muscovite grains (pseudo-
morphs) although direct precipitation from a mica
precursor is not ruled out (Lanson et al., 2002). The
occurrence of very coarse dickite aggregates with fan-
like shape under optical microscope probably represents
the last stage of a kaolinitized mica recrystalization
(Figure 4c). A contribution by the alteration of feldspars
to dickite is insignificant due to the small amount of
feldspars recorded in the sandstones studied.

The formation of dickite has been reported to be
facilitated by the decrease in pH of formation waters
resulting from the flux of acids during the maturation of
organic matter (Sommer, 1975; Van Keer ef al, 1998). A
probable source of such fluids in the area studied is the
underlying Carboniferous rocks, which had been con-
nected laterally to the studied sequence since the early
stages of rifting (Roca et al., 1994) (Figures 1, 9).
Alternatively, organic acids can be derived from the
coalified wood fragments located in the base of sand-
stone beds within the late Permian succession. Fluid
flow was probably enhanced by the system of NE—SW
listric faults, located at the present day at a depth of
1.7—-2.2 km, resulting from the extensional tectonic
regime associated with the rifting (Roca and Guimera,
1992) (Figure 9).

The crystalline morphology and the improvement of
the structural ordering of dickite observed are in good
agreement with the idealized schematic evolution of
kaolin minerals with increasing burial proposed by
Beaufort er al. (1998) and modified by Lanson er al.
(2002). In the studied sandstones, however, the dick-
itization process took place at a burial depth notably
lower (<2000 m) (Roca et al., 1994).

Petrographic examination revealed that kaolin illitiza-
tion post-dates dickite formation, both process represent-
ing late diagenetic conditions (Worden and Morad, 2002).
However, the maximum thickness of the sedimentary
cover over the post-Hercynian unconformity is estimated
to have been <2 m during the late Cretaceous thermal
post-rift (Roca et al., 1994). Vitrinite reflectance analysis
of late Permian coal samples indicates a maximum burial
temperature of ~118°C, which represents a paleogeo-
thermal gradient of ~49°C/km (Martin-Martin et al.,
2006). Consequently, the high paleogeothermal gradient
is considered to be the main factor controlling the
extensive formation of dickite in the Permo-Triassic
sandstones studied. The origin of such a relatively high
heat flow is probably related to the extensional fault
system affecting the Hercynian basement described above
(Figure 9). The occurrence of a regional high heat flow in
the area is also seen in the very low metamorphic
conditions registered in the Permo-Triassic succession
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Figure 9. Cross-section showing the structural framework of the study area (modified after Roca ef al., 1994). See Figure 1 for

location.

from the basin depocenter, presumably related to late
Cretaceous times (Salas et al.,, 2005). The maximum
temperature recorded in the Permo-Triassic succession is
in good accord with the range of burial temperatures
(80—120°C) estimated for the formation of dickite in the
North Sea (e.g. Ehrenberg et al., 1993; McAulay et al.,
1994).

Illitization of kaolin minerals is reported to be a
common process at temperatures >70°C (Worden and
Morad, 2002). Hence, the slight to absent transformation
of kaolin minerals into illite in the studied rocks is
attributed to the lack of detrital K-feldspars and/or an
external source of K (Berger et al., 1997). The alteration
of detrital mica and mud intraclasts are considered to be
the main source of K for the formation of authigenic
illite from a kaolin mineral precursor (Martin-Martin et
al., 2006). Additionally, the dominance of the dickite
polymorph may also be a limiting factor for kaolin
mineral illitization due to its better ordered crystal
structure than kaolinite (Morad et al., 1994).

CONCLUSIONS

Study of four size fractions of the Permo-Triassic
sandstones from the SE Iberian Range (Spain) reveals
that dickite with varying degrees of structural order-
disorder is the dominant kaolin mineral in the range
<1 pm to <20 pm. Hence, our results reflect the nearly
complete dickitization of the presumably early diage-
netic kaolinite.

The morphological changes and the increase in the
structural order of kaolin minerals noted with increasing
size fraction suggest a mechanism of dissolution-
precipitation for dickite formation. Together with the
recrystallization of the fine kaolin minerals, dickite
growth was facilitated by the dissolution of kaolinitized
muscovite grains as well as by direct precipitation from
a mica precursor. The participation of feldspars in the
process is irrelevant due to the small amount of feldspar
present in the original mineralogy of the sandstones
studied.

Extensive dickitization of the Permo-triassic sand-
stones at burial conditions shallower than those gen-
erally reported in the literature is attributed to the high
paleogeothermal gradient which affected the SE Iberian
Basin during the late Cretaceous post-rift thermal stage.
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