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| ABSTRACT |

The evaporite unit (the Lécera Formation), which was formed at the Triassic—Liassic boundary in the Arag-
onian Branch of the Iberian Chain, was studied at the 01 Alacon borehole (Alacén village, Teruel province),
where it is mainly constituted by a thick (>300 m) succession of predominant sulphates (anhydrite, secondary
gypsum and carbonate) overlain by brecciated carbonates. In the evaporite succession, a number of lithofa-
cies were recognized, which can be grouped into an “ideal cycle”, from base to top: (C1) massive to banded
carbonate mudstone, (C2) alternation of carbonate and anhydrite laminae, (A1) alternation of anhydrite and
carbonate bands, (A2) clastic intercalations in the alternation of anhydrite and carbonate bands, (A3)
laminated to banded anhydrite, (A4) bedded pseudomorphs, (A5) interstitial pseudomorphs, and (A6) massive
to nodular anhydrite. Fine-grained gypsum (anhydrite laminae and bands), bedded selenitic gypsum (bedded
pseudomorphs), interstitial selenitic gypsum (interstitial pseudomorphs), and graded-nodular anhydrite (a par-
ticular fabric of nodular anhydrite) were the most outstanding depositional lithofacies. The evaporite succession
exhibits a marked cyclicity: in the lower part the individual cycles are more similar to the ideal cycle and reflect
deeper water settings, whereas in the upper part they correspond to shallower water settings. The evaporite sedi-
mentation mainly occurred in a subsiding coastal basin of the salina or lagoon type. In this setting, the subaque-
ous precipitation of the carbonate and gypsum lithofacies was followed, in each cycle, by the interstitial growth
of anhydrite in exposed conditions. As a whole, the evaporite succession reflects an infilling process. The con-
version into anhydrite of the selenitic gypsum -probably also of the rest of depositional gypsum lithofacies-
started under synsedimentary conditions and followed during shallow to moderate burial diagenesis.

KEYWORDS | Evaporites. Anhydrite. Salina. Triassic-Liassic boundary. Iberian Chain.

INTRODUCTION the carbonates of the Imén Formation (of Rhaetian age;

Goy and Yébenes, 1977; Arnal et al., 2002) and underlie

Evaporite deposits are common at the Triassic—Liassic the carbonates of the Cortes de Tajufia Formation (of Het-
boundary in the Iberian Peninsula. These deposits overlie tangian age; Goy et al., 1976) (Fig. 1).
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FIGURE 1 Lithostratigraphic units of the Triassic-Liassic boundary in
the Sierra de Arcos area (adapted from Bordonaba and Aurell, 2002,
fig. 2).

In outcrop, the evaporite deposits of the Triassic-
Liassic boundary constitute a thick gypsiferous unit tra-
ditionally known as the “Rhaetian Gypsum”. On the
basis of borehole data, Castillo Herrador (1974) high-
lighted the importance of these transitional deposits, up
to 800 m thick at the Carcelén borehole (Albacete
province). This author assigned a Rhaetian-Hettangian
age to these deposits and referred to them as the “Anhy-
drite Zone”. Studying the available anhydrite samples of
the Carcelén borehole, Orti (1987) showed a predomi-
nance of nodular lithofacies. This author interpreted
subsiding sabkhas as the depositional sites of these
deposits, and termed them the “Carcelén Anhydrite”. In
some outcrops in Eastern Spain, Pérez Lopez et al.
(1996) confirmed a Rhaetian age for the lowermost part
of the Carcelén Anhydrite. Utrilla et al. (1992) and Ort{
et al. (1996) contributed geochemical data and demon-
strated a marine supply for the sulphate in these eva-
porites.

The study of some outcrops in the Sierra de Arcos (the
boundary between the Zaragoza and Teruel provinces), in
the Iberian Chain, led Gémez and Goy (1998) to propose
the new name “Lécera Carbonate, Anhydrite and Gypsum
Formation” for this unit (Fig. 2). These authors noted the
laminated to massive character of the gypsum rocks in
this area. More recently, the study of both outcrops and
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drill samples in the same area allowed Bordonaba and
Aurell (2002), and Bordonaba (2003) to characterize the
laminated, massive and nodular facies for the gypsum and
anhydrite rocks constituting the Lécera Formation. These
authors interpreted a tidal flat complex (intertidal zone
and sabkhas) for this evaporitic precipitation.

This paper offers new insights into the Ca-sulphate
lithofacies at one of the boreholes recently drilled in the
Sierra de Arcos in order to better understand the sedi-
mentary environments in northeastern Iberia during the
Triassic-Liassic boundary, and the diagenetic processes
undergone by these evaporites.

MATERIALS AND METHODS

The exploratory 01 Alacén borehole, drilled by the
Confederacion Hidrografica del Ebro (C.H.E.) in 2002
for hydrogeological purposes, is located at 2 km to the
NE of the Alacén village (Teruel province), near the
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FIGURE 2 [ Location map of the study area and the Alacén borehole.
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Muniesa-Lécera area (Fig. 2). This borehole records more
than 800 m of Jurassic materials overlying the dolomitic
layers of the Imén Formation at the base (Bordonaba,
2003). The deeper half of the borehole log (below 485 m)
corresponds to the carbonate-sulphate assemblage of the
Lécera Formation (Fig. 3). The carbonates of the Cortes de
Tajufia Formation and other younger Jurassic units overlie
this assemblage (between 485 m deep and the surface).

At the Alacén borehole, the Lécera Formation can be
subdivided into a lower and an upper part. About 250 m
of predominant anhydrite rock with subordinate carbonate
is present in the thick, lower part (between 815 and 564 m
deep). In contrast, the thin upper part is composed of pre-
dominant carbonate rock and interlayered gypsum beds
(between 564 and 485 m deep).

For this study, 135 samples of sulphate and carbonate
rocks of the Alacén borehole succession were selected in
the depth interval ranging between 815 and 454 m. These
samples have lengths between few centimetres and 90
cm, averaging 35 cm, and diameters of 36 mm and 47
mm. A number of these samples were cut vertically into
two parts; one part was polished and the other was des-
tined for powdered fractions for XR diffraction analysis
and thin sections. The study is mainly focused on the sul-
phate lithofacies. Additional mineralogical and geochemi-
cal data of the carbonates present at this borehole are
found in Bordonoba (2003).

FACIES ANALYSIS

The facies of the samples present at the Alac6n bore-
hole can be classified into three groups: carbonate,
anhydrite and gypsum lithofacies. We use the following
bedding terms throughout the paper: fine laminae (<1 mm
thick); laminae (1 mm to 1 cm thick); bands (1 cm to 1 dm
thick); and beds (>1 dm thick). Anhydrite is fine-grained
and composed of prismatic (laths) textures and granular
(equant crystals) textures. Carbonate usually has a
micritic texture and a dolomitic mineralogy (dolomi-
crite).

Carbonate lithofacies
C1- Massive to banded carbonate mudstone

Massive mudstone and laminated to banded mudstone
are the most common carbonate lithofacies (Fig. 4A). In
general, burrowing is absent and no organic remains are
embedded within these carbonate mudstones. Limited
amount of anhydrite is present as fine laminae, small nod-
ules and replacive porphyroblasts -equant crystals of
about 1 mm in length-, either isolated or grouped along
the bedding planes (Fig. 4B).
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C2- Alternation of carbonate and anhydrite laminae

This is an irregular alternation of carbonate laminae
and anhydrite laminae, where the thickness of each lami-
na oscillates from <1 mm to few mm, being less than 1
cm, in general. The lamination can be even or deformed
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FIGURE 31 Simplified lithologic log of the Lécera Formation at the Ala-
con borehole, and sampling carried out for this work.
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to several degrees, and small ripples are present locally
(Fig. 4C). The relative proportion between carbonate and
anhydrite is variable, although carbonate usually predom-
inates. Petrographically, the presence of anhydrite
pseudomorphs after fine-grained gypsum crystals is com-
mon. Very few samples at the base of the borehole suc-
cession display clayey, dark laminae within this alterna-
tion; these laminae appear to be rich in organic matter.

Interpretation of the carbonate lithofacies

The massive to banded carbonate mudstone (C1),
where burrowing is absent and the anhydrite content is
very low, can be assigned to sedimentation in restricted
lagoons. Two interpretations can be proposed for the
alternation of carbonate and anhydrite laminae (C2): a)
intertidal facies. The very few samples characterized by
dark laminae at the base of the succession resemble the
algal mats present in the intertidal belts of the evaporitic
environments. However, diagnostic features characteriz-
ing this setting, such as crenulation or domatic morpholo-
gy in the lamination and remains of microbial filaments
were not clearly recognized; b) subtidal facies. In the rest
of the samples, many of the deformational features affec-
ting this alternation can be attributed to compaction of a
soft (unlithified) sediment formed in a shallow, subtidal
setting. In this setting, the original alternation of carbon-

Evaporite lithofacies of the Triassic-Liassic boundary: The Alacén borehole

ate laminae and fine-grained gypsum laminae suggests
fluctuating conditions of precipitation.

Anhydrite lithofacies
A1- Alternation of anhydrite and carbonate bands

This is an irregular alternation of anhydrite bands and
carbonate bands, where the anhydrite bands predominate
(Fig. 5A). The individual thickness of these bands oscil-
lates between one and some cm, and rarely exceeds 10
cm. The carbonate band, made up of massive to poorly
laminated mudstone, is commonly thinner than the anhy-
drite band. Planar bedding is rare and, more frequently,
bedding is irregular, diffuse or deformed. Gradations
between this lithofacies and the alternation of carbonate
and anhydrite laminae (C2) were observed.

A2- Clastic intercalations within the alternation of
anhydrite and carbonate bands

Locally, the Al alternation shows clast-supported
intercalations of anhydritic particles with sizes ranging
between 1 mm and 1 cm, which resemble clastic accumu-
lations (Fig. 5B). On closer inspection, many anhydritic
particles are pseudomorphs after precursor crystals,
whereas others correspond to small fragments of broken

FIGURE 4 | Carhonate lithofacies. A) Laminated carbonate mudstone. Some laminae are slightly deformed and broken. Dark points correspond to
millimetre-sized porphyroblasts of replacive anhydrite (arrow); sample at 468 m depth. B) Massive to banded carbonate mudstone. Abundant anhydri-
te porphyroblasts (light points; arrow) can be observed; sample at 756.30 m depth. C) Alternation of carbonate laminae (dark) and anhydrite laminae

(light). Some ripples (arrow) are present; sample at 749.2 m depth.
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laminae and bands (intraclasts). These intercalations have
a thickness of few centimetres (<10 cm, in general), con-
tain carbonate matrix surrounding the pseudomorphs, and
exhibit irregular or erosive bases.

A3- Laminated to banded anhydrite

This lithofacies is made up of laminae and bands of
anhydrite, with scarce carbonate matrix. The individual
bands attain a thickness of a few centimetres (Fig. 5C).
Locally, small particles resembling intraclasts or micron-
odules were observed. Under the microscope, many of
these particles were identified as pseudomorphs after
small gypsum crystals.

A4- Bedded pseudomorphs

This lithofacies consists of banded to bedded, verti-
cally elongate anhydrite individuals (palisade fabric),
suggesting a pseudomorphic origin after precursor
evaporite crystals. The pseudomorphs are 1 to 6 cm
long and 0,5 to 2 cm wide, and vestiges of twinning
were not observed in them (Fig. 6A). Locally the
pseudomorphs display truncated tops (Fig. 6B). The
carbonate matrix is scarce and preferentially accumu-

Evaporite lithofacies of the Triassic-Liassic boundary: The Alacén borehole

lated along the bedding planes. Bending or other defor-
mation structures in the pseudomorphs are frequent, as
are sutured boundaries between adjacent individuals;
locally, the marked deformation suggests a plastic
behaviour of the pseudomorphs (Figs. 6B and 6C). In
this lithofacies, a number of upward gradations were
observed: (a) from the palisade fabric to other arrange-
ments (oblique to bedding, subhorizontal, random); (b)
from the crystal pseudomorphs to nodular morpholo-
gies; and (c) from bedded to interstitial pseudomorphs
(see below).

A5- Interstitial pseudomorphs

At first sight, this lithofacies appears to be a massive
accumulation of anhydritic “clasts” embedded within
abundant carbonate matrix (Fig. 7). On closer inspection,
however, the clast-like anhydrite masses are identified as
pseudomorphs after evaporite crystals. The geometry of
these pseudomorphs is less elongate and more equant and
thicker than in the palisade fabric; the orientation is vari-
able, from random to subhorizontal or oblique to bedding.
The size of the pseudomorphs can decrease upward in
some samples. Many of these pseudomorphs display a
plastic deformation (Fig. 7A) and sutured boundaries

FIGURE 51 Lithofacies of carbonate and anhydrite. A) Alternation of anhydrite (light) and carbonate (dark) bands; sample at 619.60 m depth. B) Detail
of a clastic intercalation (currently anhydritic pseudomorphs or clasts) within the alternation of carbonate and anhydrite bands. Dark material at the
top and the base of the intercalation is carbonate; sample at 579.6 m depth. C) Laminated to banded anhydrite (light). Dark material is carbonate

laminae; sample at 724.75 m depth.
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(Fig. 7B). Upward gradation from the pseudomorphic
morphology to nodular shapes is common in this lithofa-
cies.

A6- Massive to nodular anhydrite

This general term is used here for a number of anhy-
drite lithofacies present in the samples, which exhibit
mutual gradations between them. Massive anhydrite: this
lithofacies consists of beds up to >1 m thick, where the
anhydrite texture is microcrystalline and very pure. In
detail, however, the presence of diffuse films of carbonate
matrix suggests the existence of poorly-defined nodular
to irregular masses, ranging from 1 to 10 cm in length
(Fig. 8A). In many samples, this lithofacies grades
upward to better defined nodular forms. Nodular anhy-
drite: this lithofacies is composed of nodules with vari-
able morphologies, which occur either isolated or
arranged in mosaic (chicken-wire) patterns. These
mosaics, however, never develop a sutured geometry in
the boundaries between the nodules. The diameter of the
nodules oscillates from few millimetres to some centime-
tres, and the carbonate matrix is scarce. Banded-nodular
anhydrite: bands, and also beds up to 15 cm thick com-
posed of anhydrite nodules are found in some samples,
where the carbonate matrix forms thin levels separating
the nodular bands. The diameter of the nodules oscillates
between 1 and 5 cm, and is rarely <lcm. The presence of

Evaporite lithofacies of the Triassic-Liassic boundary: The Alacén borehole

enterolithic (contorted) layers of nodular anhydrite was
not observed. Graded-nodular anhydrite: in this lithofa-
cies, the size of the nodules decreases upward, from
some centimetres at the base to <0,5 cm at the top, and
the nodules are often slightly flattened (Figs. 8B and
8C). The thickness of the anhydrite levels displaying
this lithofacies varies from 10 to 30 cm. An upward
transition from massive anhydrite at the base to graded-
nodular anhydrite at the top was observed in many sam-
ples.

Interpretation of the anhydrite lithofacies

In the A1 and A3 lithofacies, where anhydrite pseudo-
morphs after precursor gypsum can be observed petro-
graphically and no vestiges of transport were found, the
various types of anhydrite laminae and bands can be
interpreted as precursor gypsum deposits composed of
small-sized crystals. As in C2 lithofacies, the original
alternation of gypsum and carbonate bands (lithofacies
AT) suggests fluctuating conditions of precipitation on a
shallow depositional floor.

The intercalations exhibiting a clastic appearance
(lithofacies A2) —bearing pseudomorphs of small crystals
and coarser-sized clasts— reflect the reworking of the
original gypsum crystals and broken fragments of gyp-
sum laminae and bands.

FIGURE 6! Anhydrite lithofacies: bedded pseudomorphs. A) Bedded pseudomorphs (after selenitic gypsum) displaying a palisade fabric. Carbonate
matrix (dark material) is scarce. Plastic deformation (long arrow) and sutured contacts between the pseudomorhs (short arrow) are seen; sample at
699.80 m depth. B) and C) Details of the bedded pseudomorphs. Carbonate matrix (dark material) is abundant locally. The deformation of the pseudo-
morphs (short arrows) is noticeable. Dissolution features at the top of some pseudomorphs (long arrow) can be observed; samples at 711 m depth.
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In the laminated to banded anhydrite lithofacies (A3),
the micronodular texture of anhydrite present locally
could be assigned, a priori, to interstitial precipitation in
a supratidal (sabkha) setting. However, the banding
appears to be too regular for such an interpretation. We
assume that (1) the precursor fine-grained gypsum in the
laminae and bands was formed subaqueously in a shal-
low, subtidal setting, and (2) the micronodular textures
were formed during the subsequent diagenetic transfor-
mation of the gypsum crystals into anhydrite (see below).

The bedded pseudomorphs (lithofacies A4) presum-
ably correspond to gypsum selenites. At present, such
crystals are known to grow subaqueously with competi-
tive fabrics on shallow depositional floors (Warren,
1982). The flat tops of the pseudomorphs correspond to
erosion/dissolution features which formed during the
dilution of the brine. A number of factors can account for
the oblique, subhorizontal or random arrangements of the
selenites: original growth fabrics, mechanical com-
paction, and some reworking. Similar details were
described for the selenite fabrics in the Messinian evapor-
ites in Spain (Orti and Shearman, 1977).

The interstitial pseudomorphs (lithofacies A5), rich in
carbonate matrix, with randomly or weakly oriented fa-
bric suggest a non-competitive growth within the matrix
and a very shallow-water setting. An interstitial growth

Evaporite lithofacies of the Triassic-Liassic boundary: The Alacén borehole

under subaerial conditions cannot be disregarded for the
selenites, although no evidence of exposure was found.

Some of the aforementioned massive to nodular anhy-
drite lithofacies (A6) were formed in exposed conditions as
in the case of the recent anhydrite in the supratidal flats of
the Persian Gulf (Shearman, 1966). However, the absence
of enterolithic layers in the samples (a typical feature of the
vadose-capillary zone), suggests that for some nodular
growths other different settings cannot be ruled out. This
could be the case of some upward gradations of (pseudo-
morphic) selenitic morphologies into nodular geometries
(see below). On the other hand, a satisfactory explanation
for the graded-nodular anhydrite lithofacies —a particular
fabric which to our knowledge has not yet been described
in the sabkha setting- cannot be offered. In this lithofacies
there is no evidence of an origin by replacement of a pre-
cursor fabric of graded selenites. Presumably, this lithofa-
cies was formed in the sabkha environment at the top of the
phreatic zone under the control of a salinity gradient (an
upward increase of concentration) in the brine.

Occurrence of gypsum and brecciated lithofacies
Gypsum

The gypsum rocks above a depth of 564 m at the
Alacon borehole consist of secondary gypsum derived

FIGURE 7| Anhydrite lithofacies: interstitial pseudomorphs. A) Interstitial pseudomorphs (after selenitic gypsum) with abundant carbonate matrix
(dark material). Plastic deformational features in the pseudomorphs can be seen; sample at 640.10 m depth. B) Interstitial pseudomorphs. Dark
material is carbonate matrix. Sutured boundaries and plastic deformation in the pseudomorphs can be observed; sample at 598.40 m depth.
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from anhydrite hydration by the action of meteoric
groundwater. It is very probable that this occurred in
recent times. The most common lithofacies —inherited
from the anhydrite— are laminated to banded gypsum, and
massive to nodular gypsum. Pseudomorphic lithofacies
were not observed.

Carbonate breccias

This lithofacies, which is present at the borehole
above a depth of 560 m (Fig. 3), consists of brecciat-
ed, dolomitic masses up to some metres thick.
Dolomitic clasts up to 10 cm in length are irregularly
distributed in this lithofacies (Fig. 9A). Gradations
between these breccias and undisturbed carbonate
mudstones were observed (Fig. 9B). In some samples,
the presence of secondary gypsum clasts was also
recorded as well as fibrous gypsum veins cementing
the dolomitic clasts. A late diagenetic origin because
of anhydrite dissolution during the exhumation is pro-
posed for this lithofacies.

Evaporite lithofacies of the Triassic-Liassic boundary: The Alacén borehole

Carbonate-anhydrite breccias

Below a depth of 560 m, the presence of thin levels
made up of carbonate-anhydrite breccias intercalated into
the other lithofacies is infrequent. In these scarce levels,
the anhydrite clasts display a number of morphologies
such as angular clasts, nodules, and pseudomorphs. The
carbonate clasts may exhibit soft sediment deformation
(Fig. 9C) suggesting unlithified sediment conditions at
the time of brecciation. A synsedimentary origin because
of early exposure and associated dissolution of
gypsum/anhydrite is proposed for this lithofacies.

EVAPORITE CYCLICITY

In the interval studied at the Alacon borehole, a num-
ber of patterns of lithofacies arrangement were
observed. These patterns clearly reflect the existence of
cycles (Fig. 10A). Only one type of these cycles seem to
represent a sabkha succession in a carbonate-sulphate
tidal complex (Fig. 10Aa). The rest exhibit shallowing

FIGURE 8] Massive to nodular anhydrite lithofacies. A) Massive anhydrite. The distribution of the scarce carbonate matrix (dark material) suggests a
diffuse, nodular structure. Polished speciment; sample at 692.8 m depth. B) Graded-nodular anhydrite. The size of the anhydrite nodules decreases
upward. Some compaction features (flattened nodules) are present; sample at 795.1 m depth. C) Graded-nodular anhydrite. The size of the nodules
decreases upward. Dark material at the top is carbonate; sample at 719.0 m depth.
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upward successions originally involving gypsum preci-
pitated subaqueously: fine-grained gypsum (banded
anhydrite) grading to nodular anhydrite (Fig. 10Ab);
bedded selenites (bedded pseudomorphs) grading to
nodular anhydrite (Fig. 10Ac); and interstitial selenites
(interstitial pseudomorphs) grading to nodular anhydrite
(Fig. 10Ad).

Taking these cycles together, an “ideal” cycle for
the Lécera Formation at the Alacén borehole can be
proposed, which would comprise up to eight lithofacies
(Fig. 10B). We assume that this is a shallowing upward
cycle. Along the lithologic log, the presence of 35 indi-
vidual cycles, with an average thickness of about 7 m,
was deduced (Fig. 11). Some of these cycles, however,
are just irregular alternations and only contain two or
three lithofacies. Other cycles are better developed and
involve up to four or five lithofacies; these latter
cycles would represent a closer approximation to the
ideal cycle.

A distinction between a lower cyclic assemblage
and an upper cyclic assemblage can be made (Fig. 11).
The lower assemblage is composed of individual
cycles (1 to 18) with a total thickness of 146 m and an
average cycle thickness of 8.1 m. This assemblage is
characterized by cycles beginning with carbonate litho-

Evaporite lithofacies of the Triassic-Liassic boundary: The Alacén borehole

facies, followed by fine-grained gypsum and bedded
selenites, and ending with massive to nodular anhy-
drite at the top. In general, the anhydrite tops are not
very thick and may display graded-nodular lithofacies.
Cycles 16 to 18 represent a gradual transition to the
upper assemblage.

The upper cyclic assemblage is made up of individual
cycles (19 to 35) with a total thickness of 102 m and an
average cycle thickness of 6.0 m. This assemblage is char-
acterized by cycles with few carbonate lithofacies, an
absence of laminated to banded fine-grained gypsum, and
by a predominance of interstitial selenites. In these cycles,
the clastic intercalations in the alternation of anhydrite and
carbonate bands (lithofacies A1) is also common. At the
top of this assemblage, thick lithofacies of nodular anhy-
drite develop, especially in the uppermost cycles.

ANHYDRITIZATION PATTERN

The massive to nodular anhydrite forming the top of
the cycles was interpreted as having been formed under
synsedimentary, sabkha conditions. However, the con-
version of the original gypsum lithofacies (fine-grained
gypsum laminae and bands, clastic intercalations, and
selenites) into anhydrite reflects more complex processes.

FIGURE 91 Brecciated lithofacies. A) Carbonate breccia: dolomitic clasts are embedded in fine-grained, marly matrix; sample at 553 m depth. B) Inci-
pient brecciation (right half) in massive (left half) carbonate mudstone. Dark points correspond to millimetre-sized porphyroblasts of secondary gyp-
sum derived from the hydration of precursor anhydrite porphyroblasts; sample at 541.60 m depth. C) Carbonate-anhydrite breccia. Carbonate clasts
(dark) show soft sediment deformation (arrow). Anhydrite clasts (light) derive partly from nodules (lower part) and partly from brecciated masses of

interstitial pseudomorphs (left, upper part); sample at 593.30 m depth.
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Anhydritization from early diagenesis to modera-
te burial diagenesis

Two aspects of interpretative significance emerge
from the observation of the pseudomorphic lithofacies
(A4 and A5): (1) the plastic deformation of the selenites
took place within a soft (unlithified) carbonate matrix
(Figs. 6 and 7), and (2) the progressive, upward grada-
tion from geometric (pseudomorphic) to nodular mor-
phologies apparently occurred as a continuous process.
As regards the first aspect, the plastic deformation of the
pseudomorphs, especially in the palisade fabric, can be
assigned to the gypsum-to-anhydrite conversion invol-
ving a decrease in volume, a plastic (unlithified) beha-
viour of the selenites when altered into fine-grained
anhydrite, and a burial depth that would be sufficient to
cause the marked deformation of the pseudomorphs by
compaction. Despite the fact that the plastic behavior of
the selenites during their alteration to anhydrite is com-
patible with early diagenesis, the marked deformation
recorded in the pseudomorphs suggests shallow to
moderate burial conditions of the deposit. As for the se-
cond aspect, it is highly likely that, during the conver-
sion into anhydrite, the selenites also acted as a nucleus
for progressive anhydrite precipitation with the result
that some of the original shapes changed into nodular
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morphologies. It is worth noting that, in the upward
morphological gradation (pseudomorphic to nodular),
sharp boundaries or erosive contacts were not observed
as expected if subaerial exposure at the top of each cycle
had been the main factor of the anhydritization process.
All these observations suggest that the anhydritization
of selenites was a continuous process which started
under synsedimentary conditions in contact with sabkha
brines, and continued during shallow to moderate burial
in contact with interstitial, pore brines (Fig. 12). It does
not seem likely that such a transformation occurred dur-
ing deep burial diagenesis; in this case, a homogeneous
anhydritization pattern, without significant textural
grading, would have resulted. It is possible that this
anhydritization pattern discussed for selenites applies to
the other gypsum lithofacies.

Anhydritization from moderate to deep burial
diagenesis

A case of late (burial) diagenetic anhydrite is repre-
sented by the porphyroblasts embedded in the massive to
banded carbonate mudstone (lithofacies C1), which are
distributed throughout the studied interval of the borehole
without any cyclic control. These porphyroblasts always
replace the dolomicritic texture. Presumably, they were
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tes (interstitial pseudomorphic lithofacies) grading to nodular anhydrite. B) Evaporitic lithofacies succession of an ideal, shoaling upward, complete

cycle.

Geologica Acta, Vol.2, N°4, 2004, 291-304

|300]|



F. ORTI and J.M* SALVANY Evaporite lithofacies of the Triassic-Liassic boundary: The Alacén borehole

e
(o]
B
m
(7]

g Bl LITHOFACIES
e |s|& 2 ace "ECOOTIZEd nthe cycles
(fq“ 8 Ew 2 C1 C2 A1 A2 A3 A4 Ag P?S
564
108-115 10,5 @!
104-107| |46 (G =
102-103 28| @O0 BEH =
w101 |10 | @M o
9395 55| GDM™ ——
91-92 i:é’ 22 | G =
=]
8890 [E |7 |®N =4
i | @ UPPER CYCLES
8487 | @ (65| @M i
o characteristic features:
6283 | 8128 ®E bolodl  _ astic intercalations (A2)
G |5 | ®l 0= =4 Al _ absence of banded gypsum (A3)
7577 | & (28| @m= B holed) — interstitial (pseudomorphic) selenites (A5)
7274 55| @M = 0<loOl  _ thick, nodular anhydrite (A6)
69-71 7 @0 =4
66-68 5 | @0 (ITINEIETe)
eoes | | o | @™
56-59 79| @M SY3EXe)
525 67| 65| OO _ Bg __BeBdl e,
50-51 55| @™
48-49 73| @[] Bd 00 LOWER CYCLES
4447 84| @M — characteristic features:
42-43 41| G i - alternation of carbonate and anhydrite laminae (C2)
40-41 43| @O = — banded gypsum (A3)
B3 | g |3 Ao B BH ES — bedded (pseudomorphic) selenites (A4)
3637 | 2 |78 @D = [09%] — normal grading () in nodular anhydrite (A6)
2u (5|8 | @O = W B
2031 | & 77| @ = o
2528 |5 12| @5 LEGEND
22-24 § 12 5 = = GOk Lithofacies
2021 |2 |45| D = Gah EHc1 ESA3
1819 el m = Ec2 [Ad
1517 8 (O] == el A1 [RolAs
114 0|OM =g = EdA2 [GolAe [Go
7-10 13 LJ Cycles:
®':1 = (G791 g massive to nodular
5-6 6 | @O == [cOt m:anhydme
== th 10
2-4 813 18 @m = Exel]} ﬁthgfrac]es Im scale

FIGURE 11 lIndividual cycles found in the evaporitic succession of the Alacén borehole, grouped into two cyclic assemblages.

Legend: C1: massive to handed carbonate mudstone; C2: alternation of carhonate and anhydrite laminae; A1: alternation of anhydrite and carhonate
bands; A2: clastic intercalations in the alternation of anhydrite and carbonate bands; A3: laminated to banded anhydrite; A4: bedded pseudomorphs;
A5: interstitial pseudomorphs; A6: massive to nodular anhydrite. In the “characteristic features” of the cycles, banded gypsum and bedded (pseudo-
morphic) selenites correspond to the interpretation of lithofacies A3 and A4, respectively.

Geologica Acta, Vol.2, N°4, 2004, 291-304 |301]



F. ORTi and J.M* SALVANY

formed from interstitial brines during moderate to deep
burial diagenesis.

THE EVAPORITIC MODEL OF THE LECERA FORMA-
TION

At the Alacén borehole, the most outstanding evapor-
ite lithofacies which were interpreted as subaqueous
deposits —laminated to banded fine-grained gypsum; bed-
ded selenites— bear a strong resemblance to the gypsum
facies currently characterizing the precipitation in the
evaporative salinas (salt works) of the Mediterranean
coast in Spain (Orti et al., 1984). In these shallow set-
tings, the fine-grained gypsum facies always precipitate at
lower salinities than selenites. Moreover, the selenites are
preferentially developed in the salinas where the hydro-

LOWER CYCLES

Evaporite lithofacies of the Triassic-Liassic boundary: The Alacén borehole

logic circuits are active throughout the year. In the other
salinas, where the circuits are inactive in winter, the
selenites are less developed or even absent, and mainly
fine-grained gypsum facies are found.

Similarly, the evaporitic basin of the Lécera Forma-
tion in the Sierra de Arcos can be interpreted as a subsid-
ing coastal basin of the salina or lagoon type, where the
small size of the selenites (<10 cm, in general) suggests a
shallow setting. Holocene, selenitic salinas have been
described in South Australia (Warren, 1982), where the
original water depth was up to 10 m, and the selenites can
reach tens of decimetres.

At the Alacén borehole, the cyclic evolution from a

salina (subaqueous) to a sabkha (subaerial) setting was
probably controlled by relative sea level fluctuations.
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FIGURE 12 [ Schematic representation of the evolution of the two (pseudomorphic) selenite lithofacies present at the Alacén horehole. Left half: bed-
ded selenites in the cycles of the lower assemblage. Right half: interstitial selenites in the cycles of the upper assemblage. The evolution is presen-
ted as a continuous process accomplished along three successive stages: A) salina stage: subaqueous precipitaton of the bedded selenites. B) Sabk-
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selenites. C) Shallow to moderate burial stage (few metres to one hundred metres of burial?): anhydritization and advanced deformation (by compac-

tion) of the selenites. Lithofacies C1 to A6 as in Fig. 11.
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This cyclicity together with a marked subsidence
favoured the accumulation of a 250 m thick deposit of
predominant anhydrite in the Lécera Formation. At other
boreholes in the Sierra de Arcos, the thickness of the hori-
zon with predominant anhydrite reaches up to 300 m
(Bordonaba, 2003).

The distinction between two different cyclic assem-
blages, lower and upper assemblages, in the evaporitic
succession of the Alacén borehole allows us to better
understand the evolution of the depositional coastal set-
ting. In the lower part of the succession, where the cycles
are thicker on average and exhibit more diversified litho-
facies and competitive fabrics (bedded selenites), the sali-
na setting was relatively deep. In this setting, the accumu-
lation of carbonate matrix was limited and the laminae
and bands of fine-grained gypsum preceded the accumu-
lation of the bedded selenites. The presence, toward the
base of this succession, of few intertidal lithofacies and
sabkha cycles suggests that the subsiding salina only
developed after a brief episode of carbonate-sulphate tidal
flat complex.

By contrast, in the upper part of the succession a num-
ber of significant changes occurred: the cycles are thinner
on average and exhibit few lithofacies; the presence of
clastic intercalations is significant; the content of carbon-
ate matrix is higher; the laminated to banded fine-grained
gypsum lithofacies is lacking; the carbonate-rich, intersti-
tial selenites predominate; and the nodular lithofacies at
the top of the cycles are better developed. In this upper
assemblage, the salina setting became progressively shal-
lower, more contaminated by the host sediment, prone to
episodes of erosion and exposure, and also deprived of
the typical facies of this environment (laminated to band-
ed gypsum; bedded selenites). This evolution ended with
the infill of the salina and the expansion of the carbonates
toward the top of the Lécera Formation.

OBSERVATIONS ON THE CARBONATE BRECCIATION

The origin of the carbonate breccias constituting the
Cortes de Tajuiia Formation has been the subject of
debate in the literature of the Jurassic of the Iberian
Chain. Regardless of the local existence of gravity-dri-
ven, sedimentary breccias (Giner, 1978, 1980), the brec-
ciation process has often been assigned to the dissolution
of evaporite beds and to the collapse of both the associa-
ted carbonate and the carbonate layers overlying the
evaporite beds. The discussion, however, is mainly
focused on timing of the brecciation process. Some
authors consider the brecciation as late diagenetic and
linked to deep burial (Morillo-Velarde and Meléndez,
1979) or to the exhumation of the Jurassic series (Gémez
and Goy, 1998). Other authors, however, assume an early
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diagenetic origin linked to synsedimentary exposure
(Bordonaba and Aurell, 2002; Bordonaba, 2003).

As stated above, the carbonate breccias at the Alacon
borehole are only found above a depth of 564 m, where
gypsum instead of anhydrite is present. These breccias
usually contain secondary gypsum porphyroblasts derived
from the hydration of the anhydrite porphyroblasts pre-
sent in the carbonate lithofacies throughout the borehole
interval studied. These anhydrite porphyroblasts, which
were interpreted as having been formed during moderate
to deep burial diagenesis, clearly preceded the brecciation
process. On the other hand, the boundary between the top
of the anhydrite rocks and the overlying carbonate brec-
cias constitutes a regional aquifer of paramount impor-
tance in the Sierra de Arcos and its vicinity (Victor
Arquet, C.H.E.; pers. comm., 2002).

All these observations suggest that groundwater was a
major factor in sulphate dissolution and associated car-
bonate brecciation in the region during the final exhuma-
tion of the lowermost Liassic carbonate series.

CONCLUSIONS

1) The evaporitic succession of the Lécera Formation
at the Alacén borehole, up to 250 m thick, exhibits a
number of individual cycles. An “ideal” cycle of this suc-
cession is made up of massive to banded carbonate litho-
facies at the base, fine-grained gypsum and selenite litho-
facies (the two currently preserved as anhydrite) in the
central part, and nodular anhydrite at the top. This is a
shallowing upward cycle that starts with subaqueous pre-
cipitation of carbonate and gypsum and ends with the
subaerial growth of anhydrite.

2) The existence of a number of depositional cycles
was deduced. In this cyclic succession, a lower assem-
blage can be differentiated from an upper one. In the
lower assemblage, the cycles are thicker on average,
exhibit more diversified lithofacies, reflect deeper set-
tings, and are characterized by laminated to banded gyp-
sum and bedded selenites. In the upper assemblage, the
cycles are thinner on average, display less diversified
lithofacies, reflect shallower settings, and are character-
ized by the deposition of carbonate-rich, interstitial
selenites, and thick tops of massive to nodular anhydrite.
As a whole, this cyclic succession records an infilling
process.

3) The sedimentary environment where these cycles
accumulated corresponds to a subsiding coastal salina
or lagoon with a continuous supply of sea water. In this
environment the water depth was progressively
reduced.
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4) At the top of each cycle, the selenitic gypsum litho-
facies initiated a conversion into anhydrite under synsedi-
mentary conditions in contact with sabkha brines. Subse-
quently, the process continued during shallow to
moderate burial diagenesis in contact with interstitial
(pore) brines. Probably, the other depositional gypsum
lithofacies underwent a similar process of anhydritization.
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