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Abstract

The Ninyerola Gypsum unit is a Middle Miocene lacustrine deposit, close to 200 m in thickness, which crops out mainly along
an anticline structure trending NNE-SSW near the city of Valencia. This anticline structure is comprised of Keuper (Upper Triassic)
diapiric materials in the core and a Miocene succession on its flanks. The Ninyerola Gypsum unit appears at the base of this succes-
sion and is overlain by alluvial deposits. The latter deposits grade upwards to terrigenous, coastal marine sediments presumably of
Tortonian age.

The anticline flanks of the Miocene succession differ markedly not only in terms of their depositional and diagenetic facies but
also in thickness and cyclicity. These differences suggest that synsedimentary deformation of the Triassic basement exerted control
on Miocene sedimentation. On the eastern flank, where the succession is thicker (>230 m) and well exposed, we distinguished the
following stratigraphic intervals from base to top: nodular gypsum (a), bioturbated gypsum (b), alternation of laminated gypsum and
carbonate (c), a calcareous interval (d), red lutites and bioturbated gypsum (e), and a clastic alluvial alternation (f); this assemblage
unconformably underlies a clastic, coastal marine interval (g). The Ninyerola Gypsum unit constitutes the lacustrine sediments
—intervals (a) to (e)— of the succession. In this unit, numerous carbonate-gypsum cycles are recorded in intervals (a) to (c), whose
average thickness approaches 6 m.

The lacustrine stages of this succession were interpreted as the result of the gradual development of a saline lake of the sulphate-
carbonate type overlying the Triassic materials, which extruded during the Lower Miocene. Interal (c) represents the maximum
extension, depth and subsidence of this saline lake. This deep lake stage (c) was preceded by a shallow lake stage (b), which initially
experienced anhydritic sabkha conditions (a). Stage (c) was followed by a diluted lake stage (d) and a final evaporitic lake stage (e).
Subsequently, an input of alluvial clastic materials (f) and marine transgression (g) brought an end to the evaporative conditions in
the area.

Gypsum is secondary —derived from the hydration of its anhydrite precursor— in interval (a) and is primary in the remaining gyp-
sum intervals. The isotope compositions of the different gypsum facies indicate they arose from Triassic sulphates through a process
of chemical recycling.
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Resumen

La unidad Yesos de Ninyerola es un deposito lacustre del Mioceno Medio, de potencia cercana a los 200 m, que aflora principal-
mente a lo largo de una estructura anticlinal de orientacion NNE-SSW cerca de la ciudad de Valéncia. Esta estructura esta formada
por materiales diapirizados del Keuper (Tridsico Superior) en el niicleo y por una sucesion miocena en los flancos. En la base de
esta sucesion se desarrolla la citada unidad Yesos de Ninyerola, la cual se encuentra recubierta por depdsitos aluviales que gradan
verticalmente a sedimentos terrigenos marinos. Estos tltimos tienen una probable edad Tortoniense.

Existen diferencias significativas en la sucesion miocena de ambos flancos del anticlinal, no solo en las facies deposicionales y
diagenéticas, sino también en las potencias y en la ciclicidad, todo lo cual sugiere que la deformacién sinsedimentaria del basamento
tridsico controld la sedimentacion miocena. En el flanco este del anticlinal, donde la sucesion miocena es mas potente (>230 m) y
se presentan las mejores condiciones de afloramiento, podemos distinguir los siguientes intervalos, de base a techo: yeso nodular
(a), yeso bioturbado (b), alternancia de yesos y carbonatos laminados (c), intervalo calcareo (d), lutitas rojas y yeso bioturbado (e),
y alternancia detritica de ambiente alluvial (f); el anterior conjunto viene recubierto discordantemente por un intervalo detritico
marino de ambiente costero (g). La unidad Yesos de Ninyerola comprende el conjunto lacustre integrado por los intervalos (a) a
(e). Se observan numerosos ciclos de carbonato-yeso en los intervalos lacustres (a), (b) y (c), con una potencia promedio de ciclo
proxima a los 6 m.

Los estadios lacustres de esta sucesion del flanco este del anticlinal se interpretan como el resultado de la implantacion progresiva
de un lago salino del tipo carbonatado-sulfatado sobre los materiales tridsicos, que ya habian extruido durante el Mioceno inferior.
La méxima expansion, profundidad y subsidencia de este lago salino se alcanz6 durante la sedimentacion del intervalo (c). Este
estadio mas profundo (c¢) fue precedido de un lago somero (b) que estuvo afectado en su inicio por episodios de sabkha anhidritica
(a). Posteriormente, dicho estadio profundo salino fue seguido por un estadio de dilucién (d) y un estadio final de lago somero de
nuevo evaporitico (e). Finalmente, un aporte de materiales clasticos aluviales (f) y una transgresion marina (g) acabaron con las
condiciones lacustres y evaporiticas en el area de estudio.

El yeso es secundario (procedente de la hidratacién de anhidrita precursora) en el intervalo (a), y primario en los restantes inter-
valos yesiferos. Las composiciones isotopicas de las diferentes facies de yeso indican una procedencia tridsica del sulfato mediante

un proceso de reciclaje quimico.

Palabras clave: evaporitas, yeso, modelo lacustre, ciclicidad, sedimentacion, Mioceno, Espafia

1. Introduction

Evaporite formations of a lacustrine origin are common
in many Tertiary basins of Spain. These formations are
important for a number of reasons including their direct
implications in geotechnical problems, the industrial uses
of their minerals and rocks, the paleoclimatic interpreta-
tions derived from their marked cyclicity, and the new
sedimentological models they suggest.

Such formations are, however, scarce in eastern Spain.
An exception is the Ninyerola Gypsum unit, a small unit
showing low salinity conditions located about 15 km to
the SW of the city of Valencia. This unit consists of a
thick succession of carbonate and gypsum facies arranged
in a cyclic pattern. The unit is also interesting because its
large gypsum nodules have been used in the past as high
quality alabaster for sculptures. In effect, some of these
pieces form a significant part of Valencia’s historical heri-
tage (Cebrian, 2000; Garcia de Miguel et al., 2001).

This paper describes a general survey performed on the
Ninyerola Gypsum unit from a stratigraphic, petrologic
and sedimentologic perspective. Despite its preliminary
nature, we hope that some of the aspects dealt with will
contribute to a better understanding of the environments
and processes characterizing the Tertiary lacustrine re-
cord of Spain.

2. Geological setting

The Ninyerola Gypsum unit occurs in the western zone
of the Coastal Depression of Valencia (Fig. 1), which was
filled by Tertiary and Quaternary sediments. In this zone,
non-marine Miocene materials extend across a wide band
oriented E to W, which occupies the central part of the
1:50,000 Geological Map 721, of Cheste (IGME, 1980).
These deposits, mainly lacustrine carbonates and alluvial
siliciclastics, commonly overlie Triassic facies. The lat-
ter are comprised of Keuper clays and evaporites and,
to a lesser extent, Muschelkalk carbonates (Orti, 1974).
These Triassic facies were largely disturbed by diapirism
during the Lower Miocene and subsequently exposed and
eroded in numerous outcrops (IGME, 1980).

The non-marine Miocene materials locally exhibit
evaporitic characteristics, as may be observed in the SW
corner of the Cheste Geological Map. In this zone, the
Ninyerola Gypsum unit crops out between the villages
of Montserrat to the W and Picassent to the E (Fig. 1).
The unit was designated ‘Formacion de Nifierola’ by the
authors of this geological map (IGME, 1980), who dated
it as Lower Miocene and measured a thickness of 300
m. These authors also emphasized the gypsiferous and
calcareous composition of this formation at the base and
top, respectively, as well as the bituminous character of
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Fig. 1- Location map of the Ninyerola Gypsum unit. The represented area is the SE corner of the Geological Map

721 on a scale of 1:50.000, Cheste.

Fig. 1- Mapa de situacion de la unidad Yesos de Ninyerola. El area representada corresponde al angulo SE de la

Hoja Geoldgica a escala 1:50.000, Cheste (n° 721).

the gypsum and presence of lacustrine limestones with
abundant marly intercalations.

More recently, Anadon and Alcala (2004) considered
the materials forming the Ninyerola Gypsum unit as the
oldest Neogene sediments filling the Coastal Depres-
sion of Valencia. According to these authors, these sedi-
ments consist of 150 m of lacustrine gypsum, marls and
limestones, bearing some conglomerate intercalations,
which are discordantly overlain by calcareous sandstones
containing a marine fauna initially dated as Miocene by
Brinkmann (1931). However, based on an unpublished
report by Roca, Agusti and Anadon describing the pres-
ence in the Ninyerola succession of a micromammal
fauna of Middle Miocene age (MN6 zone), Anadén and
Alcala (2004) suggested that the lacustrine system of the
Ninyerola succession was deposited in the Middle Arago-
nian, during phase II of the paleogeographical evolution
of the Neogene basins in the Iberian Chain, as defined by
Calvo et al. (1993).

The overlying marine sediments (calcareous sandstones
and lutites with intercalations of bioclastic limestones) of
the eastern zone of the Coastal Depression of Valencia
have been dated as Tortonian (Usera, 1974). In the present
paper, this age is also assumed for the marine sediments
that discordantly overlie the Ninyerola succession.

In the area where they crop out, the Miocene materi-
als of the Ninyerola Gypsum unit are severely deformed,
exhibiting numerous folds and fractures hindering their
precise stratigraphic analysis. The unit is best observed
to the N of the ‘El Mas de Ninyerola’, an area with an
anticline structure oriented NNE-SSW (Fig. 2). The Keu-
per materials of the anticline core have suffered erosion,
whereas the Miocene materials forming the two flanks

exhibit sharp relief. This structure, here denoted the
‘Ninyerola anticline’, is asymmetric, its eastern flank be-
ing more tilted (>45°) than the western one (<45°). The
basal gypsum layers of the Miocene succession in con-
tact with the Keuper core have been actively exploited
in quarries.

3. Evaporite facies

The evaporitic facies of the Ninyerola Gypsum unit are
mainly composed of sulphates and carbonates. No evi-
dence of the existence of chlorides was found. Minerals
were determined by X ray diffraction (XRD) in 26 sam-
ples and petrographic study was performed on 32 large-
sized thin sections (5.5 cm x 5.4 cm). Sulphate minerals
are limited to gypsum and small amounts of anhydrite
(XRD), although some celestite was also observed in the
petrographic examinations. Calcite was the only carbon-
ate mineral identified both by XRD and under the micro-
scope.

In this paper, we use the terms ‘lamina’ (<1 cm), ‘thin
bed’ (1 to 10 cm), and ‘thick (or massive) bed’ (<10 cm)
for bedding thicknesses. Two main groups of sulphate
facies can be distinguished according to the primary or
secondary nature of the gypsum:

Bedded nodular, and meganodular gypsum (second-
ary gypsum). Nodules in this facies show size variation
from a few millimetres to >1 m. Nodules with a diameter
greater than 50 cm are hereafter referred to as ‘meganod-
ules’. Both nodules and meganodules form dense mosa-
ics with sutured boundaries. Locally, meganodules have
a fluid-like appearance and, in some beds, they are elon-
gated vertically. The genetic interpretation of this facies
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appears below (in the section Sulphate diagenesis).

Massive bioturbated gypsum (primary gypsum). This
facies forms individual beds of low relief and variable
thicknesses of up to 10 m. It is composed of fine-grained
lenticular gypsum, grey to dark-brown in colour, which is
very pure locally. Bioturbation galleries with a diameter
of few millimetres (generally <1 cm) are often observed.
In dark lutite layers locally associated with this facies,
total organic carbon contents (T.O.C.) have been deter-
mined. Despite the bituminous appearance of these lutite
layers, T.O.C. were always <0.5 % (A. Permanyer, oral
com., 2005).

Similar facies of massive bioturbated gypsum have
been described in many lacustrine evaporite formations
of Tertiary age in Spain (Rodriguez-Aranda and Calvo,
1998; Orti and Rosell, 2000; Orti ef al., 2003). In all these
cases, the facies were interpreted as having been depos-
ited in shallow lakes of low salinity (with very low chlo-
ride contents), where invertebrates actively burrowed the
gypsiferous sediments on the lake bottom.

Thin-bedded bioturbated gypsum (primary gypsum). In
this facies, gypsum is also fine-grained, showing a mi-
crolenticular texture and brownish colour, and may be
associated with carbonate. The thickness of the thin beds
commonly ranges from a few centimetres to 10 cm (locally
up to 25 cm). In general, bioturbation structures are not as
obvious as in the massive bioturbated gypsum facies.

This facies is interpreted as deposited in a shallow to
moderately deep lake setting, in which dilution episodes
with carbonate precipitation alternated with more evapo-
rative stages leading to gypsum precipitation. Here again,
the chloride content in the brines is thought to be very
low, allowing for burrowing activity on the lake bottom.
A similar thin-bedded bioturbated gypsum facies was
described in the Libros Gypsum unit (Orti et. al, 2003),
although this facies was not associated with carbonate
layers.

Laminated gypsum (primary gypsum). This facies
is composed of laminae and thin beds of fine-grained
gypsum, which may intercalate some carbonate lami-
nae. Gypsum textures oscillate from microlenticular to
equant-subhedral and are always arranged in differenti-
ated laminae. Microselenite textures (upward oriented,
single to twinned crystals up to a few millimetres in
length) locally exist.

This facies is interpreted as deposited in a shallow lake
setting. The absence of burrowing organisms is probably
the consequence of relatively high salinities in the brines,
although evidence of halite precipitation was not found.

Laminated-to-massive carbonate. In this facies, the
carbonate layers associated with gypsum are of variable

thickness (bedding spans from laminated to thick bedded)
and display wackestone and packstone textures. These
textures contain variable amounts of micrite, which bears
abundant remains of charophyte stems and gastropod
shells. The local presence of discontinuous laminae of
gypsum is also apparent.

This facies is interpreted as deposited in a shallow to
moderately deep saline lake setting during dilution epi-
sodes, in which carbonate production was high.

4. The stratigraphic succession

The Ninyerola anticline area was geologically mapped
on a scale of 1:5.000 (Fig. 2). Indicated in this map, are
the different intervals distinguished in the stratigraphic
succession of this area, i.e. intervals (a) to (g) (see be-
low). Figure 3 provides a composite cross section (A —
A”), roughly normal to the axis of the anticline structure,
as well as an expanded view of the eastern part of this
geological section. In addition, two stratigraphic profiles
(Figs. 4 and 5) were measured on the flanks of the anti-
cline. The locations of these profiles are very close to the
sites of the geological section.

A number of features related to this anticline structure
should be noted: (1) Miocene successions on each of its
flanks differ significantly such that they are described
separately below; (2) the succession on the eastern flank
is thicker than that of the western one; and (3) on the east-
ern flank, alluvial clastic materials followed by coastal
marine sediments overlay the lacustrine facies. Accord-
ingly, we designated the most complete stratigraphic suc-
cession, i.e., that of the eastern flank comprising from
base to top lacustrine, alluvial, and marine sediments,
the ‘Ninyerola succession’ and restricted the use of the
Ninyerola Gypsum unit to the lacustrine assemblage —in-
tervals (a) to (e) —, which displays a maximum thickness
of 195 m.

4.1. The Ninyerola succession

On this eastern flank, the basal beds of the Miocene
succession are exposed almost vertically at the contact
with Keuper materials, and the overlying beds are tilted
between 50° and 70°. The total thickness of this succes-
sion is over 230 m, of which only the lower portion is
shown in Figure 4. The following stratigraphic intervals
can be distinguished, from base to top:

(a) Nodular gypsum interval. This interval, almost 30
m thick, has been extensively exploited in quarries. It is
made up of bedded nodular and meganodular gypsum
facies. Original bedding is relatively well preserved, al-
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though somewhat disturbed by the presence of meganod-
ules. Some beds of laminated carbonate appear interca-
lated with the gypsum beds. A thin level (10 cm thick) of
chert is present locally (Fig. 4).

(b) Bioturbated gypsum interval. This interval of rela-
tively massive bedding has a thickness of about 19 m. It
is made up of dark massive bioturbated gypsum facies
with associated layers of carbonate and dark lutites.

(c) Alternation of carbonate and gypsum. This is the
thickest (up to 120 m) interval in the succession. Al-
though it is more calcareous at the base, it rapidly grades
upwards into a rhythmic alternation of laminated-to-mas-
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Fig. 2- Facies distribution
shown by the Ninyerola
Gypsum unit in the area
of the Ninyerola anticline.
Small faults and other fea-
tures disturbing the anticline
structure have been omitted.

Fig. 2- Distribucion de facies
de la unidad Yesos de Nin-
yerola en la zona del anti-
clinal del mismo nombre.
Las pequefias fallas y otros
accidentes que afectan la es-
tructura anticlinal han sido
omitidos.
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sive limestone beds and thin bedded-to-massive gypsum
beds. In the gypsum beds, predominant facies are thin-
bedded bioturbated gypsum and massive bioturbated
gypsum. Despite tectonic disturbances, the cyclic charac-
ter of the interval is easily observed.

(d) Calcareous interval. This interval, up to 15 m thick,
is poorly exposed. It is mainly composed of thin-bedded
limestones with nodular to massive textures.

(e) Red lutites and bioturbated gypsum interval. This
interval, which is also partly covered, is characterized
by thick beds of massive bioturbated gypsum associated
with red lutites (claystones). The thickness of this inter-
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Fig. 3- Geological section of the Ninyerola anticline. The location of this section is indicated in Figure 2. The lower part of the figure

shows an enlarged view of the eastern portion of the section.

Fig. 3- Corte geologico a través del anticlinal de Ninyerola. La posicion del corte se indica en la Figura 2. En la parte inferior de la
figura se muestra un detalle ampliado del extremo oriental del corte.

val is about 10 m. This interval and its two overlying in-
tervals —(f) and (g)— can be observed in the El Pinar zone
(Fig. 2).

() Clastic alternation. This interval, up to 25 m thick,
exhibits four main alternations, which consist of basal
conglomerates, middle sandstones, and top lutites. Ru-
ditic clasts are mostly calcareous (mainly derived from
the surrounding Cretaceous formations) and sub-angu-
lar to sub-rounded in texture. To a minor extent, ruditic
clasts are siliceous and well-rounded. The size of the
clasts is very coarse (up to 1 m) at the base of the low-
ermost conglomerate bed and decreases upwards in each
bed. Idiomorphic quartz crystals typical of Keuper facies
(‘jacintos de Compostela’) were observed in association
with the clasts in the conglomerate beds; in general, these
crystals are sub-rounded suggesting a polycyclic nature.
Sandstone beds are mainly composed of quartz grains
and display large-scale cross bedding. Tilting is 65° to
70° in the lowermost alternation, but gradually decreases
to 30° in the uppermost one. The interval is mainly in-
terpreted as an alluvial deposit. However, some clastic
fragments of marine molluscs —reworked oyster shells—
were observed in the uppermost (the fourth) conglomer-
ate-sandstone alternation. This indicates marine influence
towards the top of the interval, and makes it difficult to

establish a precise boundary between this and the overly-
ing marine interval (g). A lateral and a vertical gradation
between these two intervals is possible.

(g) Clastic marine interval. Actively exploited in quar-
ries, this interval is composed of calcareous conglomer-
ates, quartzose and calcareous sandstones, and marls. Ex-
posed thickness is about 15 m, but the top of the interval
has been eroded in the studied profile. Sandstone beds
display large-scale cross bedding. Both the conglomerate
and the sandstone layers include reworked oyster frag-
ments. Some marly layers up to 1 m thick, however, are
very rich in large oyster shells oriented subvertically.
Tilting in this interval grades progressively from about
30° at the base to <10° at the top.

4.2. The succession on the western flank

On this flank, tilting of the beds is <45° in general
(commonly it is about 30°). The following stratigraphic
intervals can be distinguished (Fig. 5):

(a) Nodular gypsum interval. This interval, some 30 m
in thickness, differs largely from its counterpart on the
eastern flank: carbonate and chert beds are absent; lutite
intercalations are more abundant and lack dark tones; and
the size of the gypsum meganodules is often smaller.
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(a’) Clastic interval. This interval, without an equiva-
lent on the eastern flank, is about 15 m thick. It is com-
posed of conglomerate, sandstone and grey lutite beds.
Conglomerate clasts are calcareous and, to a lesser de-
gree, siliceous. Conglomerate beds display paleochannel
structures with erosive bases. Lutites are locally blue.

(b) Bioturbated gypsum interval. This interval, up to 17
m thick, is richer in grey lutite intercalations than its east-
ern counterpart, but poorer in gypsum beds. Moreover, it
contains a number of thick carbonate beds, which locally
include fragments of calcitized plant tubes. Towards the
N, the interval thickens and develops into massive beds
of bioturbated gypsum (Fig. 2).

(c) Alternation of carbonate and gypsum. This interval
is similar to its eastern flank equivalent. Its thickness in
the profile examined was about 35 m; its overall thickness
in other zones of this flank are not likely to exceed 60 m.
The interval is more clayey than on the eastern flank. A
further appreciable difference is that, towards the base,
it contains a level, 4-6 m thick, composed of laminated,
primary gypsum. In the central portion of this level, how-
ever, transformation into nodular and meganodular sec-
ondary gypsum occurs.

(d) Calcareous interval. This interval cannot be ob-
served in the profile studied and its analysis in other areas
of the western flank is often difficult. It is composed of
massive to nodulose limestones with a thickness (prob-
ably >50 m) greater than that recorded on the eastern
flank.

5. Sulphate diagenesis

In the nodular gypsum interval (a), the core of nodules
and meganodules is made up of fine-grained, white, sec-
ondary alabastrine gypsum. In the outer nodule zones,
dark envelopes comprised of porphyroblastic crystals
of secondary gypsum are common; inside these porphy-
roblasts, abundant relics of anhydrite were observed pet-
rographically. Around these nodules and meganodules,
a number of enterolithic veins composed of alabastrine
secondary gypsum appeared. These veins are randomly
arranged and embedded in a clay matrix. The presence of
both porphyroblastic textures and anhydrite relics clearly
points to anhydrite as the gypsum’s precursor.

Fig. 4- Partial stratigraphic profile (intervals a, b and c) of the Ninye-
rola Gypsum unit on the eastern flank of the Ninyerola anticline.
Carbonate-gypsum cycles are indicated.

Fig. 4- Columna estratigrafica parcial (intervalos a, b, y ¢) de los Yesos
de Ninyerola en el flanco oriental del anticlinal de Ninyerola. Se
indica los ciclos de carbonato-yeso.
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Fig. 5- Stratigraphic profile of the Ninyerola Gypsum unit on the wes-
tern flank of the Ninyerola anticline. Carbonate-gypsum cycles in
interval (c) are not indicated.

Fig. 5- Columna estratigrafica de los Yesos de Ninyerola en el flanco
occidental del anticlinal de Ninyerola. No se sefialan los diferentes
ciclos de carbonato-yeso del intervalo (c).

Nodular gypsum interval (a) is described here as a
stratigraphic unit (Figs. 2 to 5). However, due to the
outcropping conditions, it is not easy to see whether the
boundary between the top of this interval and the base of
the overlying interval (b) is conformable or not. For the
first possibility (conformable boundary), the growth of
bedded nodular anhydrite in interval (a) could be inter-

preted as an early diagenetic product. Moreover, at the
base of interval (b) some isolated meganodules, which
clearly replace the bioturbated gypsum facies, are still
present (Fig. 4). This suggests a transition between these
two intervals. In the case of an unconformable boundary,
the growth of nodular anhydrite could be interpreted as
late diagenetic, occurring under burial conditions. In the
absence of new observations or additional criteria, in this
paper we consider the possibility of an early diagenetic
origin (inner sabkha or playa-lake environment) for the
anhydrite. During the final exhumation of the unit, this
anhydrite was rehydrated into secondary gypsum, a pro-
cess that has permitted the local use of the bedded nodu-
lar and meganodular facies as alabaster for sculptures.

6. Sulphate isotopy

The isotope composition (6**S, 6'30) of gypsum sam-
ples (Table 1) from several facies, both primary and sec-
ondary, is similar to that of the Triassic sulphates (Fig.
6), although 6**S values are slightly heavier than Triassic
ones and 80 values are clearly heavier. These differ-
ences, however, can be explained by the heavy isotope
enrichment that occurs during gypsum precipitation (1.65
%o for 6**S and 3.5 %o for 6'%0). Consistent with this, we
propose a process of almost direct chemical recycling of
Triassic sulphates to give rise to the Miocene sulphates
of the Ninyerola Gypsum unit, reinforcing the hypothesis
of a non-marine origin of the parent waters. Effectively,
this mechanism has been established for many lacustrine
evaporites of Tertiary age in the Iberian Peninsula (Utrilla
etal., 1992).

7. Evaporite cycles

The eastern flank of the Ninyerola anticline allows the
detailed observation of the carbonate-gypsum cyclicity
present in interval (c¢). Three main facies can be distin-
guished in this interval: laminated-to-massive carbonate,
thin-bedded bioturbated gypsum, and massive biotur-
bated gypsum. The most common cycles resulting from
the combination of these facies are shown in Figure 7.
The simplest cycle, type 1, is comprised of laminated-to-
massive carbonate at the base and massive bioturbated
gypsum at the top. Type Il is also formed of laminated-to-
massive carbonate at the base, which is followed by an al-
ternation of thin-bedded bioturbated gypsum and laminat-
ed carbonate, ending with massive bioturbated gypsum.
In type 111, thin-bedded bioturbated gypsum overlies the
former alternation and underlies the massive bioturbated
gypsum forming the top. However, cycles as complete as
type 111, which show a perfect gradation from carbonate
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Strati- 5150 53
graphic | Sample Gypsum lithofacies SMOW CpT
N %0 %o
interval
MN-| Nodular gypsum 1882 | 15.0
(secondary)
Interval | MN-4 | Nodular gypsum 19.13 | 157
(a) (secondary)
Nodular gypsum
MN-7 (secondary); - 15.7

alabastrine nodules.

Thin-bedded bioturbated

MN-73 . 16.33 16.3
gypsum (primary)
MRN-25 Massive blotprbated 16.36 148
Interval gypsum (primary)
(c) . . .
MN-34 Massive blot}lrbated 18.11 158
gypsum (primary)
MRN-38 Massive bioturbated 19.30 l6.4

gypsum (primary)

Table 1- Isotope compositions (%o) of gypsum samples from
the Ninyerola Gypsum unit.

Tabla 1- Composicion isotopica (en %o) de muestras de yesos
de la unidad Yesos de Ninyerola.

to gypsum and from thin-bedded gypsum to massive bio-
turbated gypsum, are not so common in interval (c) (Fig.
4). All these types are interpreted as shallowing upwards
cycles, with salinity increasing from the base to the top.
Presumably, ion concentrations remained relatively low,
as anhydrite and halite did not form.

Although it is somewhat difficult to observe these cy-
cles in interval (a) because of the diagenetic transforma-
tions, their existence can be deduced from the carbonate
beds rhythmically interbedded within the nodular gypsum
beds (Fig. 4). In intervals (b) and (c), it is easier to detect
these cycles. However, at the top of interval (c), outcrop
conditions hinder precise observations. With this limita-
tion in mind, up to 27 cycles were recorded in the assem-
blage of intervals (a), (b) and (c), with a total thickness
close to 170 m. The thickness of the individual cycles
ranges from 2.5 to 13 m, with an average value close to 6
m. In many of these cycles, the thickest facies is the mas-
sive bioturbated gypsum at the top.

Similar cycles, also with laminated carbonate at the
base and massive bioturbated gypsum at the top, have
been described in the Libros Gypsum unit (Anadon et al.,
1998; Orti et al., 2003). A cyclic succession of carbon-
ate and sulphate has also been identified in the Lécera
Formation (lowermost Lias, central Spain), although this
succession occurs in a different depositional setting (Orti
and Salvany, 2004) and records a lower an upper group of
salina-sabkha cycles of average thicknesses of 6 m and 8
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Fig. 6- Isotope compositions (%o) of gypsum samples from the
Ninyerola Gypsum unit. Part of the areal distribution of the
Triassic sulphates is represented.

Fig. 6- Composiciones isotdpicas (en %o) de muestras de yeso
de la unidad Yesos de Ninyerola. Se representa también par-
te del area de distribucion de los sulfatos triasicos.

m, respectively. Other cyclic evaporitic successions have
been described by Krijgsman (1996) and Abdul Aziz et
al. (2004) in the Miocene formations of the Iberian Pen-
insula; all of which have been attributed to a climatic ori-
gin (precession cycles of astronomic control).

In the Bicorp Basin (Valencia province), where Mio-
cene sedimentation was controlled by the diapirism of
Triassic evaporites, Anadon et al. (1998) illustrated the
existence of various orders of sedimentary sequences,
some bearing gypsum. The sequences of first and second
order could have been controlled by diapir movements,
whereas those of third, fourth and fifth order may be the
result of climatic fluctuations.

8. Depositional model for the evaporites
8.1. Additional observations

Besides these observations, the following facts should
also be considered for the sedimentological interpretation
of the Ninyerola Gypsum unit:

(1) The Miocene regional context. The depositional his-
tory of this unit seems to differ somewhat from that of the
remaining Miocene units of the Geological Map of Cheste.
Presumably, the Ninyerola Gypsum unit was deposited in
a small lake in which saline solutions —generated by the
dissolution of Triassic evaporites— accumulated, giving
rise to a saline lake of the carbonate-sulphate type.
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Fig. 7- Image showing the three types of carbonate-gypsum cycles present in interval (c) (see text for explanation).
Fig. 7- Detalle de tres tipos de ciclos de carbonato-yeso presentes en el intervalo (c) (ver explicacion en el texto).

(2) Evaporitic facies in other outcrops of the Ninyerola
Gypsum unit. Observations in other outcropping areas of
the unit, in particular to the W of the Ninyerola anticline
(Fig. 1), indicate the presence of the massive bioturbated
gypsum facies. Nodular gypsum was not observed and,
given the poor outcrop conditions, the alternation char-
acterizing interval (c¢) was not surely identified (a poorly
gypsiferous, laminated-to-massive carbonate facies is
probably the equivalent to this alternation). This suggests
that the massive bioturbated gypsum was the predomi-
nant facies at the margins of the saline lake.

(3) Control of the Triassic basement. The marked fa-
cies differences between the two flanks of the Ninyerola
anticline suggest that, from the very beginning, an ac-
tive structure in the Triassic substratum exerted control
on Miocene sedimentation both in terms of lithology and
subsidence rate. The nature of such a structure, however,
remains unknown. Possible options would be a substra-
tum fracture or an intumescence or differentiated relief
(shoal) caused by initial reactivation of diapirism of the
Triassic evaporites.

8.2. Lake model

The depositional setting of the Ninyerola Gypsum unit
is interpreted as a saline lake in which there was contrast
between a deeper zone with carbonates and sulphates (the
area where the Ninyerola anticline currently crops out)
and a wider marginal zone with massive bioturbated gyp-
sum and lutites. As stated above, it is assumed that the
asymmetry in the distribution and thickness of the sedi-
mentary facies, including limited amounts of terrigenous

deposits, was conditioned by the presence of an active
structure in the Triassic basement. Presumably, this struc-
ture also conditioned the position and rise of the future
anticline. On both sides of the structure, the evolution of
the saline lake can be summarized as follows:

(1) Shallow lake to sabkha stage — interval (a). From
the start of evaporitic sedimentation, differentiation oc-
curred in the depositional setting. An anhydritic sabkha
formed on the western side of the basement structure,
whereas a shallow lake developed on the eastern side. In
the latter, an alternation of carbonate beds and primary
gypsum beds was deposited subaqueously, with some of
the gypsum being replaced by chert. The depositional
gypsum facies on this eastern side remains unknown,
but was probably thin-bedded bioturbated gypsum. The
transformation of this gypsum into bedded nodular and
meganodular anhydrite affected the sediment intermit-
tently after fluctuations in the water level: during lacus-
trine episodes, gypsum precipitated; during exposure or
sabkha episodes (underground position of the water ta-
ble), anhydrite formed interstitially. On the western side,
however, carbonate precipitation did not occur in the sab-
kha setting, in which the host sediment was of a clay or
marl nature. It seems likely the evaporitic system attained
maximum salinity during this stage, favouring anhydrite
growth (on the western side) or rapid gypsum replace-
ment by anhydrite (on the eastern side).

(2) Shallow lake stage — intervals (b) and (a’). This
stage reflects the first expansion of the shallow saline
lake, in which massive bioturbated gypsum precipitated
subaqueously throughout the evaporitic system. Howev-
er, sedimentation on both sides of the basement structure
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varied drastically. On the western side, an alluvial epi-
sode took place at the beginning of this stage; apparently,
the basement structure prevented such terrigenous input
to the eastern side. Also on the western side, carbonate
precipitation was higher and the deposited massive bio-
turbated gypsum largely varied in thickness from one
place to another, becoming thicker in the north.

(3) Deep lake stage — interval (c). Maximum expan-
sion of the saline lake occurred during this stage. Both
the depth and subsidence rate were higher on the east-
ern side, where cyclicity was also better developed. The
predominance of thin-bedded bioturbated gypsum during
this stage also suggests a lake level deeper than in the
former stage. On the western side, however, the limited
thickness suggests a lower subsidence rate.

(4) Final lake stages — intervals (d) and (e). After the
deposition of interval (c), again shallower water depths
were established in the saline lake. First, a dilution stage
leading to carbonate precipitation —interval (d)— ap-
peared, which was followed by a last evaporative stage
—interval (e). This last stage was probably restricted to
the eastern side of the basement structure.

The abrupt change from this lacustrine record to alluvi-
al sedimentation —interval (f)— and subsequently to Tor-
tonian marine conditions —interval (g)— could have been
provoked by tectonic activity in the area. However, the
precise interpretation of the tilting gradation (Fig. 3) from
the base of interval (f) to the outcropping top of interval
(g) needs further study.

In the diapir-graben system of the Bicorp Basin (SW
Valencia), an extensional stage of Tortonian age was iden-
tified by Roca et al. (1996) as the main factor controlling
the final development of both the diapirism of Triassic
materials and the associated deformation of the Miocene
sediments in the graben. A similar development process
seems likely for the Ninyerola succession studied here.

9. Concluding remarks

(1) The Ninyerola Gypsum unit, a lacustrine deposit of
Middle Miocene age and about 200 m in thickness, crops
out on both flanks of an anticline structure, whose core
is comprised of Triassic diapiric evaporites. In this unit,
there is a predominance of carbonate and sulphate facies,
which formed in a saline lake of low ionic strength.

(2) The Ninyerola Gypsum unit can be subdivided into
several stratigraphic intervals. These intervals, however,
display marked differences on both flanks of the anticline,
suggesting that some type of active structure present in the
Triassic substratum controlled the sedimentation of the
unit from the beginning. The most complete and thickest
Miocene succession is found on the eastern flank.

(3) The basal interval of the unit —interval (a)— is made
up of bedded nodular and meganodular facies of second-
ary gypsum. The precursor of these gypsum facies was
anhydrite, which formed in the centre of the shallow lake
during exposure (sabkha) episodes, and also in marginal
sabkhas. Today, these nodules and meganodules are com-
prised of a fine-grained, alabastrine variety of secondary
gypsum. These meganodules seemed to be the most ap-
propriate facies for artistic purposes in the past.

(4) In the rest of the gypsiferous intervals —intervals (b)
to (e)—, the different gypsum facies have been largely (al-
though not exclusively) preserved as primary gypsum.

(5) The alternation of carbonate and gypsum beds —in-
terval (c)— is the most representative facies of the saline
lake. Both the thickness and the perfect cyclicity recorded
in this alternation suggest that the maximum lake expan-
sion, deepest environment, and highest subsidence rate
were reached during the deep lake stage. In this alterna-
tion, at least 27 cycles of carbonate-gypsum have been
recorded, with an average thickness close to 6 m. Pre-
sumably, these are climatic (astronomic) cycles.

(6) On the eastern flank of the anticline, the Ninyerola
Gysum unit exhibits evaporative contributions until the
sedimentation of its uppermost interval (e), which re-
flects shallow lake conditions. Subsequently, the unit was
covered by the alluvial clastic sediments of interval (f).
This interval graded upwards to the coastal marine clas-
tic materials of interval (g), presumably of Tortonian age.
These marine sediments display unconformable relation-
ships with the underlying lacustrine unit.

(7) The isotope compositions (6*'S, 6'*0) of gypsum
samples from the Ninyerola Gypsum unit indicate they
originated from Triassic sulphates through a chemical re-
cycling mechanism.

Acknowledgements

This paper was prepared for this homage volume dedi-
cated to Prof. Dr. Carmina Virgili for her essential con-
tribution to Geological Sciences through many years of
uninterrupted academic and scientific work.

The study forms part of the Spanish DGI BTE proj-
ects 2001-3201 and CGL 2005-05337. Isotope deter-
minations were performed by the Servicio de Isdtopos
Estables of the Universidad de Salamanca under the di-
rection of Dr. C. Recio. The authors thank A. Permanyer
and E. Playa for their help with the analytical tests, E.
Roca for his comments on some of the structural aspects
and J. Illa for preparing the collection for petrographic
analysis. We also thank A. Arche and A. Sopefia for
their helpful comments, which have served to improve
the manuscript.



260 Orti & Rosell / Journal of Iberian Geology 33 (2) 2007: 249-260

References

Abdul Aziz, H., van Dam, J., Hilgen, F.J., Krijgsman, W.
(2004): Astronomical forcing in Upper Miocene continental
sequences: implications for the Geomagnetic Polarity Time
Scale. Earth Planetary Science Letters, 222: 243-258.

Anadon, P. Alcala. L. (2004): Cuencas de la zona central-meri-
dional de la Cordillera Ibérica. In: J.A. Vera (ed.): Geologia
de Esparia, SGE-IGME, Madrid: 566-568.

Anadon, P., Robles, F., Roca, E., Utrilla, R., Vazquez, A.
(1998): Lacustrine sedimentation in the diapir-controlled
Miocene Bicorp Basin, eastern Spain. Palaeogeography, Pa-
laeoclimatology, Palaeoecology, 140: 217-243.

Brinkmann, R. (1931): Betikum und Keltiberikum in Siidos-
tenspanien. Spanish translation by J. Gomez de Llarena, in
1948. Las cadenas béticas y celtibéricas del Sureste de Es-
pafia. Publicaciones Extranjeras de Geologia de Espaiia, 4:
305-431. Madrid.

Calvo, J.P., Daams, R., Morales, J., Lopez-Martinez, N.,
Agusti, J., Anadon, P., Armenteros, 1., Cabrera, L., Civis, J.,
Corochano, A., Diaz-Molina, M., Elizaga, E., Hoyos, M.,
Martin-Suarez, E., Martinez, J., Moissenet, E., Mufoz, A.,
Pérez-Garcia, P., Pérez-Gonzalez, A., Portero, J.M., Robles,
F., Santisteban, C., Torres, T., van der Meulen, A.J., Vera,
J.A., Mein, P. (1993): Up-to-date Spanish continental Neo-
gene synthesis and paleoclimatic interpretation. Revista de la
Sociedad Geologica de Espana, 65: 29-40.

Cebrian, E. (2000): La restauracion. Obra Recuperada del Trimes-
tre, n° 6; Enero 2000. Museu de Belles Arts de Valéncia: 10 p.
Garcia de Miguel, J.M., Sanchez Castillo, L., Merino Alvarez,
F. (2001): Estudio de materiales y diagnostico de la portada
monumental. In: Secretaria General Técnica (ed.): £l Pala-
cio de Dos Aguas. Claves de su restauracion. Ministerio de

Educacion, Cultura y Deportes: 365-391.

I.G.M.E. (1980): Hoja geoldgica num. 721 (Cheste). Mapa
Geolégico de Esparia E 1:50.000. 1.G.M.E., Madrid.

Krijgsman, W. (1996): Miocene magnetostratigraphy and
cyclostratigraphy in the Mediterranean: extension of the
astronomical polarity time scale. Geologica Ultraiectina,
141: 207 p.

Orti, F. (1974): El Keuper del Levante espafol. Estudios Geo-
logicos, 30: 7-46.

Orti, F., Rosell, L. (2000): Evaporative systems and diagenetic
patterns in the Calatayud Basin (Miocene, central Spain). Se-
dimentology, 47: 665-685.

Orti, F., Rosell, L., Anadén, P. (2003): Deep to shallow lacus-
trine evaporites in the Libros Gypsum (southern Teruel Ba-
sin, NE Spain): an occurrence of pelletal gypsum rhythmites.
Sedimentology, 50: 361-386.

Orti, F., Salvany, J.M. (2004): Coastal salina evaporites of the
Triassic-Liassic boundary in the Iberian Peninsula: the Ala-
con borehole. Geologica Acta, 2: 291-304.

Roca, E., Anadon, P., Utrilla, R., Vazquez, A. (1996): Rise, clo-
sure and reactivation of the Bicorp-Quesa evaporite diapir
(eastern Prebetics, Spain). Journal of the Geological Society,
London, 153: 311-321.

Rodriguez-Aranda, J.P., Calvo, J.P. (1998): Trace fossils and
rhizoliths as a tool for sedimentological and palacoenviron-
mental analysis of ancient continental evaporite successions.
Palaeogeography, Palaeoclimatology, Palaeoecology, 140:
383-399.

Usera, J. (1974): El Mioceno marino de la Sierra de Besori.
Boletin de la Real Sociedad Espariola de Historia Natural
(Seccion Geologica), 72: 203-212.

Utrilla, R., Pierre, C., Orti, F., Pueyo, J.J. (1992): Oxygen and
sulphur isotope compositions as indicators of the origin of
Mesozoic and Cenozoic evaporites from Spain. Chemical
Geology (Isotope Geoscience Section), 102: 229-244.





