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ABSTRACT

Spain is one of the main gypsum producers in the world. Spanish gypsum reserves are large and a good
knowledge of the location of the ore reserves permits to establish better exploitation strategies. Plotting
the Spanish major gypsum outcrops, using a GIS base, helps to classify them by age, establish the main depo-
sitional character and determine the factors controlling their origin.

Evaporitic deposits from Cambrian to Quaternary are preserved throughout Spain. The evaporites are formed
by chemical precipitation of natural brines, either of marine or continental origin. The oldest evaporite ves-
tiges in the Spanish geological record have been described in carbonate materials, as gypsum and anhydrite
pseudomorphs, in Cambrian deposits of the Cantabro-Iberian basin (northern Spain). The first properly iden-
tified evaporite formation in Spain is located in the Triassic deposits that characterize central and northern
Europe. In Spain, evaporites of this age appear well represented in 4384.5 km? of outcrop area in the eastern
part of the Iberian Peninsula. The Lower Jurassic (covering 1068 km? of outcrop area) and the Cretaceous
(covering 706.8 km? of outcrop area) are periods of intense evaporitic sedimentation, and outcrops appear
concentrated towards central and eastern parts of the Peninsula. More recently, in the Cenozoic, numerous
continental and marine basins resulted from the tectonic activity produced by the Alpine Orogeny. Here, a
combination of different factors produced thick and wide evaporite accumulations (outcrop surface is
13592.7 km?). In the Quaternary, evaporitic conditions are common in Spain, including various saline lakes
(covering 1092.1 km? of outcrop area) mainly in the Ebro basin and La Mancha zone. In addition, there are
many artificial marine salinas.

The evaporitic conditions in a basin strongly depend on factors such as climate, tectonics and brine compo-
sition. A study of the spatial distribution and age of the gypsum-bearing units in Spain suggests a wide var-
iation in factors controlling the origin of gypsum deposits. The Spanish evaporite precipitation from Permian
to Jurassic times was controlled by global conditions such as climate. They were formed during a global
warming period. On the other hand, evaporites formed from late Cretaceous to Neogene were more
influenced by regional factors that were related to the tectonic activity produced by the Alpine Orogeny. At
present evaporite precipitation occurs due to the endorheic character of lakes in some parts of Spain.

73
73
73
........... i . P soxw 74
............ . TR i e B e, D
77
77
78
78

* Corresponding author. Tel.: +34913944806; fax: +34 91 544 2535.
E-mail addresses: jiescavy@geo.ucm.es (J.I. Escavy), mjherrer@pdiucm.es (M.J. Herrero), earribas@geo.ucm.es (M.E. Arribas).



4. Discussion

4.1.  Controls on evaporitic deposition in the geological record of Spain

42. Time and space evaporites distribution in Spain .
5. Conclusions .
Acknowledgements .
References .

7%
7%
81

83

............... : it 83

1. Introduction

Gypsum is one of the most common evaporitic mineral in the geo-
logical record and the most frequent in outcrop due to its lower solu-
bility compared with other evaporites such as halite, glauberite, etc.
Even though halite is the main precipitation phase from the sea
water, it is rapidly altered and, therefore, it is poorly or not preserved
in outcrop (Schreiber and El Tabakh, 2000).

Gypsum was the seventh largest natural mineral commodity
mined in the world in 2009 after aggregates, iron ore, lime, salt, baux-
ite and phosphate rocks (Salazar and McNutt, 2011). According to
these authors, world production of gypsum for that year was estimat-
ed at 148 million tonnes. Spain, with a production of 11.5 million
tonnes, was the leading European producer and ranked third in the
world, after China and Iran. Spanish gypsum production was obtained
from 118 quarries and most of the production was exported mainly to
UK, Nigeria, Venezuela and the United States (Escavy et al., 2011). All
gypsum mined in Spain is by opencast methods, therefore, a better
understanding of the character, quality, quantity and location of gyp-
sum outcrops would permit to establish future mining development
strategies.

The main objective of our work is to establish a detailed surface
quantification of the different gypsum-bearing units present in the
geological record of the Iberian Peninsula, where gypsum is one of
the major outcropping industrial minerals. Riba and Macau (1962)
have previously analyzed the Spanish gypsum occurrences and their
geographical distribution. This study has been extensively used and
their results of surface calculations are still cited in various works
(Alberto and Navas, 1986; Gutiérrez et al., 2008; Laya et al., 1993;
Porta et al., 2003; Sanz, 2009). The currently available digital technol-
ogies, such as Geographic Information Systems (GIS), allow integrasing
and analyzing an enormous amount of geographical and geological in-
formation. In addition, public databases offered by different institutions,
provide the basic information such as topography, geology, urban areas,
infrastructures and protected areas to be used by GIS software. In this
study, the analysis and evaluation of the outcrops of evaporite-bearing
geological units have been accomplished using ArcGIS®. The main
raw data was obtained from digital and paper collection of the Spanish
Geological Map, scale 1:50000.

2. Materials and methods

Pursuing the principal objective of this work, we have applied a
methodology that allowed us to integrate, compare and update previ-
ous works (Riba and Macau, 1962). In addition, this study adds new
qualitative and quantitative data on evaporite outcrops and their dis-
tribution in Spain. One of the most used GIS software in mineral re-
sources exploration is ArcGIS@, being a standard for most of this
type of study. We have done this work with ArcMap 10.0 and
ArcCatalog 10.0 modules of the ArcGIS@ software. The raw data
used for this study is based on the Spanish National Geological Map
(MAGNA), scale 1:50000, published by the Spanish Geological Survey
(“Instituto Geoldgico y Minero de Espafia - IGME"). This cartographi-
cal series divides Spain into 1065 geological sheets. A total of 1048
geological sheets have been analyzed for this study, whereas 17
unpublished sheets have not been used. The Canary Islands are not

included in this work because of the lack of geological gypsum-
bearing units at the work scale of this study (1:50000).

About 86% of the geology of Spain has been already incorporated
into GEODE, which is an IGME's working plan that transforms the indi-
vidual geological sheets of the 1:50000 scale MAGNA's geological car-
tography into a consnuous geological map. This freely accessible
information is the main material used for this study (IGME, 2012). The
downloaded material is in vector format, with a GCS_European_1950
geographic coordinate reference, and ED_1950_UTM Zone_29N, Zone
30 N and Zone 31 N projections. The geological data are grouped into
28 regions, called GEODE Zones (Fig. 1), corresponding approximately
to the main geological domains.

In our study, individual sheets of the same GEODE Zone have been
merged together. In each GEODE Zone, the geological units that con-
tain evaporitic materials are selected and extracted as individual
ArcGIS® features. From this analysis, a total of 201 geological units
containing evaporites have been obtained. In order to simplify and ac-
celerate further calculations, all the evaporite polygons for each geo-
logical unit and each GEODE Zone have been merged to get one single
feature.

The evaporitic units present in the original printed format have been
analyzed in places where GEODE is not complete, which is about 14% of
Spain’s surface. For all missing sheets where evaporites are present,
they have been digitized with ArcGIS® software. The base geological
maps for digitizing the features have been downloaded from the IGME'’s
site in a georeferenced raster format.

3. Results

A database has been created integrating the data obtained by
merging the evaporite-bearing units from different time periods of
the geological record in the Iberian Peninsula. From the GIS data pro-
cessing, the total area of Spain occupied by gypsiferous materials is
4.2%. This result has been obtained by the areal measurement of all
the gypsum-bearing outcrops, and is significantly different to the
7.2% obtained previously by Riba and Macau (1962). This is mainly
due to the fact that more detailed mapping information is currently
available, with additional information produced in the last 50 years
by many authors, using more accurate constrain in ages and charac-
terization of the different gypsum-bearing geological units.

To accurately evaluate the gypsum resources it would be necessary
to take into account the vertical thicknesses of the deposits. From a
mining perspective, Regueiro and Calvo (1997) estimated the possible
resources of gypsum in Spain as 60000 million tonnes (based on the
IGME's National Plan of Gypsum Explorason, 1968-1989). These re-
sources are vast compared with the average Spanish production of 11
million tonnes per year during the time period 2000-2011.

Due to diagenetic and post-depositional transformations, gypsum
is the principal evaporite mineral outcropping in all geologic time in-
tervals, with few anhydrite and halite occurrences such as those of
Cardona Salt Mountain (Paleogene, Ebro basin), and De la Rosa and
Pinoso diapirs (Triassic, Prebetic Zone). The total outcrop area of
evaporite units in Spain is 21077.1 km? (Table 1). This surface repre-
sents 4.2% of the total area of the country, and it is concentrated in the
central and eastern parts of the territory (Fig. 2). About 1% of the
gypsiferous area corresponds to Permo-Triassic materials, 29.3% to



Fig. 1. Distribution of the GEODE Zones in Spain (IGME, 2012). Labels appear only on the Zones containing evaporites-bearing units.

Mesozoic units, mainly Upper Triassic deposits, and 69.7% to Cenozoic
materials, most of them of Neogene age (Table 1).

First evidence of evaporite sedimentation in the geological history
of Spain appears in lower Cambrian rocks, where evaporitic condi-
tions were highlighted by Alvaro et al. (2000) in the Jalén, Ribota
and Huérmeda Formations of the Cantabro-Iberian basin. In these se-
quences, evaporitic conditions are interpreted based on the appear-
ance of evaporitic mineral pseudomorphs that have been replaced
by quartz and dolomite.

Table 1
Outcrop area of the gypsum-bearing units in km? classified by age.
Outcrop area (km?) %
Permo-Triassic 213.1 10
Mesozoic
Middle Triassic 197.2
Upper Triassic 4197.3
Jurassic 1068.0
Cretaceous 706.9
Total Mesozoic 6169.3 29.3
Cenozoic
Paleogene 2208.1
Neogene 11384.6
Quaternary 1092.1
Total Cenozoic 14684.9 69.7
Age not stated 9.8 0.0
Total 21077.1 100.0

3.1. Permo-Triassic evaporites

In the early Permian of the Sierra de Aragoncillo (Iberian Range}, a
dolomicrite with pseudomorphs of gypsum, anhydrite and halite ap-
pear in the upper part of the Autunian sequence (Marfil et al., 1984)
reflecting evaporitic conditions at that time. Nevertheless, no evapo-
rite deposits are found.

In the Internal Betic Zone there are gypsum-bearing Permo-Triassic
rock types, occupying 213.1 km? in the provinces of Almeria, Murcia
and Malaga (Fig. 2, Table 1). These rock types have been described as ir-
regular and tectonized gypsum masses with a chaotic structure (Aldaya
et al., 1979; Egeler et al., 1974; Espinosa et al., 1974a; Espinosa et al.,
1974b). Calcium sulfate appears well crystallized and occurs both as
gypsum and anhydrite. No other evaporitic minerals have been de-
scribed in these units. The gypsum occurs associated with shale and
subvolcanic bodies in the Conglomeratic Marble Unit, on top of the
Nevadofilabride nappe Complex. The age of this sequence is controver-
sial, due to the fact that recent studies date the intercalated subvolcanic
bodies as Paleocene-Eocene in age (Puga et al., 1996). Thickness is very
variable and can attain several tens of meters. lateral extension from
western Sierra Nevada to Cartagena exceeds 250 km.

3.2. Mesozoic evaporite-bearing units

Mesozoic gypsum outcrops cover a total surface of 6169.3 km?,
representing 29.3% of the total Spanish gypsiferous territory. About
71.2% is Triassic in age, mostly Upper Triassic (Keuper facies), 17.3%
is Jurassic in age and 11.5% are Cretaceous rocks (Table 1).
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Fig. 2. location of gypsum-bearing units outcrops in Spain classified by age.

3.2.1. Triassic

Triassic evaporites are the most abundant in the Spanish subsur-
face and rank second in terms of outcrop surface, after Neogene evap-
orites (Table 1). They have played a key role in the tectonic evolution
during Alpine Orogeny, outcropping in all the Mesozoic mountain
belts. All Triassic evaporites are marine in origin, according to the bro-
mine content of the halite and the anhydrite isotopic composition
(8180, 839S) (Orti et al., 1996).

3.2.1.1. Lower Triassic (Buntsandstein facies). The first relevant report
of Mesozoic evaporites occurrence in Spain is the uppermost part of
the Buntsandstein facies of the Catalonian Coastal Range (Virgili,
1958). Calcium sulfate occurs both as gypsum and anhydrite in centi-
meter thick units interbedded with red marls and scarce thin lime-
stone layers (Bartrina and Hernandez, 1990; Orti et al., 1996). In the
Aragonese branch of the Iberian Range, Arribas (1986a} described
the Trasobares Clays and Marls Unit, at the top of the Buntsandstein,
as centimeter thick layers of secondary gypsum interbedded with
clays. Sandstone bodies are heavily cemented by gypsum. They have
been primarily deposited in ponds of an intertidal and supratidal
coastal zone with arid climate conditions. Due to the abundance of
interbedded waste materials, this unit lacks any economic interest.

3.2.1.2. Middle Triassic (Muschelkalk facies). In the geology of Spain, the
complete Middle Triassic sequence is composed of two carbonate units
of Anisian-Ladinian ages (M1 and M3) separated by a mudstone-
evaporite bed (Detrital-Evaporitic Intercalation named M2) and repre-
sents two transgressive-regressive cycles. These sequences appear

complete in the eastern part of the country but the lower units disap-
pear progressively westwards (Lopez-Gomez et al., 2002).
Muschelkallk evaporite facies appear in various GEODE Zones dis-
wibuted in Cantabrian, Iberian Range, Prebetic, Intenal Betic, Valencia
Subsiding basin and Catalonia (Figs. 1 and 3). These materials occur in
the Detrital-Evaporitic Intercalation of the Germanic Trias, defined by
Garrido-Megias and Villena (1977), and is the equivalent level to the In-
termediate Red Layer (M2} of the Catalonian Coastal Ranges (Virgili,
1955} and the Dolostones and Upper Marls Unit of the Aragonese
branch of the Iberian Range (Arribas, 1986a). The mineralogy of Middle
Triassic evaporites is dominated by gypsum and anhydrite. These
sulfate-rich rocks have undergone lateral facies changes into halite-
rich sediments formed in zones of higher subsidence rates. Halite in
Middle Triassic reaches its maximum thickness in the Maestrat basin,
where sodium chloride attains thiclaesses of several hundred meters.
The total surface area of these outcrops is around 197.2 km? (Table 1).
3.2.1.2.1. Cantabrian Zone. In this GEODE Zone the occurrence of
evaporite deposits of Middle Triassic is included in the Fuentes Forma-
won (Gervilla et al., 1973), although more recently, palynological analy-
ses dated this materials as Upper Triassic (Martnez-Garcia et al., 1998).
These authors describe this unit as a succession of 200 m of red to
greenish marls and silts interbedded with thin layers of sandstone. It
is overlain by a 60 m thick unit of black and red marls, dolomites and
gypsum. Rocks found in this area by Garcia-Mondejar et al (1986)
were limited to those with mouldic porosity and breccias formed by
evaporites dissolution in the Muschelkalk facies. Robles and Pujalte
(2004) defined the Muschelkalk facies of the Cantabrian Chain as
composed of two carbonate units, a lower partially dolomitized and a
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Fig 3. Location of Mesozoic evaporite-bearing units outcrops.

completely dolomitized upper one. Towards the eastern GEODE Zones,
the two carbonate units appear separated by the M2 (Garrido-Megias
and Villena, 1977). Although GEODE evaporitic units are described
for this age in the Cantabrian Zone, there is no clear evidence of their
existence and these materials are not taken into account for further
calculations.

3.2.1.2.2. Iberian Range Zone. This zone is divided into the northern
or Aragonese branch, and the Meridional or Castilian branch, separat-
ed by the Cenozoic Calatayud and Teruel basins. In the Castilian
branch, the three Middle Triassic members (M1, M2 and M3) appear
complete in well-logs descriptions (Lopez-Gdmez et al., 2002 ) but the
Detrital-Evaporitic Intercalation (M2) outcrops are not representative
because these materials have acted as detachment levels and, in
addition, evaporites have been dissolved at the surface. In outcrop,
pseudomorphs of halite up to 3 cm width are found. These salts crys-
tallized in the sediments of an inter-supratidal coastal zone (Ramos,
1979). In the Aragonese branch there is abundant mouldic porosity
(Fig. 4A) and scattered carbonate and siliceous pseudomorphs after
evaporitic minerals in the M2, some with anhydrite inclusions. This
sequence is named the Dolostones and Upper Marls Unit (Arribas,
1986a), and the evaporites precipitated in supratidal sediments
with indications of long periods of subaerial exposure.

3.2.1.2.3. Catalonian Zone. The Catalonian Coastal Range is the area
where the Muschelkalk’s Detrital-Evaporitic Intercalasion (M2) out-
crops have the wider lateral continuity (Virgili, 1958). These deposits
range in thickness from 45 to 105 m and are composed of red clays
and marls with gypsum, anhydrite, halite and minor carbonate layers.
Gypsum and anhydrite are the most significant evaporitic components
found in these lithologic units (Morad et al., 1995; Salvany, 1990).

3.2.1.2.4. Betic Zones. It is subdivided into the Internal and External
Zones. The External Zone is included in the Guadalquivir Basin GEODE
Zone and there are a few outcrops containing red and grey mudstones
with thin layers of gypsum, assigned either to the upper part of the
Buntsandstein or to the M2 (Lopez-Gémez et al., 2002). Middle Trias-
sic sequences of the Internal Zones are mainly carbonate with some
non evaporitic units.

3.2.1.3. Upper Triassic (Keuper facies). The total Keuper facies surface
in Spain is approximately 4197.3 km? (Table 1). In the Iberian
Range and the Prebetic GEODE Zones, the Keuper deposits represent
almost 70% of the total Iberian Keuper outcrops. The remaining 30%
is broadly distributed throughout the Spanish territory (Catalonia,
Pyrenees-Vascocantabrian Range, Internal Betic Zones, Valencia,
Guadalquivir, and Tajo-Mancha Basins and the Balearic Islands) (Fig. 3).

3.2.1.3.1. Iberian Range Zone. In the Castilian branch this unit has
been described as a succession of mudstones, marls and gypsum
(Fig. 4B}, with highly variable thickness due to changes produced by
deformations related to the Alpine tectonic phase (Ldpez-Gémez et
al., 2002). Authigenic quartz and aragonites (Fig. 4C) with anhydrite
relicts are very common in these facies (Marfil, 1970). Evaporites
occur as macrocrystalline gypsum crystals scattered or forming at
various levels in the Los Gavilanes Clays and Gypsum Unit (Sopeifia,
1979). In the Aragonese branch, Keuper deposits are widespread,
with very poor quality outcrops. Del Olmo et al. (1983) described
this unit as red, green and gray clays with nodules of secondary gyp-
sum. According to those authors, these deposits were formed in a
coastal flat, where successive sea transgression-regression cycles led
to precipitation of evaporites in ephemeral lakes.



Fig. 4. Mesozoic evaporite examples from sedimentary sequences located in the Iberian Range GEODE Zone: (A) Mouldic porosity (anhydrite and gypsum pseudomorphs) in
dolomicrites. Aragonese Branch of the Iberian Range, Middle Triassic (Muschelkalk). Scale bar in millimeters; (B) Red clays interbedded with gypsum layers, Castilian Branch of
the Iberian Range, Upper Triassic (Keuper); (C) Gypsumwith aragonite crystals, typical authigenic mineral ofKeuper facies; (D) Marls, lignite and gypsum crystals in the Cretaceous

of Montalrubio-Utrillas area (Aptian-Albian).

3.2.1.3.2. Prebetic Zone. Keuper deposits of this zone have been de-
scribed as clays, marls and sandstones with fossiliferous limestones
and evaporites that belong to the Hornos-Siles Formation (Ldpez-
Garrido et al., 1975). Later, Gil et al. (1987} subdivided this Formation
into a lower unit that belongs to Muschelkalk facies (Middle Triassic),
which is mainly detrital with few evaporites, and an upper carbonate
and detrital-evaporitic unit that correlates with the Keuper units
(K1-K5) described by Orti (1974) in eastern Spain. This subdivision
does not appear in the GEODE data and, therefore, we have been
obliged to include this Formation into the Keuper deposits because
most of the evaporitic materials appear in the upper part of the se-
quence (Keuper facies).

3.2.1.3.3. Catalonian Zone. The Keuper facies range from 50 to
150 m of gypsum, clays and carbonates, and is composed of three for-
mations: from bottom to top, Miravet Gypsum Formation, El Molar
Clays and Gypsum Formation and the Gallicant Clays and Carbonates
Formation (Salvany and Orti, 1987). The two lowermost formations
are rich in gypsum layers interbedded with gray and red clays.

3.2.1.3.4. Balearic Islands Zone. The Keuper facies crops out in the
three main islands, Mallorca, Menorca and Ibiza. The thicker deposits
(almost 300 m) are located in northern Mallorca. These deposits are
made of multicolored clays with interbedded volcanic materials
capped by a thick evaporite bed of several meters (Rodriguez-Perea
et al., 1987).

3.2.2. Jurassic

Jurassic outcrops of Ca-sulfates (Fig. 3) occur in the Cantabrian
Range, Iberian Range, Prebetic and Ebro Basin GEODE Zones (Fig. 1).
Most of them correspond to the “Anhydrite Member” of the Lower
Jurassic (Hettangian age) (Orti, 1987).

3.2.2.1. Cantabrian Zone. Hettangian outcrops are represented by the
Gijén Formation, composed of evaporites and dolomites, reaching a
thickness of 150 m (Julivert et al., 1973). In the Basque-Cantabrian
basin subsoil, Hettangian evaporitic deposits are represented by the

Puerto Palombrera Formation, with more than 250 m of dolostones
and limestones interbedded with anhydrite beds. The evaporite
beds have been washed out of the surface and only carbonates are ex-
posed (Aurell et al., 2002).

3.2.2.2. Iberian Range Zone. Evaporites have been found in the western
part of this area (Aurell et al., 2002). Towards the east, an Hettangian
evaporite sequence (up to 150 m thick) interbedded with dolomites
(Lézera Formation) is exposed (Gémez and Goy, 1998). Gypsum con-
tent is higher in the upper part of this Formation, and presents two
main facies, one massive and another laminated, that appear to be
interbedded with dolostones. Thickness has been calculated from
geophysical analysis and drillholes, and it reaches up to 700 m in
the south-eastern part of the Iberian Range Zone (G6mez and Goy,
1998). These rocks pass laterally and vertically to the Cortes de
Tajufia Formation, composed of brecciated carbonates.

3.2.2.3. Prebetic Zone. evaporites in this zone are Liassic in age and
occur in a 40 to 60 m thick unit, where gypsum is interbedded with
clays, marls and limestone layers (Alvaro-Lépez et al., 1977). In Ox-
fordian-Kimmeridgian facies scarce evaporites appear associated
with marls and sandy limestones (Lorente Formation) in the Tobarra
area, Albacete (Elizaga et al., 1984).

3.2.3. Cretaceous

According to GEODE data, gypsiferous rocks of Cretaceous age out-
crop in the Iberian Range, north-east of the Tajo-Mancha basin and
Catalonia Zones (Fig. 3).

3.2.3.1. Iberian Range Zone. Cretaceous deposition of evaporites begins
in the upper part of the Berriasian (Valdeprado Formation), towards
the eastern part of the Cameros sub-basin, where an evaporitic
playa-lake system developed (Martin-Chivelet et al., 2002). Later on,
during the Aptian-Albian, appears to have formed black clays, lignites
and gypsum crystals (Fig. 4D} in Montalrubio-Utrillas area (Martin et



al., 1979). These gypsum crystals have formed due to oxidative
weathering of preexisting pyrite (Rodriguez-Lopez et al., 2012) but
the quantities formed have not been sufficient to be of economic
interest.

3.2.3.2. Tajo-Mancha Basin Zone. this is a thick evaporite unit overlying
the last carbonate marine platforms and underlying the Paleogene
Unit (Arribas, 1986b) in the north-east of the Tajo basin. Here, the se-
quence is composed of white, black and reddish massive to fibrous
gypsum interbedded with marls and clays (Adell et al.,, 1981). The
lack of fossil remains in this unit makes it difficult to carry out precise
age dating, but it may be considered late Cretaceous-early Paleogene
in age. In the Cogolludo area, late Cretaceous-early Paleogene rocks
attain thicknesses ranging between 800 and 1200 m (Portero et al.,
1990). Gypsum beds are up to 90 m thick, with laminar, nodular
and massive facies that represent a playa-lake environment. Such a
playa-lake environment persisted in this area until Paleogene times.
This gypsum is being extracted from a number of quarries mainly
for plaster manufacture. In the La Mancha area, mouldic porosity of
evaporites is found in dolomicrites of the Cenomanian, formed origi-
nally in an intertidal marine setting (Fernandez-Calvo, 1981). This
author also described mixed evaporitic-carbonate sedimentation in
the Senonian, characterized by pseoudmorphs of evaporitic minerals.
Associated intense brecciation is also found, interpreted as the result
of the dissolution of evaporite layers.

3.2.3.3. Catalonian Zone. evaporites in this zone, mainly gypsum, are
Albian in age. They appear related to sand, red clays and lignites.
The main outcrop is located in Tarragona province, where scarce red
gypsum and lignite layers are interbedded within yellow-brown
marls and clays (Benzaquen et al.,, 1973).

3.2.3.4. Prebetic Zone. evaporites are limited to the Rambla de los
Gavilanes and Cerrillares Formations, where sedimentation occurred
in Campanian and Maastrichtian coastal lakes and tidal flats (Vera
et al,, 2002). However, there is no mention of evaporite deposits in
the literature reviewed for these two units (Arias et al, 1981;
Garcia-Velez and Soubrier, 1981; Garcia-Vélez et al,, 1981; Martin-
Chivelet, 1994). Therefore, these lithologic units are not taken into ac-
count for calculations.

3.3. Cenozoic gypsum-bearing units

3.3.1. Paleogene and Neogene

Sediments have been accumulated in several Paleogene and
Neogene basins during and after the Alpine Orogeny in Spain. Most
of these basins have undergone periods of intense evaporation during
these Epochs, with the exception of the Guadalquivir basin, which
was connected to the Atlantic Ocean during most of this period

(Fig. 5).

3.3.1.1. Iberian Range Zone. sedimentation of evaporites during the
Cenozoic in the GEODE Zone corresponds mainly to the Calatayud
and Teruel basins (Fig. 5). These basins separate the Aragonian and
Castilian branches of the Iberian Range. Both of them were formed
by extensional tectonics during Miocene, and were filled with up to
1500 m of detrital alluvial fan deposits that change distally into
palustrine and lacustrine deposits (Anadén et al, 1997; Orti and
Rosell, 2000). Evaporites occupy the central areas of these systems.

3.3.1.2. Tajo-Mancha Basin Zone. Paleogene and Neogene evaporitic
units of this Zone outcrop extensively (more than 4700 km?). This
basin is divided in two sub-basins: the Madrid sub-basin to the
west and the Loranca sub-basin to the east separated by the Altomira
Range. Madrid sub-basin evaporites appear both in the Paleogene
(Fig. 6A) and the Neogene sequences, but most predominant in the

lacustrine deposits of the Miocene’s Lower and Intermediate Units
(Fig. 5), where thick deposits of sulfates (mainly gypsum, glauberite
and thenardite) and halite precipitated (Calvo et al,, 1996). Despite
the wide variety of evaporite minerals formed during this time inter-
val, only gypsum is exposed. In the Loranca sub-basin, evaporitic
sedimentation occurs from late Oligocene to Miocene ages (Arribas
and Diaz-Molina, 1996; Diaz-Molina, 1974).

3.3.1.3. Ebro Basin Zone. this is one of the most prolific Cenozoic basins
containing evaporites of Spain. There are nearly 4700 km? of outcrop-
ping Paleogene and Neogene gypsum-bearing units (Table 2). Most of
them are continental in origin, except for two sequences, Beuda Gyp-
sum Formation (Fig. 6B} and the South-Pyrenees potash basin that
represent two transgressive events of Lutetian and Priabonian ages
with important economic resources. Continental evaporites were
formed from the Eocene (Barbastro, Puente la Reina and Copons gyp-
sum} to the upper Miocene (Cerezo gypsum, Fig. 6C) with evaporitic
sedimentation taking place during all Cenozoic Epochs (Orti, 1990).

3.3.1.4. Duero-Almazdn BasinZone. in the Almazan sub-basin gypsiferous
materials beds are exposed in the Bordalba-Deza area, at the top of a
Paleocene sequence of marly limestones and clays (Lendinez et al.,
1991b). A Middle Miocene deposit composed of sand, clay and marls
with interbedded carbonates and gypsum layers appears towards the
south (Lendinez et al., 1991a). Another Paleogene evaporitic unit is
the Santibafiez del Val Formation, but in sedimentological studies of
the area no evaporites have been described (Alonso et al, 1991;
Quintero et al., 1982; Sudrez-Rodriguez et al., 2008). Therefore, the
Santibafiez del Val Formation is not taken into account for further calcu-
lasions. In the Duero sub-basin, evaporites are located in Miocene de-
posits (Ramblian to Vallesian}, where these are found in several units
interpreted as lacustrine-palustrine systems that formed the central
areas of an endorheic basin (Armenteros et al., 2002). Most of the evap-
oritic materials appear as gypsum facies in the northern, eastern and
central parts of the Duero Basin (Villatoro and Cuestas Units), where
selenite gypsum crystals are common (Fig. 6D).

3.3.1.5. Internal Betic Zone. several Neogene basins occur in this area
(outer basins) and in the contact area between the Internal and the
External Betic Zones (inner basins). Both areas have similar environ-
mental evolution up to late Tortonian times (Braga et al., 2002). From
this moment, the inner basins became isolated from the Mediterra-
nean area by uplifted blocks and aridity became dominant. These cli-
mate conditions resulted in the genesis of hundreds of meters-thick
evaporite sequences containing mainly gypsum. Sedimentation of
evaporites in the inner basins occurred from late Tortonian to early
Messinian times. Meanwhile, the outer basins remained connected
to the sea, except for short periods of time, mainly during the late
Messinian, when the basins were isolated from the sea (i.e. Cafios For-
mation in the Sorbas basin). Evaporites contain primary gypsum,
which appears as characteristic selenite crystals (Fig. 6E and F). In
some cases halite has been described from areas such as Lorca basin
(Playa et al., 2000). The Sorbas basin is the main source area for gyp-
sum that is exported from Spain (nearly 3 million tonnes in 2009).
The enormous reserves of very high quality Sorbas gypsum, together
with the proximity to port facilities, make this area an important in-
ternational trading centre for this commodity.

3.3.2. Quaternary

There are about 1092.1 km? of Quaternary sulfate rich sediments
outcropping all over Spanish territory (Fig. 5). They formed from
lower Pleistocene to Holocene. In continental environments, there
are currently active endorheic evaporitic areas like those of the
Tajo-Mancha Basin Zone (De la Pefia and Marfil, 1986; Orddiiez et
al.,, 1994; Pueyo and de la Pefia, 1981; Schreiber et al, 2001)
(Fig. 7A, B and C), Duero-Almazin Basin Zone (Santisteban et al.,
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Fig. 5. location of Cenozoic gypsum-bearing units outcrops in Spain.

2003), Iberian Range Zone (Pérez et al., 2002) and Ebro Basin Zone
(De la Pefia and Marfil, 1986; Mees et al,, 2011; Mingarro et al,
1981; Pueyo, 1978/79; Pueyo and de la Pefia, 1981). In these areas,
playa-lakes are common with complex mineralogical associations
(gypsum, epsomite, thenardite, glauberite, halite and bittern salts).

Coastal and inland salt exploitations have not been taken into ac-
count for this study even though they play an important economic
and scientific role. From the total 22 million tonnes of salt produced
in Spain in 2010, 19.6 million tons were exploited from coastal salinas
(Fig. 7D), and 92000 tonnes from inland Salinas. The remaining 2.4
million tonnes were obtained from Barcelona and Navarra salt
mines (DGPEM, 2010). In addition to their economic interest, salinas
are a field laboratory to study evaporite crystallization sequences,
brine chemistry evolution and early diagenetic processes in saline en-
vironments (Pueyo, 1981).

4. Discussion

The position of the Spanish major gypsum outcrops on geological
maps enables to classify them by age and to establish their other im-
portant characteristics. Comparing these results with the main gyp-
sum deposits in the world allows understanding the main factors
that have controlled their origin.

4.1. Controls on evaporitic deposition in the geological record of Spain

The precipitation of salts as evaporites in restricted basins occurs
under extreme climatic conditions, where the water loss exceeds

inflow in a brine. The evaporation increases salt concentration due
to progressive reaching of the saturation levels of the dissolved spe-
cies (Warren, 2006). According to Warren (2006), the existence and
characteristics of the evaporitic deposits are controlled primarily by
three factors, tectonics, climate and chemistry of the brine, and their
interactions (Fig. 8).

The chemistry of the brine, the degree of concenwration (controlled
by climate and tectonics} and the method of concentration (evapora-
won or freezing) conwrol the primary mineralogy of the saline deposits
(Rouchy and Blanc-Valleron, 2009). The chemistcy of the brine is a
key factor for continental and mixed marine-continental settings
(Warren, 2006). In pure marine environments, the degree of concentra-
won of the brine is the main factor for the initial mineralogy of the de-
posit. Hydrothermal and volcanic activity can provide brines and ions
that would impact in the mineralogy of the deposit. Nevertheless, the
final mineralogy depends on the initial mineralogy as well as the diage-
netic history of the rock (Schreiber and El Tabakh, 2000).

The volume of the evaporite deposits is controlled both by tectonic
activity, which produces the space to be filled, and climate, which
feeds the system with extra brines. Tectonic activity can also produce
low humidity areas due to wiggering of topographical barriers (rain
shadows beyond mountain belts} or by increasing distance to the sea
(continental climate in the interior of merged supercontinents). Climate
controls the water input to the system, primarily by the rainfall, which
is progressively enriched in ions from pre-existing minerals. Materials
arrangement and cyclical nature of the deposits can be due to climatic
cycles (diurnal, seasonal, icehouse-greenhouse, etc.) that modify tem-
perature, air humidity, precipitation, wind intensity and direction, etc.



Fig. 6. Paleogene and Neogene evaporites outcrops: (A) White nodules in alabastrine grey gypsum (Paleogene), Tajo-Mancha Basin GEODE Zone; (B) Nodular and chicken-wire
gypsum, Beuda Gypsum Formation (Paleogene), Ebro Basin GEODE Zone; (C) Laminar gypsum facies (Neogene), Ebro Basin GEODE Zone; (D) Selenite gypsum crystals in marls
(Neogene), Duero Basin GEODE Zone; (E) Selenite gypsum crystals, Cafios Formation (Neogene, Messinian), Sorbas basin (Internal Betic GEODE Zone); (F) Selenite gypsum crystals

(Neogene, Messinian), San Miguel de Salinas (Internal Betic GEODE Zone).

Tectonic pulses can produce cyclic features in the deposits by successive
modification of the basin geometry and the change in the materials ar-
riving at the basin center (ie. terrigenous materials). Plate motion im-
pacts directly in the local climate through variason of the latitude.
There are many studies dealing with the relationship between the
main evaporite depositional periods of the Earth history and the fac-
tors and their implications involved in evaporite deposition (Fig. 9).

Table 2

Fischer (1982) pointed out that generation of evaporites follows
an oscillation pattern in the geological record that is in phase with pa-
rameters such as magmatic activity. This author established 300 My
long cycles based on parameters such as sea level oscillations, varia-
tion in the magmatic activity and its control in climate, atmospheric
CO, levels and generation of topographic barriers. He proposed that
the Earth conditions vary between greenhouse states with high

Area (Mm?) of gypsum-bearing units outcrops classified by GEODE Zone and Period. Permo-Triassic, Middle Triassic, Cretaceous and Quaternary are grouped in the column named

Rest of Periods.

Geode Zones/Period Upper Triassic Jurassic Paleogene Neogene Rest of Periods Total

Cantabrian 152.2 18.0 170.2
Pyrenees-Vascocantabrian Ranges 380.8 380.8
Iberian Range 14415 1.5 291.7 1386.4 668.1 3789.2
Prebetic 1466.0 1046.7 35.6 386 5.3 25922
Internal Betic 215.5 64.7 2412 521.4
Balearic Islands 70.0 128.5 199.5
Duero-Almazan Basin 4038 1991.7 0.1 20326
Tajo-Mancha Basin 39 4013 42836 1052.6 57413
Guadalequivir Basin + Subbetic 995 2491 122.8 471.4
Ebro Basin 1.8 143838 3235.0 9.3 4685.3
Valencia Subsiding Basin 114.9 6.1 39 124.8
Catalonia (only Mesozoic) 253.0 115.4 3684
Total 4197.3 1068.0 2208.1 11,384.6 2219.1 21,0771




Fig. 7. Recent evaporite deposits: (A) Playa-lake of Tirez, Tajo-ManchaBasin GEODE Zone; (B) Detail of the annual crust formed in the Tirez playa-lake: from base to top (marked by
arrow) the mineralogy varies from gypsum, to epsomite, thenardite and halite; (C) Growth of gypsum by displacement within pre-existing sediment in the edges of a playa-lake
developed over a Triassic substrate (Tajo-Mancha Basin GEODE Zone); (D) Selenite crystals growing in the abandoned coastal salina of Alicante (Internal Betic GEODE Zone).

sea-level, equable climates and high level of atmospheric CO, levels,
and icehouse states of low sea level, large poles-equator climatic gra-
dients, and low CO, levels (Fig. 9). Other factors are the change in the
rate of plate motion (Stanley and Hardie, 1998), position of the conti-
nents in relation to the Horse Latitudes (Warren, 2010}, and climate
(Veizer et al., 2000) (Fig. 9).

Hardie (1996) showed that the greenhouse phases of Fischer
(1982) were correlated with periods of KCl rich marine evaporites
(high-rates of sea-floor spreading periods}, and the MgSO4 rich evap-
orites correlated with glacial periods (low-rates of sea-floor spread-
ing periods) (Fig. 9).

Fig. 8. Factors that control the deposition and characteristics of evaporites deposits.
The main factors that control the characteristics of the deposit (mineralogy, volume
and materials arrangement) are climate, tectonics and the chemistry of the brine.
The interrelation between those different factors controls the existence and the char-
acteristics of the evaporite deposits.

Veizer et al. (2000), estimated climate temperatures from 820
values and established orbital cycles of 135 My (Fig. 9). These cycles
are marked by the flux of cosmic rays that permit the formation of
low-level clouds, and higher albedo resulting in a cooler climate.
Royer et al. (2004) related these same cycles to CO, variations in
the atmosphere, with the 135 My oscillation remaining.

Shaviv and Veizer (2003) defined periods of warm and cold cli-
mate (Fig. 9) based on the comparison of the climate temperature
variations (Veizer et al., 2000) and the temperature fluctuation esti-
mated from cosmic ray flux (Royer et al., 2004 ).

4.2. Time and space evaporites distribution in Spain

The analysis of the spatial and temporal distribution of the Spanish
evaporites deposits permits us to develop paleogeographical and
palecenvironmental conclusions. The extent of gypsum outcrops
and their geographical distribution, together with the subsurface
studies of evaporites, show the position of the main sedimentary
depocenters and their migration with time, generally related to tec-
tonic patterns. At present, evaporites are precipitating in some re-
stricted portions of the main Spanish basins such as Ebro, Duero and
Tajo-Mancha. Evaporite deposits of previous ages appear in other
geographical locations, and have different origins and compositions.
Spanish marine evaporite deposits range in age from Permian to
Neogene, and indicate particular past plate-tectonic, eustatic and
hydrogeochemical associations. The main marine formations occur
in the Upper Triassic - Lower Jurassic successions in central Spain,
the Jurassic and Cretaceous rocks of the Iberian Ranges, the Eocene
foreland basin of the Pyrenees, and the Neogene evaporites of the
Mediterranean coast. From the Paleogene, the evaporite deposits in
Spain are dominantly, although not exclusively, of continental origin.

The first evaporites described in the Spanish geological record
occur as pseudomorphs of anhydrite, gypsum and halite in the
lower Cambrian of the Cantabrian Range (Alvaro et al., 2000; Marfil
et al, 1984). Upper Permian to Triassic evaporites are exposed in
the Internal Betic Zone located in the South-East of Spain, but as
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Fig. 9. (A) Long oscillation cycles observed in the sedimentary record and their pro-
posed interpretations (greenhouse after Fischer (1982); tectonics after Warren
(2010); warm-cold cycles and temperature curves of the sea surface after Shaviv and
Veizer (2003) and Veizer et al. (2000); (B) Surface of Spanish gypsum outcrops for dif-
ferent ages (USGS, 2009) with the vertical scale in km? of outcrop. In grey are marked
the global moments of massive evaporite sedimentation (Warren, 2010). Rhombohe-
dra mark the occurrence in Spain of evaporitic mouldic porosity or pseudomorphs
after evaporite minerals.

stated earlier, their age is controversial. They appear to be overlying
rocks affected by the Hercynian Orogeny (Fig. 9). Permian deposits
are found in a wide variety of basins in northern and central Europe
(i.e. the Zechstein basin) and represent deserts formed in the interior
of the Hercynian foreland basin, related to the final accretion of the
Pangea supercontinent. The Zechstein late Pemmian salts were depos-
ited when the sea was subjected to subsea-level depressions
(Warren, 2010). The Permian salt deposits were formed when the
sea surface reached the highest recorded temperature of the Earth
(Veizer et al., 2000).

Triassic evaporite deposits are widely exposed in many areas of the
north (Cantabria and Basque provinces), east (Pyrenees and Iberian
Ranges), and south (Betic Cordilleras). The Triassic evaporite sedimen-
tation is related to the inital opening of the Atlantic Ocean (Fig. 9)
and the evaporite salts were formed at the interior of the Pangea super-
continent, close to an arid Horse Latitude (Warren, 2010). They were
fortned all through the Triassic, showing a volume increase towards
the top of the period. This sime span has been characterized as a
warn cycle (Fischer, 1982}, where the temperature of the water surface
was decreasing with time. The precipitation of evaporites took place
during the lower sea level parts of various transgressive-regressive
cydles.

Due to their plastic character, the Triassic facies have acted as
decollement surfaces mainly during the tectonic movements associ-
ated with the Alpine Orogeny. This is observed in the outcrop distri-
bution that limits the main Alpine tectonic features.

Jurassic evaporites appear as small outcrops in the Cantabrian and
Iberian Range Zones. The biggest concentration of evaporites occurs in

the Prebetic Range (south-east Spain). The sea surface temperatures
were relatively low during the Jurassic period. There was an increase
in the temperature trend during the Cretaceous, with several minor
cycles. The Cretaceous evaporites in Spain appear in the Duero basin
margins, Iberian Range and towards Eastern Spain. During the Aptian
period, rifing ofthe south-Atlantic produced the compartmentalization
of different grabens and sub-grabens that were filled by detrital
sediments derived from the rift borders. Towards the Barremian, the
tectonic activity was drastically reduced, and lacustrine environmens
dominated the sedimentation of these basins. The Jurassic and Creta-
ceous periods record declining salinity conditions, assodated with salt
extractions during the opening of North-Atlantic (Middle to Upper
Jurassic) and South-Atlansic (Lower Cretaceous) (Fig. 9). During the
post-rift depositional phases (Warren, 2010) sedimentation was charac-
terized by frequent sea level variations (Hallam, 1977; Vail et al,, 1977},
with deposition of evaporites that alternate with marine shelf and plat-
form carbonates.

Cenozoic salt deposits are located in saline units of the Ebro, Duero
and Tajo basins. There are also some saline formations in ineramontane
and marginal basins of the Betic Cordillera in southern Spain.

Paleogene deposits are abundant in the north-eastern part of Spain.
Most of the outcropping gypsum is of continental origin (Iberian Range
and west of the Ebro basin). However, those located at the eastern part
of the Ebro basin appear to be related to the last two marine incursions
(Priabonian and Lutetian ages) of the Atlantic.

In the Neogene, the evaporite deposits crop out in the central parts
of the endorheic Duero, Ebro and Tajo basins, with variable lateral ex-
tent and vertical thicknesses. Small Neogene intramontane basins
(Iberian and Catalonian Coastal Ranges and Betic Cordillera) formed
by the subdivision of the Tethys into many smaller size basins.
These continental evaporites were originated from brines formed by
the dissolution of previous evaporite deposits, mostly Triassic and
sometimes Permian. The evaporite deposits formed the central part
of continental lacustrine deposits.

There are also various marine gypsum deposits of Neogene age in
southern Spain. These are located at the margins of the latest saline
giant deposits that filled several Messinian basins of the Mediterra-
nean region. The Messinian basins system was created during the col-
lision of Eurasia with North Africa, just after the onset of the ice cap of
Antarctica. The salts precipitation was due to evaporation of great
volumes of seawater that seeped into the hydrographically restricted
sub-sea level depressions of the Mediterranean basin.

Quaternary deposits appear in the Tajo, Duero and Ebro basins and
in coastal and inland salinas. The continental evaporites form in
endorheic lacuswrine settings that are feed by waters that leach
older evaporite deposits (Warren, 2006). In Spain, most of the inland
salinas have concentrated brines due to chemicals sourced from
Triassic terrains.

The diverse sedimentary settings of evaporite deposits appear in
the Spanish geological record reflect the complex processes operating
in the evaporite deposition.

Spanish evaporitic sedimentation from late Permian to early
Jurassic took place in a system where global geologic factors con-
trolled the salts deposition. The time of formation of the Spanish de-
posits correlates perfectly with a global warming period and the
deposition of saline bodies in other parts of the World (Warren,
2010) like in the Mandawa basin, Tanzania (Warren, 2006). Most of
those deposits are marine in origin and they have a strong global cli-
matic control (Fig. 9).

Younger evaporites precipitation in Spain was governed by local or
regional factors: Upper Cretaceous-Paleogene deposits and Neogene
ones were deposited in intramontane basins produced by the Alpine
Orogeny. This orogeny compartinentalized the Spanish territory creat-
ing topographic barriers and endorheic areas that evolved indepen-
dently. These local geographic conditions explain the unexpected
appearance of evaporites during unfavorable global climatic conditions



for generation of evaporites (Fig. 9 ). Marine Messinian salts precipitated
due to the partial closure of the Mediterranean Sea during the Alpine
Orogeny.

5. Conclusions

The diswibution pattern of Spanish gypsum outcrops indicates pa-
leogeographical, paleoenvironmental and tectonic conditions through-
out the geological history of the Iberian Peninsula.

The saline outcrops in Spain occupy 4.2% of the country’s surface
area. Most of the outcrops have gypsum as sole mineralogy. Other
evaporite minerals such as anhydrite, halite, potassium salts, and
calcium and sodium sulfates appear in the subsurface.

Evaporite outcrops are more abundant in the eastern half of the
country and they are missing in most of the westemn regions. Mesozoic
evaporites are widely exposed in the eastern half of the country. In con-
trast, Cenozoic outcrops appear mainly in the northern part.

Although it can be inferred that there are evaporitic deposits in
Spain as old as lower Cambrian, confirmed evaporite deposits appear
from Triassic to Quaternary ages. The most abundant outcropping
evaporites are Neogene in age, but most of the total volume of saline
materials was deposited during the Mesozoic, mainly during the
Triassic.

Marine evaporites in the Spanish geological record appear mainly
in Permian, Triassic, Jurassic, Cretaceous and Neogene sequences.
Salts deposits of continental origin are frequent in the Neogene, and
become dominant in the Quaternary.

Mesozoic evaporitic units contributed solutes to continental
drainage inflows in several endorheic depressions.

Global climate and a favorable tectonic setting are the main factors
that have controlled the origin, distribution and volume of Mesozoic
saline deposits of Spain. During this period, Spanish evaporite de-
posits were marine and their formation was controlled by global en-
vironmental and climatic conditions.

Local (continental evaporites} and regional factors (Messinian se-
quences) have controlled Cenozoic evaporites precipitation in Spain.
The Alpine Orogeny has played a key role, generating vast endorheic
basins, like the Ebro, Duero and Tajo basins, surrounded by important
orographic barriers that offered the required conditions to accumu-
late thick deposits of continental evaporites. The collision of the
African plate with the Iberian Peninsula produced the partial closure
of the Mediterranean Sea and the origin of massive evaporite se-
quences in the Mediterranean basin. Several sub-basins produced by
this tectonic event exist in or close to the Spanish Mediterranean
coast with thick deposits of gypsum.
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