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affecting water salinity, lake-level changes and water strati cation. However,
external factors, such as karstic processes, clastic input and the occurrence of
mass- ows, are also signi cant. The facies model de ned for Lake Estanya is
an essential tool for deciphering the main factors in uencing lake deposition
and to evaluate the most suitable proxies for lake level, climate and
environmental reconstructions, and it is applicable to modern karstic lakes

and to ancient lacustrine formations.

Keywords Iberian Peninsula, karstic lake, lacustrine depositional environ-
ments, Late Quaternary, mass ow, palaeohydrology, sedimentary facies,

seismic stratigraphy.

INTRODUCTION

Quaternary lacustrine systems have been studied
extensively in the last decades (Gierlowski-
Kordesch & Kelts, 1994, 2000; Cohen, 2003).
New depositional models have been described
for a number of lake types based on modern
systems and Quaternary basins: playa, ephemeral
and shallow saline lakes (Eugster & Hardie, 1978;
Hardie et al., 1978; Eugster & Kelts, 1983; Last,
1990; Smoot & Lowenstein, 1991; Renault & Last,
1994; Schreiber & Tabakh, 2000), carbonate-rich
lakes (Platt & Wright, 1991), volcanic-related
lakes (Negendank & Zolitschka, 1993; Nelson
et al., 1994), tectonic basins (Lambiase, 1990),
glacial (Jopling, 1975) and uvial lakes (Bohacks
et al., 2000). Several projects coordinated by the
International Continental Scienti ¢ Deep Drilling
Project have provided new seismic and core data
for large and deep lake basins [for example, Great
Salt Lake (Balch etal., 2005); Titicaca, (Fritz
et al., 2007); Malawi, (Brown et al., 2007); and
Petzen Itza (Anselmetti et al., 2006; Hodell et al.,
2008)].

Considerably less attention has been paid to
perennial, freshwater, karstic lake systems
formed by solution of the sub-surface carbonate
or evaporite formations. Although the total area of
lakes formed by these processes is less than 1%
of total global lake area (Cohen, 2003) and most of
them are small, karstic lake basins are numerous
in regions such as temperate areas of Southern
China, North and Central America (Florida and
Yucatan) and the Mediterranean Basin (Spain,
Balkans), where carbonate or evaporite lithologies
are dominant.

These Kkarstic depressions are generated by
dissolution processes, often involving sub-
sidence and/or collapse, thus leading to the
generation of funnel-shaped dolines with steep
margins, which generally are very deep for their
size (Palmquist, 1979; Cvijic, 1981; Gutie rrez-
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Elorza, 2001; Guti€rrez et al., 2008). This partic-
ular morphology, together with the frequent
interception of large aquifers, providing con-
siderable groundwater input, leads to the
development of relatively deep, perennial and
frequently seasonally or annually strati ed lake
systems, even in semi-arid regions with negative
hydrological balances, for example, Lake Zon ~ar,
Southern Spain (Valero-Garce's et al., 2006);
Aguelmane Azigza, Atlas Mountains, Morocco
(Martin, 1981). The development of these sys-
tems on evaporites and carbonate substrates
favours sulphate-rich and carbonate-rich water
chemical compositions in the case of continental
evaporitic bedrocks, e.g. Lac de Besse, France
(Nicod, 1999); Lake Demiryurt go’lu, Turkey
(Alagdz, 1967); Laguna Grande de Archidona,
Spain (Pulido-Bosch, 1989); Lago de Banyoles,
Spain (Julia, 1980), and generally carbonate-rich
and chloride-rich compositions for lakes devel-
oped on marine formations, e.g. Lake Vrana,
Croatia (Schmidt et al., 2000); Lake Zonar, Spain
(Valero-Garcés et al., 2003).

Therelatively small size of these topographically
closed basins and the connection to aquifers make
these systems very sensitive to regional hydro-
logical balances, experiencing considerable lake
level, water chemistry and biological uctuations
in response to changes in effective moisture
(Cohen, 2003). In addition, the combination of
great depth with multiple episodes of karsti cation
inthese endorheic basins can lead to thick deposits
with high sedimentation rates providing long,
continuous sedimentary sequences with high
temporal resolution, suitable for palaeohydro-
logical and palaeoclimate reconstructions [for
example, Lago d'Accesa, ltaly (Magny etal.,
2006, 2007; Millet et al., 2007); Lake Banyoles,
Spain (Perez-Obiol & Julia, 1994); Lago di
Pergusa, Italy (Sadori & Narcisi, 2001; Zanchetta
et al., 2007); Lake ZoAar, Spain (Valero-Garcés
et al., 2006; Mart "n-Puertas et al., 2008)].
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The sedimentary sequences from Kkarstic lakes
have been used previously for palaeoenviron-
mental and palaeoclimate analyses. To date,
however, no detailed facies models have been
de ned. Compared with other lacustrine deposi-
tional environments (Kelts & Hsu ”, 1978; Dean,
1981; Dean & Fouch, 1983; Eugster & Kelts, 1983;
Wright, 1990; Talbot & Allen, 1996), small karstic
lakes show even more abrupt and complex lateral
and vertical facies changes. This effect is because
internal thresholds of some key factors (e.g.
salinity and water chemistry, temperature, light
penetration and oxygenation levels) are often
modi ed by extreme events, such as oods
(Moreno et al., 2008; Valero Garces et al., 2008)
and mass-wasting processes (Bourrouilh-Le Jan
et al.,, 2007). To decipher the high-resolution
palaeoenvironmental information archived in
these lake sequences, depositional models are
required to provide a dynamic framework for
integrating all palaeolimnological data (Valero-
Garces & Kelts, 1995).

This paper presents a depositional facies model
for small (19 ha) karstic Lake Estanya (North-
eastern Spain) that could be applicable to similar
modern and ancient sedimentary systems. Previ-
ous studies carried out in this lake basin
(Wansard et al., 1998; Riera et al., 2004, 2006;
Morello n et al., 2008) have shown the potential of
this site as a palaeoenvironmental archive but did
not resolve the sedimentary evolution of the lake
at a basin scale. The use of acoustic, seismic
stratigraphy provides a quasi three-dimensional
image of the sedimentary basin and direct
evidence of major phases of lake-level changes
and mass-wasting processes. A facies model has
been dened, combining sedimentological
features with their mineralogical and organic
composition, and blended with the results of an
extensive study of present-day depositional envi-
ronments. Within the framework of this facies
model, the relative importance of different factors
in uencing lake deposition for the last 21 kyr is
investigated. Additionally, different proxies for
reconstructing past hydrological changes in
karstic systems are evaluated.

REGIONAL SETTING

Geological and geomorphological setting

‘Balsas de Estanya’ (42 02t N, 0 32¢ E; 670 m
above sea-level) is a karstic lake complex located
at the foothills of the Sierras Exteriores, the
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External Pyrenean Ranges in Northern Spain
(Mart"'nez-Pefia & Pocov’, 1984). The External
Pyrenean Ranges are composed of Mesozoic
formations with east-west trending folds and
thrusts. Outcrops of Upper Triassic carbonate
and evaporite formations along these structures
have favoured karsti cation processes and the
development of large poljes and dolines (IGME,
1982). The Balsas de Estanya lake complex is
located in a relatively small endorheic basin of
245 km? (Lopez-Vicente, 2007) (Fig. 1A and B)
that belongs to a larger Miocene polje structure
(Sancho-Marcén, 1988). An Upper Triassic
low-permeability marl and claystone formation
(Keuper facies) constitutes the lake basin
substrate whereas Mid Triassic limestones and
dolostone Muschelkalk facies outcrops make up
the higher reliefs of the catchment (Sancho-
Marcén, 1988). The karstic system consists of
three dolines with water depths of 7 m, 20 m and
one that is only seasonally ooded. Furthermore,
a number of karstic depressions lled with
Quaternary sediments also occur (IGME, 1982;
Sancho-Marcén, 1988; Lo pez-Vicente, 2007).

Climate and hydrogeology

The region has a Mediterranean continental
climate characterized by a long summer drought
(Lebn-Llamazares, 1991). The mean annual
temperature is 14 C with monthly means ranging
from 4 C (January) to 24 C (July). Mean annual
rainfall is 470 mm whereas the mean annual
evapotranspiration rate has been estimated as
774 mm (Meteorological Station at Santa Ana
Reservoir, 17 km south-east of the lake). July is
the driest month with an average rainfall of
18 mm and October is the most humid month
(50 mm).

The main lake basin, ‘Estanque Grande de
Abajo’ (42 02t N, 0 32t E, 670 m a.s.l.), is an
uvala formed by the coalescence of two
sub-basins with maximum water depths of 12
and 20 m and steep margins (A vila et al., 1984).
These two sub-basins are separated by a sill, 2 to
3 m below the present-day lake level, which only
emerges during prolonged dry periods, for exam-
ple, during the 1994 to 1996 drought (Morello "n
et al., 2008). The total lake surface is 188 306 m ?,
with a maximum length of 850 m and a maximum
width of 340 m. Total volume has been estimated
as 983 728 m® (Avila et al., 1984).

The ‘Estanque Grande de Abajo’ has a relati-
vely small watershed [106 50 ha surface (Lopez-
Vicente, 2007)]. Although there is no permanent
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inlet, several ephemeral creeks drain the
catchment providing clastic material to the lake
during extreme precipitation events; alluvial and
colluvial deposits occur in the northern and
eastern littoral areas (Lo pez-Vicente, 2007).
Archaeological evidence indicates that there has
been water management in the area since the 12th
Century (Riera et al., 2004, 2006). An arti cial
canal feeds the main lake when the water capa-
city of the small lake is exceeded. However, given
the low water volume provided by this canal, it is
discarded as a signi cant input to the lake.

There is no surface outlet and the nature of the
substrate, composed of low permeability Upper
Triassic Keuper facies, limits groundwater losses.
Consequently, modern hydrology of Lake Estanya
is controlled mostly by groundwater inputs and
evaporation output. Calculated evapotranspira-
tion exceeds rainfall by about 300 mm year ~*.
The lake is fed mainly by groundwaters from the
surrounding local dolostone aquifer (Muschel-
kalk), probably related to the hydrogeological
system of the Estopirian Syncline (Villa & Gracia,
2004). A permanent spring (0 -3 1sec™) (Villa &
Gracia, 2004) is located at the north end of the
polje feeding the small Estanque Grande de
Arriba (Fig. 1B). There are no available ground-
water and lake level data to calculate the hydro-
logical balance in the lake. However, the response
of the system to precipitation is relatively rapid,
as indicated by the observed ca 1 m lake-level
drop during the relatively dry year 2005, and by
the 2 to 3 m lake-level drop during the previous
long dry period 1994 to 1996 when the central sill
separating the two sub-basins emerged (Morello”n
et al., 2008).

Limnology

Lake water is brackish (electrical conductivity,
3200 uS cm™ and total dissolved solids (TDS),
3400 mg I™%), and sulphate and calcium-rich:
[SO,27] > [Ca®*] > [Mg?*]> [Na*]. The lake is
monomictic, with thermal strati cation and
anoxic hypolimnetic conditions during spring
and summer, extending from March to September,
and oligotrophic (A vila etal., 1984) (Table 1).
Vertical proling in September 2007 revealed
thermal strati cation with a thermocline located

at 6 to 9 m water depth (Fig. 2, Table 1). The
higher electrical conductivity in the epilimnion
indicates the relative importance of evaporation
loss. Differences in water chemistry with the
nearby Estanya Spring (Table 1) also suggest a
long residence time and a major in uence of
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Table 1. Physical and chemical properties of the Estanya Spring and Lake Estanya (south-east sub-basin) at the lake surface and 16 m water depth for 24 June

2005 (summer strati cation season).

Oxygen

Water
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Fig. 2. Physical-chemical vertical pro les of the water column at the deepest area of Estanque Grande de Abajo. (A)
Vertical pro le measured in January 2008 (winter mixing period); (B) vertical pro le measured in September 2007
(summer strati cation period). From left to right: T ( C), temperature; EC (1S cm™3), electrical conductivity; pH;
alkalinity (mg 1 ~%); ISS (mg ™), inorganic suspended solids; SOM (mg| 1), suspended organic matter; Turb.
(mgHg 1), turbidity.

evaporation on the system, as pointed out by organic matter (OM) preservation, as indicated by
previous studies (Villa & Gracia, 2004). An addi- the increase in the relative amount of suspended
tional vertical pro le measured in February 2008 OM with respect to the inorganic suspended
revealed a well-mixed water column with homo- sediments below 9 m water depth (Fig. 2B).
geneous thermal and oxic conditions throughout Sulphide precipitation is favoured by the activity
(Fig. 2A). Suspended solids are higher during the of sulphate-reducing bacteria (SRB) in the hypo-
summer season (Fig. 2B) revealing an important limnion (Esteve et al., 1983; Guerrero et al., 1987,
contribution of clastic material derived from the Mir-Puyuelo, 1997; Ram ‘rez-Moreno, 2003).
erosion of soils after the harvest (Lo" pez-Vicente Maximum alkalinity values in the epilimnion are

et al., 2008). Anoxic hypolimnetic conditions reached in the summer season, coinciding with
during the summer strati cation period favour the maximum algal productivity (Fig. 2B). During
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this season, alkalinity increases with increasing
water depth, as a result of dissolution of carbon-
ates at the hypolimnion, where pH is lowered by
SRB-derived sulphide input (A vila et al., 1984).

MATERIALS AND METHODS

The Lake Estanya watershed was identi ed and
mapped using topographic and geological maps
and aerial photographs. Both lake sub-basins were
geophysically surveyed in June 2002 using a
high-resolution, single-channel seismic system
with a centre frequency of 3 A& kHz (GeoAcoustic
pinger source) of the ETH-Zu"rich (Zu'rich, Switzer-
land). The source/receiver was mounted on a
catamaran raft that was pushed by a boat. The
studied basins were covered with adense grid of ca
6 km of seismic lines providing a mean spatial
resolution of ca 50 m between each line. Seismic-
processing workshop software was used for
processing ofthe data (bandpass Iter, waterbottom
mute) and the resulting seismic data set was inter-
preted using the K ingdom Suite software (Seismic
Micro Technology-Europe Ltd, Croyden, UK).

Surface sediments were sampled with a
Uwitec  short-corer (Uwitec, Mondsee, Austria)
at 34 selected points distributed in a grid covering
all present-day depositional environments. The
uppermost 1 cm of each short core was sampled
and sediment aliquots were sub-sampled for
different analyses. Grain-size was determined
using a Coulter particle-size analyser (Beckman
Coulter Inc, Fullerton, CA, USA) (Buurman et al.,
1997). Samples were treated with 10% hydrogen
peroxide in a water bath at 80 C to eliminate the
OM; a dispersant agent and ultrasound treatment
were used prior to measurement. Total organic
carbon (TOC) and total inorganic carbon (TIC)
were measured with a LECO SC 144 DR elemental
analyser (LECO Corporation, St Joseph, MI, USA)
and total nitrogen (TN) with a VARIOMAX CN
(Elementar Analysensysteme GMBH, Hanau,
Germany). Whole sediment mineralogy was
characterized by X-ray diffraction with a Philips
PW1820 diffractometer (Philips Analytical,
PANalytical B.V., Almelo, the Netherlands)
and relative mineral abundance was determined
using peak intensity following the procedures
described in Chung (1974a,b). Mapping of
different sediment properties through the lake
oor was carried out with arcmap 9.0 (ESRI
Corporate Headquarters, Redlands, CA, USA),
using the inverse distance weighted (IDW)
interpolation tool.
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Coring operations were conducted in two
phases: four cores were retrieved in 2004 using
modi ed Kullenberg piston coring equipment
and platform from the Limnological Research
Center (LRC) (University of Minnesota, Minnea-
polis, MN, USA) and an additional Uwitec
piston core (Uwitec) was recovered in 2006. The
longest cores (1A-1K and 5A-1U) reached 4 A and
11 m below the lake oor, respectively.

Physical properties (magnetic susceptibility
and density) were measured in all cores with a
Geotek Multi-Sensor Core Logger (MSCL; Geotek
Limited, Daventry, UK) every 1 cm. The cores
were subsequently split into two halves and
imaged with a DMT Core Scanner (DMT GmbH
& Co KG, Essen, Germany) and a GEOSCAN I
digital camera (Geotek Limited). Sedimentary
facies were de ned after visual, microscopic
observation of smear slides in both super cial
sediment and in the core samples, following the
methodology described in Schnurrenberger et al.,
2003.

Cores were sub-sampled every 2 cm for TOC
and TIC and every 5 cm for mineralogical analyses
following the methodology described above. Scan-
ning electron microscope images were taken
under low-vacuum conditions in an environmen-
tal scanning electron microscope on uncoated
fragment samples. Backscattered electron images
were obtained in order to see compositional
differences of the components as grey-level
contrast. Images re ect the average chemical
composition of grains with the darker grains being
made-up of lighter elements than the brighter
grains. In addition, energy dispersive X-ray spec-
trometric analysis (Phoenix system; EDAX, Mah-
wah, NJ, USA) was performed when necessary.

The chronology for the lake sequence is
constrained by 17 accelerator mass spectrometry
(AMS) *C dates analysed at the Poznan Radio-
carbon Laboratory (Poznan, Poland) (Tables 2 and
3). Although most of the dated samples
correspond to terrestrial macro-remains, in eight
samples bulk OM was analysed because of the
absence of organic rests. The reservoir effect was
calculated after dating pairs of bulk OM samples
and terrestrial organic macrorests at three depth
intervals representative of different sediment
compositions and time-periods (Table 2). The
correction was applied to dates not derived from
macrorests. Corrected radiocarbon dates were
calibrated using calpal_a software and the
INTCALO4 curve (Reimer et al., 2004), selecting
the median of the 95 &2 distribution (2 r proba-
bility interval). The age—depth relationship was

Sedimentology , 56, 1505-1534
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during periods of high lake level. Sediment is
composed mainly of light grey, massive, biotur-
bated (root casts, worm tracks and mixed sediment
textures) coarse silts with abundant plant remains.

The ‘external littoral platform’ (0 to 4 5m
water depth) corresponds to the permanently
submerged, shallow area located between the
shoreline and the slope. This area has a mean
width of 50 m around the two sub-basins but
reaches a width of 200 m on the sill. The
proximal areas of this sub-environment are
colonized by submerged macrophytes and charo-
phyte meadows which extend offshore. This
environment is the main carbonate factory in
the lake, comprising biogenic carbonates (ostrac-
ods, gastropods and Chara sp. particles) and
non-biogenic carbonates (coatings around sub-
merged macrophytes and the lake substrate).
Precipitation of small calcite crystals in the
epilimnion associated with algal blooms seems
to be a smaller contributor to the total carbonate
production in the lake. Storms and wave activity
lead to the reworking of these particles, as
indicated by the occasional presence of ripples
in some areas. Sediment is composed mainly of
banded to massive yellowish/light grey, biotur-
bated carbonate-rich (6 to 10% TIC) silts to ne-
grained sands (averaging 100 pm) with plant
remains (< 4% TOC).

(i) The ‘transitional talus’ (from 4 5 to 8 m
water depth) is a narrow area (<25 m wide)
characterized by steep morphology, limited pres-
ence of vegetation as a result of the lack of light
(Avila et al., 1984) and the occurrence of small
mass movements as a result of talus destabiliza-
tion. Carbonates originating in the littoral
platform are transported to the talus. Sediments
are dark grey massive silts (averaging 105 pm)
with carbonates. Mass-wasting processes remobi-
lize talus sediments and transport ne detrital
material downslope to distal areas.

(iii) The ‘offshore, distal area’ (from 8 to 19 m
water depth) comprises the central, deepest and
relatively at areas characterized by black,
massive to laminated ne-grained silts (averaging
10-1 um). Sediments are transported as
suspended load to distal areas and by occasional
mass-wasting processes. The presence of carbon-
ates is limited (<5% TIC) because of the large
distance to the producing littoral areas and to the
dissolution processes that remove small carbon-
ate particles. This sub-environment is affected by
seasonal anoxic hypolimnetic conditions (A Vvila
et al., 1984) and, thus, bioturbation processes are
greatly reduced or absent. The presence of SRB
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previously reported by numerous studies at this
site (Esteve et al., 1983; Guerrero et al., 1987,
Mir-Puyuelo, 1997; Ram ‘rez-Moreno, 2003) fa-
vours sulphide formation in the summer season
and is responsible for the characteristic dark
colour of the sediments and relatively high OM
preservation (4 to 6% TOC). Although the mixing
period of the water column may last from
September to March (Avila etal., 1984), the
footprint of summer anoxic conditions with pre-
vailing oxygen and light-depleted conditions,
characterizes the deeper sediments. Oxic/anoxic
cycles are only locally recognized at some sam-
pling points where alternating black and dark
grey laminations are observed.

Lake basin topography, water depth and dis-
tance to shore appear to be the main factors
controlling the distribution of present-day surface
sediments in the lake. Grain-size obviously is
controlled by the distance to shore, showing a
decreasing trend towards the distal areas (Figs 4
and 5B). Carbonates are more abundant in the
littoral and transitional areas and less abundant
in the deepest areas, in part due to dissolution
processes and distance to shore. Organic matter
content in the littoral platform decreases towards
the transitional area and it is a mixture of
terrestrial, submerged macrophytes and algal
material. The organic content increases again in
distal areas as a result of the higher preservation
potential provided by seasonally anoxic condi-
tions. Distal OM is characterized by compara-
tively low atomic TOC/TN ratios (9 -3 versus 10-4)
indicating a higher contribution of algal sources
(Meyers, 1997; Meyers & Lallier-Verge's, 1999).

Core sedimentary facies

Ten facies have been dened and correlated
within the ve long sediment cores recovered at
the offshore, distal areas of the two Lake Estanya
sub-basins, based on detailed sedimentological
descriptions, smear-slide microscopic observa-
tions and compositional analyses. According to
compositional criteria, these facies have been
grouped into four main categories as: (i) clastic;
(i) organic-rich; (iii) carbonate-rich; and (iv)
gypsume-rich facies (Table 4A, Fig. 6A).

The clastic facies includes banded to lami-
nated, silty and clayey sediments composed of
clay minerals, calcite and quartz, with minor
amounts of dolomite, feldspars, high magnesium
calcite (HMC), pyrite and occasionally gypsum
and aragonite. Organic content is relatively low,
although with a large range (1 to 7% TOC) and
comprises amorphous lacustrine OM, diatoms
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Karstic Lake Estanya facies model 1521

>

A

Clastic Facies

Organic-Rich FCS.
A

Carbonate-Rich FCS.
A

Gypsum-Rich FCS.
A

Fig. 6. (A) High-resolution core-scan images of sediment sections corresponding to the 10 different facies de ned for
the Lake Estanya sequence. (B) Secondary electron image; (C) to (F) Backscattered scanning electron images of
sediment textures in selected intervals. (B) Lenticular gypsum crystals generated by intra-sedimentary growth up to
200 pum in size (in facies 4), (C) to (E) Facies 5. (C) Calcium carbonate crystals forming yellow laminae (in facies 5). (D)
Gypsum crystals with Botryococus colonies and diatoms in organic lamina. (E) Enlargement of prismatic gypsum
crystals and Botryococus (indicated by an arrow). (F) Lenticular (up to 25 pm long) gypsum crystals from facies 8.
2009 The Authors. Journal compilation 2009 International Association of Sedimentologists, Sedimentology, 56, 1505-1534
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and occasional macrophyte remains. These sedi-
ments are derived from the weathering and
erosion of the soils and bedrock in the watershed
and are transported to the lake. There are also
minor amounts of endogenic material reworked
from the littoral carbonate-producing environ-
ments.

The carbonate-rich facies occurs as banded to
laminated decimetre-thick silt layers with mas-
sive, sandy intercalations. Sediments are com-
posed mainly of calcite as well as minor amounts
of quartz and clay minerals. Carbonates are
biogenic grains (Chara fragments, micrite onc-
oids), carbonate coatings and small crystals
derived either from direct precipitation in the
epilimnion or from the reworking of particles
produced in the littoral environments. Dolomite
is less than 10% except in some massive and
laminated facies (15 to 20% range).

The organic-rich facies occurs as nely
laminated sediments in centimetre-thick to
decimetre-thick layers composed of: (i) gypsum-
rich sapropels with organic layers and gypsum
laminae and nodules (Fig. 6A and B); and (i)
nely laminated, variegated intervals including
several laminae types: microbial mats, organic
ooze, carbonate (aragonite, calcite, HMC and
dolomite), prismatic and nodular gypsum and
occasionally clay (Fig. 6A, C, D and E).

The gypsume-rich facies is dominated by endo-
genic gypsum crystals or nodules. These nodules
occur as: (i) nely laminated, variegated gypsum
and carbonate mud layers; (ii) banded gypsum
and carbonate mud layers; and (iii) irregular
centimetre-thick nodular gypsum layers, mostly
composed of accumulations of 300 | m lenticular
gypsum crystals (Fig. 6A and F).

Riera etal. (2004) described a 147 m long
sediment sequence retrieved in the sill between
the two sub-basinsin 1 A& m of water depth (Fig. 7).
This sequence is composed of laminated carbonate
facies alternating with massive reworked carbon-
ate sands and gypsum-rich layers; they both are
equivalent to the carbonate-rich and gypsum-rich
facies, respectively, described in this facies model
(Table 4). Analogously, the three main facies
previously described for the present-day deposi-
tional sub-environments have their equivalents in
the facies model (for details see Table 4B).

Core stratigraphy and chronology

The sedimentary sequence
Correlation between all the cores was based on
lithology and magnetic susceptibility (Fig. 7). A

2009 The Authors. Journal compilation

composite sequence for Lake Estanya has been
obtained using cores 1A and 5A (Fig. 8).
Although the sediment—water interface was not
preserved in core 1A, the upper part of the
sequence was reconstructed using a short core
correlated using OM and carbonate values (More-
llon et al., 2008). The upper 22 cm of the short
core OA were added to core 1A to complete the
sequence (Fig. 9).

The Lake Estanya sequence has been divided
into seven main sedimentary units and 28
sub-units, according to their sedimentary facies
(Table 4A, Fig. 8). Correlation with the three
main seismic units is shown in Figs 3 and 8.

Unit VII (957 to 775 cm core depth) corre-
sponds to the lowermost part of seismic unit ‘C’.
It is composed of three main facies: carbonate-
rich facies 7, gypsum-rich facies 9 and some
clastic facies (facies 2.2).

Unit VI (775 to 630 cm) corresponds to the
mid-part of seismic unit ‘C’ and is characterized
by the deposition of variegated, nely laminated
gypsum-rich facies 8 at the bottom and banded
gypsum-carbonate facies 9 with centimetre-thick
intercalations of clastic facies 2.2 at the top.

Unit V (630 to 536 cm) corresponds to the mid
to upper part of seismic unit ‘C’. The base of the
unit is de ned by a thick (25 cm) ning upward,
carbonate facies 7 interval. The uppermost part of
the sequence is characterized by alternating
centimetre-thick layers of clastic facies 2.2 and
gypsume-rich facies 9.

Unit IV (536 to 409 cm) corresponds to the
uppermost part of seismic unit ‘C’ and it has been
divided into two distinct intervals. The bottom
part is characterized by alternating centimetre-
thick bands of massive nodular gypsum facies 10
and carbonate, dolomite-rich facies 6; and the top
section, where massive, carbonate—dolomite
facies 6 are dominant.

Unit Il (409 to 176 cm) corresponds to the
lower and middle part of seismic unit ‘B’, and it is
characterized by organic and gypsum facies 4 and
5 alternating with intercalations of banded clastic
facies 2.1. The alternation of facies with the
highest magnitude density changes is well-
marked by the dense spacing of re ections of
seismic unit ‘B’ (Fig. 3A).

Unit Il (176 to 146 cm) comprises a lower facies
2.1 clastic-dominant sub-unit and an organic-rich
interval with a centimetre-thick gypsum-rich
sapropel intercalation (facies 4). This abrupt
facies change has also been recorded by changes
in the physical properties and as high-amplitude
re ections in the seismic pro les.

2009 International Association of Sedimentologists, Sedimentology, 56, 1505-1534
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