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ABSTRACT

The high alpine valleys in the Southern Pyrenees are char-
acterised by a many small lakes and ponds. They occur above
2000 m and are said to have been formed by glacial erosion.
The sediments in these basins should, therefore, contain stra-
tigraphic information since deglaciation, at least.

An interesting and may be one of the most important of
these basins is Lake Llauset in the Alta Ribagorga. The Llau-
set basin has recently been developped for hydropower produc-
tion. In conection with the construction of the retaining wall at
the “Riegel” the sedimentary filling of the lake basin could be
investigated, and the first sedimentological and stratigraphical
results are presented.

RESUMEN

En las cabeceras de los altos valles de Ia Ribagorga existe una
gran cantidad de pequefios lagos, la mayoria de los cuales se en-
cuentra alrededor de los 2.000 m. Su origen estd relacionado con
la accion erosiva de los grandes glaciares que alli existieron du-
rante el Periodo Cuaternario. Los sedimentos que colmatan estas
cubetas lacustres contienen una valiosa informacién estratigrafi-
ca 1a cual registra, como minimo, el retroceso de la Ultima Gla-
ciacién asi como todo el Periodo Postglacial.

"En la comarca pirenaica de la Alta Ribagorga, el Lago de
Llauset presenta unas condiciones especiales; segtn las cuales se
puede considerar actualmente como la localidad mas importante
para el estudio de la evolucion del cuaternario reciente del Piri-
neo. Este lago est4 siendo utilizado desde hace poco tiempo para
la produccién de energia hidroeléctrica. Este hecho ha posibilita-
do la realizacién de un buen muestreo de sus sedimentos para un
posterior estudio. En el presente trabajo se exponen los primeros
resultados obtenidos, tanto en el aspecto sedimentologico como
en el estratigrafico.

RESUM

A la capgalera de les altes valls de la Ribagorga hom hi
troba una gran quantitat d’estanys i estanyols. La gran major-
ia es troba al voltant del 2000 m d’algada, i és conegut que el
seu origen es deu a I'accid erosiva de les glaceres quaternaries.
Els sediments que rebleixen aquestes cubetes lacustres, ens pot
aportar una valiosa informacié estratigrafica que enregistra, com
a minim, la retirada de les glaceres de la darrera Glaciacié aixi
com tots cls temps postglacials.

A la comarca de I’Alta Ribagorca hi ha el llac de Llauset el
qual presenta unes condicions especials, per la qual cosa hom
podria considerar-lo actualment la localitat més important per
a ’estudi de I'evolucié del quaternari recent de I'alta muntanya
pirinenca. L’Estany de Llauset esta essent utilitzat des de fa poc
temps per a la produccié d’energia hidroeléctrica. Aquest fet ha
possibilitat el mostreig i posterior andlisi del seu rebliment sedi-
mentari. En el present treball, es fa una exposici¢ dels primers
resultats obtinguts tant en els aspectes sedimentologics com en
els estratigrafics.

INTRODUCTION

This paper report on the initial part of an ex-
tensive study on the reconstruction of Upper Pleis-
tocene lacustrine environments, their evolution and
possible paleoclimatic and stratigraphic implica-
tions as given in the sediments of Lake Llauset. The
geological, geomorphological and physical charac-
teristics of the Llauset basin as well as the prelimin-
ary sedimentological investigations are discussed.

Llauset Valley, of about 10 kilometers in legth,
drains a catchment area of 25.75 km? and is a tribu-
tary of Noguera Ribagorgana River (Fig. 1). Lake
Llauset is part of this valley system and its presence
is related to an overdeepened glacial basin. This
valley is located at the southern limit of the Ma-
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Figure 1. The Llauset Valley in the Alta Ribagor¢a Basin (Southern Central Pyrenees).
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Fig.2 LITHOLOGICAL MAP OF LLAUSET VALLEY
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Figure 2. Lithological map of Llauset valley.
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ladeta Granodioritic Pluton, and its contact with
the Sierra Negra unit. Granodiorites form the nort-
hen sector of Llauset Valley, as shown in the litho-
logical sketch map (Fig. 2). To the south follows an
alternation of Cambrian-ordovician shales, schists
and quarzites, Silurian black shales and Devonian
limestones. Pleistocene and Holocene sediments
are of glacial, lacustrine, fluviotorrential and collu-
vial origin, and are given in the geomorphological
map (Fig. 3).

The glacial landforms dominate the upper part
of Llauset Valley: A glacial erosive landscape pre-
vails from the valley head (3.062 m a.s.l.) to Lake
Llauset, and it is marked by glacial cirques and
small overdecpened basins (Fig. 3). The glacial ero-
sive landscape is followed downvalley by morainic
accumulations and ice-marginal deposits (Ser-
rat et al.,, 1983). A detailed geomorphological an-
alyses of Llauset Valley is given by Vilaplana
(1983-b).

LAKE LLAUSET

At present this lake basin is developped by the
electrical power company ENHER. The construc-
tion of a retaining wall asked for drainage of the
lake, giving direct access to the lake sediments and
to stable ground for a drilling operation. The physi-
cal characteristics of Lake Llauset are summarized
in Table 1.

Naturally, Lake Llauset occupies an overdee-
pened glacial basin eroded by Llauset Glacier dur-
ing the Quaternary glaciations. It is limited upval-
ley by a large delta-plain extending over more than
450 m. The open water surface occupied a maxi-
mum extension of 460 m long and 160 m wide (see
photograph I-1). Topographical and bathymetrical
data are related to the 1:1000 scale map prepared
out by ENHER (Fig. 4).

Lake Llauset receives the stream discharge from
the upper LLauset Valley and the large Vallhiver-
na-Botornas cirque, a total catchment area of 8.9
km?2, The stream is reaching the lake at the right
bank by where a braided channel system has deve-
lopped the large delta. The flat surface of the delta
displays numerous abandonned channels with peat-
bogs (Fig. 4).

The natural water level was at 2.132 m and the
bathymetrical data show a shallow water body
(average depth of 4-5 m). The deepest point (8§ m) is
located at the maximum width of the lake, just off
the prodelta zone. The shallowest zone (3 m) is

238

near the “Riegel” of Devonian limestones, where
the outlet of the lake follows a small gorge.

Both, seismic and drilling data allow the recon-
struction of isobath and isopach maps (Fig. 4b and
4c-d, resp.) of the central and distal parts of the ba-
sin. The geometry of the lacustrine sediments as
well as the complex palaecobathymetry of the lake
are given in these maps. The palaeobathymetry-
map displays several funnel-shaped irregularities
{up to 40 m deep in the center of the basin), most
probably reflecting glacial excavation of the paleo-
zoic bedrock.

TABLE I-PHYSICAL PARAMETERS OF LAKE LLAUSET

Maximum length (water area + delta plain........... 930 m
Maximum length (water areaonly) ................. 460 m
Maximumwidth.......... ..., 150 m
Maximumdepth ..o 8§m
Meandepth ... ..ot 4, 5Sm
Surface.......... e e e 0,06 km?
Volume . ..o e e e 0,27 km?
Altitude (abovesealevel)..................ooiin 2132 m
Drainage aread. . ....oovvienieinie i 8,9 km?
Mean altitude of drainagearea..................... 2800 m
Mean water-discharge per month (theoretically calcu-

JAEEA) . . vttt 1,3 hm?

The slopes of the paleozoic bedrock are very
steep: they are barren rock-walls with avalanche
channels and debris cones at the base. These de-
bris cones are active since deglaciation to the pre-
sent time by the combined action of gelifraction
and snow avalanches, with occasional meltwater as
an additional geologic agent. The development of
debris cones along both sides of the basin and their
progradation into the lake -simultaneous to the la-
custrine sedimentation—(see Fig. 4d) have largely
contributed to reduce the volume of the lake (see
also Photograph I-1).

SEDIMENTOLOGY AND LITHOSTRATIGRA-
PHY

The Pleistocene and Holocene accumulations in
Lake Llauset comprise two genetically different se-
dimentary units: (1) lacustrine deposits per se, and
(2) transitional facies associations to subaerial en-
vironments..— Lacustrine formations are sediments
deposited in submerged conditions and are charac-
terized by a hectometric lateral continuity. Lithos-
tratigraphically, three different lacustrine sediment
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types are distinguished: (a) the basal unit of grey-
brown muddy laminites and lithoclastic cobbles, (b)
the intermediate unit of yellow muddy laminites of
biochemical precipitates and (c) the top unit of a
black laminated mud (Fig. 6).- Two transitional fa-
cies associations replace the pure lacustrine sedi-
mentation: the prograding delta of the Llauset
River and the marginal border facies which occurs
along the lake shores between the delta and the
“Riegel”.

Lacustrine deposits

a— Basal Unit: Big erratic cobbles partially
cover the bedrock (Fig. 6). A grey-brownish lamin-
ite mantles and covers these basal cobbles and the
bedrock in the area to the “Riegel”. Lithologically,
it is a silty clay slightly sandy with dropstones.
Granulometrically, it is a bimodal sediments re-
sponding to decantation lines, and the sorting is
poor (Fig. 5-2). The grains are mainly of silico-
clastic origin with some neoformic gypsum crystals
near the top, with pyrite and occasionally some
diatoms. Lamination is extremely fine (Plate II) and
laterally continuous. Deformation is locally due to
dropstones which fell off the slopes, and reached
the lake-bottom. This unit is interpreted genetically
as a proglacial lacustrine sediment.

b.— Intermediate unit: It rests on top of the ba-
sal unit. The contact is vaguely defined and is lo-
cally gradual or abrupt. This unit is thicker towards
the central part of the basin and thinner towards
the “Riegel”. It is a reddish-yellow, laminated,
slimy mud with a water content of 22,3 to 50%.
The granulometry displays a slight coarsening up-
wards tendency with a few up to a centimeter thick
beds of fine sand at the top (Fig. 6). _

As a whole it is a very fine clayey sediment,
since 50% of its grain-size composition is less than
0.1 micron in diameter (Fig. 5-1). The grain size
distribution of its sand-fraction shows a better sort-
ing. Dropstones are also very frequent. The top
sandy laminae, fairly well sorted, result from a sal-
tation transport in an subaqueous environment

-

(Fig. 5-4). The sand grains are basically of silico-
clastic origin. Grains are rubefied and neoforma-
tion of gypsum crystals is frequent. The fine frac-
tion consists almost exclusvely of goethite micro-
spherulites and other ferric hydroxides (Plate III),
most probably as pseudomorphs of coccous mould
pyrites. The sediments at the top present some dif-
ferent characteristics in the sand fraction. There,
rubefied lithoclasts are abundant and intraclasts of
yellow mud, some neoformic gypsum and pyrite
are present. Lamination is irregular, discontinuous
in some or approximately parallel, although un-
dulating, in other cases (Plate II).- The paleoenvir-
onmental interpretation of this deposit is dealt with
below. The available results indicate so far that this
sediment is of a biochemical precipitation in origin.

c¢.— Top unit: This is the most extensive and
thickest true lacustrine deposit in Lake Llauset. It
follows paraconformably on top of the reddish-
yellow mud. This unit displays a rhythmitc bed-
ding of fine sand and black mud, also with a slight
coarsening upwards tendency (Fig. 6). The sandy or
muddy composition of the beds depends on the dis-
tance of the sampling point to the lake shores or to
the area of the clastic sediment input to_the basin.
Sand beds are obviously thinning out towards the
center of the lake. The central facies display bimo-
dal grain size compositions responding to saltation
transport of the coarse and to uniform suspension
of the fine fraction (Fig. 5-3;8). The marginal facies
associations are thicker and better sorted (Fig. 5-7),
and correspond to paleobeaches. In some restricted
areas where terrigenous input is minimal and
where decantation prevailes the marginal facies as-
sociations are reduced or lacking. The composition
of these sediments is quite different from the lower
units: clastic components dominate and gypsuw.
neoformations almost disappear while diatoms pro-
liferate, and form diatom oozes in restricted areas.
There are pyrite neoformations to be found and
even some diatoms are internally pyritized. Some
yellow mud intraclasts appear locally. Plates II and
III (Fotos 4 to 7) show the rhythmical nature of the
sediment. The rhythmic sedimentation between
more or less sandy beds are observed in Plate 1I-4

Figure 4. Morphology of Lake Llauset basin and geometry of its deposits.

Legend: a) Topographical and bathimetrical map. b) Morphology of bedrock surface. ¢) Isopach map of lacustrine fill. d) Isopach map of
lake basin deposits (lacustrine sediments and debris cones). Thickness variations in relation to map ¢ occur because the lateral sedimenta-
tion from marginal debris cones is included. e) Vertical profiles from outcrop (I) and borehole (I)-see location in a-UZ-489 and UZ-
490 = samples for radiocarbon dating. f) Longitudinal and transverse cross-sections (see location in a).
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and its terrigenous appearance becomes more and
more noticeable (Plate II, Fotos 5 and 6) until the
deposition of sand dominates in some beds (Plate
I1I-7). There are units with less well developped
rhythmic laminae (Plate I1I-8) in the prodelta area,
displaying sometimes disturbances due the burrow-
ing organisms. (Plate II1-9)

This sedimentary unit is interpreted as lacus-
trine rhythmite with seasonal cycles.

Transitional facies associations

a. Lake shore deposits and transitional units:
These formations occur along the lake shore bet-
ween the “Riegel” and the delta. They are formed
by the interaction of the lateral debris cones and
the sedimentation in the lake perse. These deposits
reflect resorting of the clastic input from the debris
cones. Well sorted beach deposits are produced
which which may be correlative to well-sorted
sands which extend not far beyond the shores. In
general these sediments are characterised by major
coarse lithoclastic fan deposits. In places where the
coarse lateral lithoclastic in put reaches the muddy
deposits of the central lake bothom deformations of
the rhythmites occur. These lateral transition units
are granulometrically characterised by isolated
large boulders, boulder beds and well sorted well
sands which are interlayered along the lake-shore
with the lacustrine black muds (Fig. 6).

b. Llauset river delta: This delta complex is a
prograding accumulation on top of the black la-
minated lacustrine sediments. The prodeltaic facies
(Plate I1-6) consists of silty muds, rich in organic
matter and of ten disturbed by burrowing organ-
isms. Bottom-set beds at the delta front are charac-
terised by some wavy sandy intercalations in the
grey muds (Plate I11-10). The subaerial top of the
delta displays well developped braided channels
where gravelly-sandy sediments are deposited in
the channels. The coarser channel sediments alter-
nate with sapropelic-silty overbanck deposits (Fig.
5 to 9) and with well sorted laminated sands (Plate
1I1-11, 12). Some megaripples are present in the
sandy fluvial facies. The lithology is dominated by
silicoclastic components except for the sapropelic-
muds where some diatoms and numerous fossil
plant remnants cause a peaty appearance of this de-

-

posit. Most part of the subaerial top of delta are sta-
bilized by vegetation.

CHRONOSTRATIGRAPHIC AND PALEOCLI-
MATIC IMPLICATIONS OF THE LAKE LLAU-
SET SEDIMENTS.

. The basal sedimentary unit is recording the
retreat of Liauset Glacier upvalley of the present
lake basin. Its genetic and chronostratigraphic posi-
tion between the glaciolacustrine deposits of the
Llestui (Vilaplana, 1983-a,c) and the over-
laying black top-unit in the Llauset basin gives an
age between 35 000 and 21 000 “C-years B.P. for
this basal unit. The intermediate sedimentary unit
(reddish-yellow mud) implies a change in the
geoecological environment of the lake of such an
extent that Schiiichter &  ‘Vilaplana
(1983) favour a hypothetical “climatic crisis” to
produce this deposit. Vilaplana (1983-a) has
stressed the relationship between this ferruginous
deposit and the bog iron ore which is formed by an-
aerobic bacteria that precipitate ferric hidroxides
from solution, by oxidizing ferrous salts. The pre-
sence of large gypsum cristals (Selenites) in the red-
dish-yellow sediment are interpreted as indicators
of a semiarid climate at the time of deposition of
this sediment. Some authors describe the formation
of gipsum crystals in the relationship to bedrock
mineralogy rich as pyrite bearing shales and limes-
tones in semiarid american lake environnements
{(Wedepohi, 1978). We refer to the hypothesis
that these microsferulites of ferric hydroxides may
have been pyritized coccous mould which became
oxidized at a later diagenetic stage (Plate I).

The diatoms in two check-samples of the top
unit have been studied in detail. X. Tomds has
identified the diatoms of one sample at the bottom
(n.° 3) and the top (n.° 9) of the black mud (Fig. 4¢).
The dominant species and its quantitative variation
have been determined as a first approach to the pa-
leoecological conditions in Lake Llauset at the be-
ginning (= 21.000 '“C-Y.B.P.) and at the end of the
sedimentation of the black mud.

The results of the investigations on the diatoms
are given by Vilaplana (1983-a). They give evi-
dence for an oligotrophic Lake Llauset at the time

PLATE 1. 1} Vertical aerial view of Lake Llauset taken in 1975, The maximum lenght of the lake basin (lake and delta plain) is 930m.
The North is located in the lower part of the photography. 2) Scanning photography of reddish-yellow sediment particles (Intermediate
lacustrine unit in the text). 3) Scanning photography of the bio-clastic components of the black sediment (Top lacustrine unit in the
text). 4) Scanning photography of the diatoms of the black sediment: 1- Cyclotella comta; 2- Denticula tenuis v. crassula; 3- Achnantes
sp.; 4- Cymbella affinis. 5) Scanning photography of the diatoms of the black sediment: |- Gomphonema sp.; 2- Achnantes sp.
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A

< PLATES il and III. X Ray photographies of the cores with sediment structures. The discussions are given in the text, (vertical size of
each core segment is 5 cm).
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Figure 5. Cumulative grain size distribution curves, Passega’s diagram and triangular diagrams displaying the different samples referred to

in the text.

of deposition of the black mud with oxygen-rich
waters and a low sedimentation rate. The pH of the
water at that time was slightly alkaline (= 7). The
diatoms Cymbella, Gomphonema and Achnantes
indicate a certain organic production in the lake.
The main difference between the samples 3 and 9
indicates that sample n.° 3 contains a broader var-
iety of species and non-litoral forms than sample
n.° 9. Referring to the temperature conditions in
the lake, then the diatoms identified in sample n.e 3
point to slightly warmer water than those of sample
n.° 9. However, both samples do not contain typi-
cal diatom communities of cold freshwater bodies.

DISCUSSION AND CONCLUSIONS
For the preliminary study, on which is reported

here, only the sediments of the distal and central
parts of the lake basin and of the delta top-sets have
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been accessible. These investigations will be ex-
tended by boreholes and by continuos seismic re-
flection profiles in the near future.

The stratigraphy as outlined here is based on
the first results obtained from the analysis of profile
I (Fig. 4e), and on the knowledge of the regional
evolution during the Upper Quaternary events as
proposed by Vilaplana (1983-a, ¢). A more detailed
study of the litho and biostratigraphy of the lake se-
diments will be carried out on profile II (Fig. 4¢),
supplemented by a series of radiocarbon age deter-
minations.

At present, the following conclusions on the
evolution of Lake Llauset are possible:

1} Erosion of the lake basin:

The recent lake basin has been eroded and over-
deepened to the present level by Llauset Glacier
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during the last glacial maximum, chronostratigra-
phically situated by Vilaplana (1983-a, ¢) bet-
ween 70.000 and 50.000 Y. B.P. At this stage,
Llauset Glacier joined Noguera Ribagorgana Gla-
cier in the main valley.

2) Sedimentation in Lake Llauset

The basal grey-brownish mud correspond to the
period when Llauset Glacier retreated from the pre-
sent lake basin and when a proglacial lake was
formed there for a certain period. The characteris-
tics of this sediment are similar to those of other
glaciolacustrine deposits in the Pyrenees as describe
by Vilaplana & Serrat (1979) and Ser-
rat et al (1983). However, the presence of some
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crystals of gypsum and pyrite in the upper parts of
this sedimentary unit and of some diatoms seems to
indicate that not a completely glacially controlled
paleoenvironment persisted at the time of deposi-
tion.

The contact between the basal and the overlying
intermediate sedimentary unit is locally gradual or
abrup. The intermediate sediment is best ex-
plained as a biochemical lake deposit displaying a
more detrital facies upwards. The presence of drop-
stones in the reddish-yellow mud may indicate that
the lake surface became frozen at some occasions.
Orthominerals of sulphate within this sediment fa-
vour its biochemical origin, (see section 4). But it
must be noted that bedrock consists of pyrite and
iron rich limestone in the source area of the River
Llauset and, therefore, it may be possible as well
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that the geochemical anomaly is of detritic origin.
The pH-/Eh-/ temperature conditions favoured a
diagenetic transformation of the organic matter by
coccous rather than by bacterial action. The coc-
cous acted as a crystallization-nucleous of pyrite.
This was oxidized later to geothite and selenite
formed. Climatically, this period of sedimentation
“has been most probably cool or temperate cool and
dry; the input of clastic detritus to the. lake being
low.

The top unit is related to the recent lacustrine
sedimentation with most probably an annually
rhythmic deposition.

The diatoms as determined in the sediments
(see section 4) indicated that the algal assemblage of
the lower sample corresponds to a warmer climate
that those of the upper sample. And finally the
growth of the delta is controlled by the large
amount of clastic detritus brought to the lake basin
by the actual River Llauset.
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