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ABSTRACT
The main physical long-scale processes occurring in Lake Banyoles are reviewed as a tribute to Prof. Margalef. These processes include the water fluxes below the surface of the lake, the behavior of the sediment in suspension in the basins, the heat fluxes at the surface and at the bottom layers, the internal seiching, the formation of a baroclinic current due to differences in cooling between the two lobes, the mixing dynamics, the meromictic behavior of some of the basins and the formation and
dynamics of hydrothermal plumes
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RESUMEN
Los principales procesos físicos de gran escala que tienen lugar en le Lago de Banyotes son revisados como tributo al
Profesor Margalef. Estos procesos incluyen los flujos de agua bajo la superficie del lago, el comportamiento del sedimento en
suspensión en las cubetas, los flujos de calor en la superficie y en el fondo, las secas internas y la formación de corrientes
baroclínicas debido a la diferencia de enfriamiento entre los dos lóbulos, la dinámica de mezcla, el comportamiento meromíctico de algunas de las cubetas y la formación y dinámica de las plumas hidrotérmicas.
Palabras clave: procesos físicos, sedimento en suspensión, secas internas, corrientes baroclínicas, plumas hidrotérmicas.

INTRODUCTION
It was about 1985 when two of the authors of
this paper and their future PhD supervisors
(David Jou and Josep Enric Llebot) visited Prof.
Margalef in his office at the Ecology Department of the University of Barcelona. The authors
wanted to focus their studies on the physical processes occurring in Lake Banyoles and, knowing
of Prof. Margalef ’s scientific interest in the lake,
asked him for his advice. The pioneering work of
Prof. Margalef in Lake Banyoles (Margalef,
1946), had been followed by various studies on
the ecology of the lake (Planas, 1973; Guerrero
et al., 1978; Rieradevall & Prat, 1991), but very
little was known about the physical processes
there. Prof. Margalef was always encouraging
researchers with background in physics to
undertake a study of the subject. After long and
fruitful discussions, we decided to approach

Lake Banyoles by studying the hydrodynamics
of the lake. In 1992, when Prof. Margalef came
to Girona as a member of the committee evaluating one of these PhDs, he let us know that he
agreed with our approach and encouraged us to
pursue physical limnology further. Since then,
many other research studies undertaken by the
Environmental Physics Group of the University
of Girona have been related to the lake, and the
PhD theses of the other two authors of this article were also related with Lake Banyoles.
Although nowadays the focus of the Environmental Physics Group has been broadened to
cover other fields such as reservoirs, wetlands
and oceans (Serra et al., 2003; Roget et al.,
2005), there are still two PhD theses being written about different aspects of Lake Banyoles,
from which some preliminary results are referred to in this paper. The complexity of the lake’s
hydrodynamics, together with recently develo-
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ped instruments, such as microstructure sensors,
acoustic Doppler current meters, particle size
analyzers, etc., make these new studies seem as
passionate as those in the beginning. Going back
to 20 years ago, we can’t avoid thinking in the
first pioneering researches of Lake Banyoles.
Although some of those papers, written in
Catalan or Spanish, will not be of interest to an
international audience, they might be for local
researchers; the same applies to some of our first
works which have never been published in
English and are reviewed in this paper.
Today we are pleased to review the history of
hydrodynamic studies in Lake Banyoles as a tribute to Prof. Margalef. The main physical processes to be reviewed here are schematised in
figure 1 and include the water fluxes below the
surface of the lake, the behaviour of the sediment in suspension in the basins, the heat fluxes
at the surface and at the bottom layers, the internal seiching, the formation of a baroclinic
current due to differences in cooling between the
two lobes, the mixing dynamics, the meromictic
behaviour of some of the basins, and the formation and dynamics of hydrothermal plumes.

THE SUBTERRANEAN SPRINGS
OF THE LAKE
Lake Banyoles, located in the eastern Catalan
pre-Pyrenees (42°07’N, 2°45’E), is a small
multi-basin lake of mixed tectonic-karstic origin
with a surface area of 1.12 km2 (Fig. 2). The tectonic constraint of the lake forces the groundwater flow through the bottom of the basins in a vertical discharge (Moreno & García-Berthou,
1989). The subterranean springs keep several
meters of sediment in suspension at the bottom of
the conic inflow areas and up to a fairly sharp
sediment interface, known as the lutocline, where
the particle concentration can vary from about
180 mg/l to less than 1 mg/l. The suspended sediment is formed by a mixture of marly and argillaceous materials and they have a nearly constant
temperature throughout the year (19 ºC), being 23 ºC higher that that of the hypolimnetic water in
summer and 8-10 ºC higher in winter. Subterranean water inflow is also saltier than the bulk
water of the lake (Casamitjana, 1989).
The importance of the underground inflow to
the lake’s dynamics did not escape the first re-

Figure 1: Scheme of the main physical processes occurring in Lake Banyoles. Esquema de los principales procesos físicos que tienen lugar en el Lago de Banyoles.
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searchers studying the lake. Calculations based
on the difference between the surface inflows
and outflows had already been done 80 years
ago, estimating a global underground inflow of
around 600 l/s (Mascaró, 1914; Vidal-Pardal,
1925). However, the global estimations did not
account for the different physical, chemical,
and biological properties of the basins
(Guerrero et al., 1978). The groundwater
inflow within the individual basins was first
determined in 1986 based on measurements of
the settling velocity of the particles in the suspensions, their porosity and the cross sectional
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area (Roget, 1987; Roget et al., 1994). The
most important conclusion from this study was
the location of the main underground inflow in
the southern lobe (BI in Fig. 2), which usually
supplies around 85 % of the total incoming
water by subterranean springs. Casamitjana et
al. (1988) calculated the heat flux from the
basins of Lake Banyoles and estimated that, if
the lake were not heated from below, the heat
budget would increase by around 6.7 107 J m-2
over 7.9 107 J m-2. They also estimated that the
heat through BI was 90 % of the total underground heat coming into the lake.

Figure 2. Bathymetric map of Lake Banyoles. Depth contours are in meters. The lake is composed of six basins (BI to BVI). The
bottom right panel shows a schematic view of basin I of Lake Banyoles (BI) obtained from a seismic profile and its interpretative
section (adapted from Canals et al. 1990). The top right panel shows two echosounding profiles of basin BII for two different
recharge volumes. Sediment in suspension is clearly delimited by an horizontal interface. Mapa batimétrico del lago de Banyoles.
Los contornos de profundidad están en metros. El lago está formado por 6 cubetas. El panel de la parte inferior derecha es una
representación esquemática de la cubeta I del Lago de Banyoles (BI), obtenida mediante perfiles sísmicos, juntamente con un
esquema interpretativo (adaptado de Canals et al. 1990).El panel de la parte superior derecha muestra dos perfiles de ecosonda
de la cubeta BII, para dos flujos diferentes de entrada. El sedimento en suspensión está claramente delimitado por una interfase
horizontal.
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Different laboratory studies were carried out in
order to simulate the re-suspension of particles
by a flow from below. Roget & Casamitjana
(1987) used a glass column 140 cm high and
10 cm in diameter with a variable water supply
at its bottom and extraction points every 10 cm
along the column to study the fluidisation process. Casamitjana & Roget (1990a) also stated
the importance of the history of the bed on its
departure for the ideal behaviour. Laboratory
studies were also performed by Colomer &
Fernando (1996) using a tank with a jet nozzle
located at the centre of the bottom, beneath the
particle layer. The jet, carrying fluidised particles, penetrated through the particle bed and
emanated into the upper layer. They identified
two different flow regimes. The first one, called
the “continuous re-entrainment” regime, occurring at low values of momentum fluxes, is characterized by no significant deposition of particles from the particle-laden jet onto the bed. In
the second one, called the “full deposition” regime, the particles that were initially entrained
into the jet were found to deposit back onto the
bed with time, thus forming an axisymmetric
particle mound around the inlet jet.
Casamitjana et al. (2000) carried out a similar
experiment but using a conical basin. They identified two regimes: the so-called “jet flow” and
“lutocline flow” regimes; the “full deposition”
regime was not found here. In the “lutocline flow
regime”, the particles were re-suspended forming a well-established interface along the entire
cross sectional area of the cone. The maximum
height to which particles can rise was found to
depend on the momentum jet, the initial height
of the particle bed, the particle diameter, the
Reynolds number of the particle, and the slope of
the conical basin. Results obtained in this experiment show good agreement to what was observed in Lake Banyoles, provided that the sediment
particles aggregate within the suspension.
Particle size distributions of the suspended
sediments in Lake Banyoles have repeatedly
been obtained by different methods (Sanz, 1985;
Roget, 1987). However, the handling and analysing procedures may disrupt the suspended
aggregates, altering the results. To measure the

“real” diameter of the suspended particles, samples of sediment were immediately frozen in situ
by introducing them into liquid nitrogen containers (Casamitjana et al., 1996). From the frozen
sediment, samples were taken and deposited on
a nucleopore membrane and then analysed by a
scanning electron microscope. This technique
showed mean diameters of around 60 µm, which
reveal good agreement with the experiments
carried out by Casamitjana et al. (1996).
The re-suspension of sediments and the formation of the lutoclines can be also simulated
by using a two-dimensional κ-ε model (Colomer
et al., 1998). The results of the model predict
a re-circulation zone below the lutocline and a
severe damping of the turbulent kinetic energy
and effective viscosity at the bottom of the lutocline due to the buoyancy flux. The lutocline
acts as a barrier to the propagation of the turbulent kinetic energy. However, due to the convective processes generated immediately above this
interface, there is a local increase of the rate of
turbulent kinetic energy dissipation (Muñiz,
2000; Sánchez, 2001; Lozovatsky et al., 2005).
Records over the past 20 years show that the
sediment in basin BII (see Fig. 2) usually
remains consolidated at the bottom, with the
lutocline at a depth of approximately 44 m
(Casamitjana & Roget, 1993, Colomer et al.,
1998, Soler et al., 2005). Eventually, the subterranean springs in BII supply water to the lake
at a rate comparable to those in BI. This is possible for high precipitation periods that recharge
the aquifer, which in turn increases the pressure
enough for incoming water to re-suspend the
confined and consolidated sediment at the bottom of BII (Colomer et al., 2002). In this case
the sediment migrates upward and initiates the
fluidisation of the confined bed sediments. The
initiation of the fluidisation usually coincides
with the maximum mean monthly rainfall,
which was about 250-350 mm/month. The rainfall, in turn, is associated with six main atmospheric circulation patterns among the 19 fundamental circulations that emerged in an earlier
study that focused on significant rainfall days in
Mediterranean Spain. They comprise a wide
variety of flows over the Iberian Peninsula, with
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marked seasonal distributions and a clear distinction between Atlantic and western Mediterranean disturbances (Soler et al., 2005).

THERMAL STRUCTURE, SEICHING
AND BAROCLINIC CURRENTS
The thermal structure of Lake Banyoles can be
predicted by using a one dimensional lake
model, like DYRESM, and inserting the inflow
directly to the bottom of the water column
(Casamitjana et al., 1993). Mean daily measurements of global radiation, downward long-wave
radiation, wind speed, air temperature and water
surface temperature were used to calculate a
new equation for the non-radiative fluxes
(Colomer et al., 1996). The predicted water temperature profiles are in good agreement with the
observations in basin BI. In basins BIII and BIV
the evolution of the temperature inversion in the
hypolimnion, due to meromixis (Casamitjana &
Roget, 1986) and the rate of mixed layer deepening is also well predicted. The model shows
how the groundwater intrusion greatly reduces
the extent of summer stratification.
The first vertical modes of the internal seiches in Lake Banyoles were first calculated by
Besalú et al. (1988) using a one-dimensional
model. Although by that time high vertical
modes had rarely been described in the literature, it was found later using a multi layer twodimensional model, that second vertical modes
dominate the internal wave field in Lake
Banyoles in spring (Roget, 1992) and their
amplitudes were measured to be up to 2 m.
Furthermore, in an unexpected result, their
period was not correlated to that of wind forcing (Roget et al., 1993a) as it was believed to
always be the case for high vertical modes.
Even considering the small fetch of the lake in
this direction, due to the importance of the seabreeze regime (Roget et al., 1997), a persistent
first vertical transversal mode was also found in
the southern lobe. This transversal mode corresponds to the third horizontal for the southern
lobe and coincides with the seventh of the
whole lake. Coupling between oscillations of
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other density interfaces of the lake was also
described in Roget (1992).
Because of the different thermal inertia of the
two main lobes of the lake (with mean depths of
10 and 18 m) and the different incoming heat
flux through the underground sources located in
them, it was found that in winter, denser water
of the shallower northern lobe was plunging into
the deepest lobe forming a bottom current, with
velocities of up to 12 cm/s observed in the central part of the lake. This current redistributes
water between the two lobes and replaces the
water of the northern lobe about every 5 days
(otherwise its residence time would be about
one year). Due to its magnitude (around 20000
l/s), it dominates the circulation of the lake
(Roget et al., 1993b). This current was affected
by the wind pattern and deflected towards the
southwest due to the bottom topography, but
also due to the Coriolis force. This is described
in Roget & Colomer (1996) where it is found
that the cross slope of the isotherms agrees with
the geostrophic balance.

DYNAMICS OF THE HYDROTHERMAL
PLUME
The difference in temperature between the sediments in suspension and the hypolimnetic water
immediately above them leads to the formation
of a turbulent convective plume immediately
above the lutocline (Colomer et al., 2001). The
plume develops upwards until it reaches the
level of neutral buoyancy, spreading laterally as
gravity current. The estimated values of the
Rossby number showed that rotation affects the
plume development and that the plume develops
to a maximum height limited by the strong temperature gradient of the seasonal thermocline.
When there is no inflow through basin BII, a
second stationary thermocline develops at a
depth of around 22 m in this basin. Casamitjana
& Roget (1990b) found that this thermocline is
only destroyed in the coldest months of January
and February or whenever the fluidization of
basin BII occurs. In this last case, the lutocline
migrates upward, the secondary thermocline is
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destroyed and a new hydrothermal plume is formed in basin BII (Colomer et al., 2003).
As a major characteristic of convection from
an isolated source, the plume entrains particles
from the lutocline and carries a suspension of
clay and silt particles upward with particle volume concentrations of ∼ 5-10 µl L-1. Because of
the temperature inversion at the lutocline, the
plume is negatively buoyant. As a result, it
moves upward and in the absence of a thermal
stratification background or in the presence of a
weak one (as in the mixed lake period), it reaches the surface waters and then spreads laterally, with the consequent change of water quality caused by an increase of the suspended
particle concentration (Serra et al., 2002a). It
can be expected, then, that the suspended particles change the clarity of the water, which might
imply a habitat constraint for fishes by limiting
their feeding opportunities and other visual activities (Serra et al., 2002b).
Two-dimensional temperature and particle
concentration measurements show the fate of
the hydrothermal plume and its associated turbidity current and reveal its seasonal development
(Serra et al., 2005). Silt particles transported by
the plume have been used as tracers to determine the maximum and equilibrium heights of the
plume. When the lake is stratified, the vertical
transport of sediment is confined to the lake
hypolimnion, since the thermocline limits the
vertical propagation of the plume. In contrast,
when the lake water column is mixed, the plume
reaches the surface of the lake. The field measurements have been compared with models for
thermal convection from finite isolated sources.
Measurements of flow velocity at the source of
the hydrothermal plume (i.e. the rim current
velocity) indicate that cold hypolimnetic water
is entrained by the plume. In the zone where the
turbidity current develops, sedimentation rates
measured from sediment traps vary between 10
and 25 g m-2 d-1, and result from continuous silt
particle sedimentation from the turbidity
current. Sedimentation rates in traps are higher
for stations situated close to the source than for
those further away (< 5 g m-2 d-1). Moreover, the
results demonstrate that double diffusive sedi-

mentation from the turbidity current was dominant over grain-by-grain settling, causing a
mixed distribution of sediments in the region
where the turbidity current spreads. The deposition of silt particles could explain the occurrence of silt layers interbedded with biocalcarenites
in the littoral zones of the lake and the stratigraphy identified by seismic profiles and cores
taken from the lake floor. Therefore, all of the
mentioned results demonstrate that the presence
of the plume and the turbidity current affects the
sedimentary records in the lake.
At the upper interface of the fluidised bed at
the base of the plume, particle concentration and
salinity (decreasing upwards) have the opposite
effect of that of temperature (also decreasing
upwards) on their contribution to the vertical
density distribution, and the corresponding density ratio is a little bit greater than one. This condition, plus the fact that particle and salt diffusivities are lower than thermal diffusivity, makes
the double-diffusive convection possible within a
diffusive regime. At present, this is studied
according to microstructure measurements
recorded in basin BII, when a second thermocline at the entrance of the conic underground
spring region exists, greatly isolating this region
from the rest of the lake. In these circumstances,
the upper interface of the fluidised bed is steplike for the three scalar fields, with well-mixed
turbulent convective layers separated by diffusive interfaces (Sánchez & Roget, 2005).
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