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Resum
Els llacs d’alta muntanya proporcionen informació sobre la influència que el canvi climàtic i les activitats
antròpiques tenen sobre entorns relativament inalterats. Presentem aquest estudi detallat del llac de Montmalús amb el propòsit de comprendre millor els canvis climàtics globals recents al Pirineu d’Andorra.
Hem estudiat la dinàmica sedimentària del llac mitjançant sondejos curts que han registrat els canvis ambientals dels últims segles. Es van descriure i analitzar els sondejos utilitzant tècniques sedimentològiques,
geoquímiques i físiques. Combinant les datacions radiomètriques de 210Pb-137Cs i 14C vam obtenir un model d’edat que abasta els últims 2000 anys. A més, es van analitzar sediments lacustres actuals i mostres de
vegetació, sòl i sediment provinents de la conca de drenatge per a poder ser comparats amb el registre de
Montmalús. Els resultats presenten diversos canvis en les dinàmiques lacustres, en especial durant la Petita Edat de Gel i a l’inici de l’Era Industrial. Aquests canvis són coherents amb els observats a altres registres del Pirineu. A més, s’observen valors anòmals de plom al sediments durant l’Edat Mitjana així com
des del començament de la Gran Acceleració, a causa d’un impacte antròpic regional. Aquest estudi és el
primer d’aquestes característiques mai realitzat a Andorra, i el més oriental fet mai al Pirineu, per la qual
cosa servirà per complementar les dades obtingudes en altres registres del Prepirineu i del Pirineu central.
Paraules clau: geoquímica, canvi climàtic, fàcies sedimentàries, Holocè Tardà, Pirineu, Llacs.

Resumen

Los lagos de alta montaña proporcionan información sobre la influencia que el cambio climático y las actividades antrópicas tienen sobre entornos relativamente inalterados. Presentamos este estudio detallado del lago de
Montmalús con la intención de mejorar nuestra comprensión acerca de los cambios climáticos globales recientes en el Pirineo de Andorra. Hemos estudiado la dinámica sedimentaria del lago mediante sondeos cortos que
contienen el registro de los cambios ambientales de los últimos siglos. Los sondeos se describieron usando técnicas sedimentológicas, geoquímicas i físicas. Como resultado de combinar edades radiométricas de 210Pb-137Cs
y 14C, se ha desarrollado un modelo de edad que cubre los últimos 2000 años. Además, analizamos sedimentos
lacustres actuales y muestras de vegetación, suelo y sedimento de la cuenca de drenaje para compararlos con
el registro de Montmalús. Los resultados presentan varios cambios en las dinámicas lacustres, en especial,
durante la Pequeña Edad de Hielo y al comienzo de la Era Industrial. Estos cambios son coherentes con los
identificados en otros lagos del Pirineo. En añadido, se han identificado valores anómalos de plomo en el sedimento durante la Edad Media y también desde la Gran Aceleración debido al impacto antrópico regional. Este
estudio es el primero de estas características realizado en Andorra, y el más oriental en el Pirineo, por lo que
servirá para complementar los datos obtenidos en otros registros obtenidos en el Prepirineo y Pirineo central.
Palabras clave: geoquímica, cambio climatico, facies sedimentarias, Holoceno tardío, Pirineo, Lagos.
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Abstract
High mountain lakes provide insights about the influence in relative unaltered settings of climate change and human
activities. In order to understand recent past global changes in the Pyrenees of Andorra, we here present a thorough
study of the Montmalús lake. We study the lake depositional dynamics means of cores, which achieved the environmental shifts for the last centuries. We described and analyzed short cores using sedimentological, geochemical and
physical techniques. In parallel, we built an age model combining both the 210Pb-137Cs and 14C radiometric dating techniques. As a result, an age model spanning the last 2000 years was obtained. In addition, recent lacustrine sediments,
vegetation, soil and sediment samples were surveyed to compare watershed lake sediment signatures. The results have
shown large changes in lacustrine dynamics particularly during the Little Ice Age and since the beginning of the Industrial Era. These changes are coherent with those identified in other lakes in the Pyrenees. In addition, anomalous
lead values in the sediment are identified during the Middle Ages, and also since the Great Acceleration due to regional anthropic impact. This study is the first of this type in Andorra, and the easternmost of the Pyrenean mountain
range, which will serve to complement the data obtained in other records of the pre-Pyrenees and central Pyrenees.

Key-words: geochemistry, climate change, sedimentary facies, Late Holocene, Pyrenees, lakes.

1. Introduction
In the current context of global change, there is an
urgent call to envisage the response of particular
environments to shifts of the Earth climate system.
Here it is crucial to know the response of similar systems to former climate shifts. A growing number of
proxy-based climate reconstructions provide essential
information for understanding the patterns and mechanisms behind the millennial-to-centennial-scale
climate variability during the Holocene epoch (Geirsdóttir et al., 2019) and also for the anthropic forcing
impact (Corella et al., 2011). In the Iberian Peninsula, a number of records describing past climate and
environments during the last millennia have been
studied. This embraces several settings and records
including marine records (e.g. Cacho et al., 2001),
palynological reconstructions (e.g. González-Sampériz et al., 2006), ice caves (e.g. Leunda et al., 2018),
or stalagmites (e.g. Bartolomé et al., 2015). Further,
a crucial field has been to investigate environmental
changes due to climatic fluctuations and anthropic
impacts (Barreiro-Lostres et al., 2014; Frugone-Álvarez et al., 2017; Morellón et al., 2011; Moreno et
al., 2008; Valero Garcés et al., 2008). This work focuses on the study of the sedimentary record of Lake
Montmalús over the last 2000 years, through a multi-proxy study and the combination of 210Pb, 137Cs
and 14C dates in order to achieve a reliable age model.

2. Regional setting
2.1 Geographical and geological setting

lake is in the upper part of La Llosa river catchment area, which discharge in to the river Segre.
Concerning the geology, the lake is on the Mont
Louis–Andorra granitic pluton emplaced 305 ± 5
Ma ago during the Variscan orogeny (Maurel et al.,
2004). Although Mont Louis–Andorra pluton presents a range of lithologies (Gleizes et al., 1993) in
the Montmalús watershed is only composed by granodiorite with biotite and its alteration products.
Relating the geomorphology, the lake is inside a
big glacial cirque of the ancient La Llosa glacier
that was present during the Last Maximum Glacial
about 20.000 years ago (Pallas et al., 2010). Several lateral and terminal moraines occur in the glacial cirque, defining smaller sub-basins and controlling the sediment influx to the lake (Fig. 1).
2.2 Climate and vegetation
According to Batalla et al., (2016) in the Andorra
Climate Digital Atlas (period 1981-2010), the region has a Mediterranean Alpine climate. Mean annual temperature is 3.9 °C, ranging from 2.3 °C in
January and February to 12.2 °C in July. Mean annual precipitation is 1126.5 mm, and February and
March are the driest months (41.3 and 56.3 mm
respectively) whereas May the wettest (125.6 mm).
Precipitation is also significant in June (115.8 mm),
October (104.9 mm) and November (119.5 mm).
The watershed is mainly composed of alpine meadows and rhododendrons shrubs. On the southern
shore, there are some specimens of Pinus uncinata.
2.3 Hydrology and limnology

Montmalús lake (4705776.0, 391685.0; 2433 m
a.s.l.) is located in the Pyrenean Axial Zone, in The lake has a surface area of 0,107 km2 and covers
the Encamp parish, Principality of Andorra. The 8,6% of the 1,24 km2 watershed area. The maximum
7

Fig. 1. Location map of Montmalús Lake. Above: Location of the lake in the context of the Pyrenean mountain range. Bottom-left: Detail map of Montmalús watershed. Bottom-right: Bathymetric map and location of the cores and sediment trap
used in this study.

water depth is 21 m. The main water input is a stream
that discharges in the north margin of the lake; a minor creek occurs in the east margin. The only water
surface output is located at the south-east of the lake.
Water samples collected and analyzed during the 2017
and 2018 field surveys show that the lake’s water has a
chemistry dominated by Ca2+, and to a lesser extent by
Na+, SO42- and Mg2+. The conductivity of the lake water
ranges from 18,9 to 23,9 µS/cm (average 20,4 µS/cm).
As other high-altitude Pyrenean lakes (Oliva-Urcia
et al., 2018; Ventura et al., 2000), Montmalús lake
is a dimictic lake covered by ice during the winter
and spring months. During the summer months,
the lake presents thermal stratification with a warmer epilimnion, a metalimnion with rapid change
of temperature and a colder bottom hypolimnion.
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The thermocline is located between 6 and 8 meters.
During the ice-covered period the lake has inverse
temperature stratification (Supplementary Material).
The daily temperatures recorded within the REPLIM
project for the last year (Supplementary Material)
show that water stratification starts in June, when the
ice cover disappears (thermocline between 1 and 6 m
depth), and it continues evolving during July and the
first days of August. The thermocline becomes less
marked and gains depth from August to October till
8 m depth. From November to the end of May there
is a reverse stratification due to the effect of the ice
cover. Surface waters remains at 1°C under the ice,
and around 4 °C at the lake bottom. Two episodes of
mixing occur in a year. The first one at the end of October as solar radiation and air temperature decrease.

The water mixing follows until lake’s surface freezes,
normally by the middle of November. The second mixing event is shorter and occurs in May, as ice cover
disappears. The minimum temperatures in the water
column occur before the ice cover forms and isolate the system, and also when the ice cover is melting.

REP-LUS-8A-1G core (two bulk sediment and one wood
fragment) and REP-LUS17-3A-1G (one bulk sediment
sample located within the 210Pb-137Cs dating range) in
order to assess a possible reservoir effect. All dates were
obtained using Absorption Mass Spectrometry (AMS)
at the DirectAMS Laboratory (Washington, USA).
AVAATECH X-Ray Fluorescence II core scanner was
used to obtain X-Ray Fluorescence (XRF) logs from
REP-LUS17-8A-1G core at 1 mm resolution at the
University of Barcelona (UB, Spain). For Al, Si, P, S,
Cl, Ar, K, Ca, Ti, V, Cr, Mn, Fe, Co, Rh, Ba, Nd and
Gd, the settings were 15 seconds at 10 Kv. For Ni, Cu,
Zn, Ga, Br, Rb, Sr, Y, Zr, Nb, Mo, Rh, Ag, Au, Hg, Pb,
Th and U the settings were 70 seconds at 30 Kv. Only
those elements with counts per second (CPS) are
higher than 1000 CPS have been used in this study.
REP-LUS17-3A-1G, REP-LUS17-5A-1G and REPLUS17-8A-1G cores were sub-sampled every 1 cm
for Total Sulphur (TS), Total Carbon (TC), Total Inorganic Carbon (TIC) and Total Organic Carbon
(TOC) analyses. REP-LUS17-8A-1G core was sampled every 1 cm for isotopic (δ13CPDB and δ15NAIR in
bulk organic matter) and for grain size analyses.
TS, TC and TIC were measured at IPE-CSIC labs
in Zaragoza (Spain) using a LECO SC144 DR furnace by combustion of 100 mg of lyophilized sample at 1350 °C. For TIC analysis, organic matter was burned previously at 450 °C in a muffle
furnace for 300 minutes. TOC values were calculated as the difference between TC and TIC.
The δ13CPDB and δ15NAIR isotopic analyses of vegetation, soils, trap and core sediment were performed in
the Analytical Instrumental Techniques Unity of the
University of A Coruña (Spain). The measurements
were made with an elemental analyzer FlashEA1112
(ThermoFinnigan) coupled through an interface
ConfloII (ThermoFinnigan) to a mass spectrometer of isotopic ratios Deltaplus (ThermoFinnigan).
Samples for grain size analyses were pre-treated
with 3% diluted H202 at 105 °C for 24 hours to remove organic matter. Tetra-Sodium Pyrophosphate
10-hydrate (Na4P2O7 · 10 H2O) was added to disperse the colloids and the samples were shaken during
2 hours before the analysis. Grain size distribution was measured with a Beckman Coulter LS 13
320 Particle Sizing Analyzer from the Soil and Water Department of the Estación Experimental de
Aula Dei - CSIC (EEAD-CSIC, Zaragoza, Spain).
Six samples were selected based on sedimentological and geochemical criteria for X-Ray Diffraction
analysis (XRD). The samples were analyzed using
X’PERT PRO diffractometer from PANALYTICAL, equipped with a Cu anode X-ray tube (45kV,

3. Materials and methods
3.1 Field work
Sediment and water samples were collected by means
of three fieldwork campaigns. During the first one
(August 4th, 2017), eight short cores were retrieved with a gravity UWITEC corer. In addition, a
sediment trap was installed in the deepest zone
of the lake. One of the short cores (REP-LUS173A-1G) was sampled in situ for 210Pb-137Cs dating.
The sediment trap was collected during the second fieldwork campaign (August 7th, 2018). During the third campaign (October 26th, 2018) samples of vegetation, soil and watershed sediment
were collected. During the summer campaigns waters were sampled and surveyed with a YSM multiparameter sonde (pH, conductivity, oxygen and
temperature). Data loggers for temperature were
deployed at 1m, 6m, 11m and 16m water depths.
3.2 Laboratory
35 samples from REP-LUS17-3A-1G core were sent
to St. Croix Watershed Research Station (Minnesota,
USA) to be dated using gamma ray spectrometry for
the 210Pb-137Cs method. The other 7 short cores were
split in two halves, one for archive (A) and other for
work (W) at the IPE-CSIC facilities in Jaca, Spain.
Both halves were imaged with a resolution of 50 microns (pixel size) with a Geotek Multi-Sensor Core
Logger (MSCL). Magnetic susceptibility (MS) was
measured in archive halves using the Bartington point
sensor. Cores were stored at 4 °C at Instituto Pirenaico de Ecologia - CSIC (IPE-CSIC, Spain) in Zaragoza.
Once opened, the cores were described according to
macroscopic observations, including colour, texture,
lithology and presence of macro organic fragments.
The macroscopic description was completed with the
observation of smear slides with a petrographic microscope that provided qualitative information about
the sediment, such as mineralogy and grain size, and
form and size of biological components. The protocols
used are described by Schnurrenberger et al (2003)
and the TMI tools (https://tmi.laccore.umn.edu/).
Four samples were selected for AMS 14C dating from
9

40 mA) at the Instituto Andaluz de Ciencias de la
Tierra (IACT-CSIC, Spain). A rotary sample holder was used to improve the orientation statistics,
with a rotation time of the samples of 4 seconds, a
Ni filter and a RTMS type detector (X’Celerator) of
linear type. The interpretation was made using the
device’s own software (X’Pert High Score Plus) at the
Universitat Autònoma de Barcelona (UAB, Spain).

with the 210Pb age model (Fig. 2). To assess the likely
reservoir effect of the bulk organic matter samples
we compared 14C and 210Pb ages at the same depth
(18-19 cm) (Fig. 2). The calculated reservoir effect
is about 730 years. Considering that another bulk
organic matter sample at 40 cm yielded a 14C age of
2564 +/- 27 yr, this reservoir effect does not seem to
be constant along the sequence. Extrapolating the
210
Pb-based age model till 40 cm, we could estimate that the reservoir effect would be of 2317 years.
The final age-depth model based on three 14C dates, and the 210Pb dates was performed with Clam
2.2 code (Blaauw, 2010). We applied this reservoir
effect correction to the two bulk sediment samples.
The sediment accumulation rates based on 210Pb dating show lower values up to 1880 CE, constant values up to 1920 CE, a sharp increase between 1920
and 1940 CE, the highest values up to 1980 (up to
0.02 gr·cm-2 ·yr-1), and slightly decreasing afterwards.

4. Results
4.1 Age model
The Montmalús lake age model is based on 210Pb-137Cs
dates, four 14C dates (one from REP-LUS17-3A-1G
and three from REP-LUS17-8A-1G core). Both cores
were correlated using TOC values (Fig. 2, Table 1).
The wood sample at 34 cm depth yielded an age
(1787 +/-24 14C yr BP) too old to be in agreement

Fig. 2. Age model based on weighted spline regression (Blaauw, 2010) of 2 AMS 14C dates from REP-LUS178A-1G core and 210Pb dates from REP-LUS17-3A-1G. The black solid line represents the age-depth function framed by error lines. At top left is represented the correlation between short cores REP-LUS17-3A-1G (red) and
REP-LUS17-8A-1G (violet) using TOC (%) values. At right, from top to bottom are represented the sediment
accumulation rate since 1820, the total 210Pb activity and the age-depth function obtained from 210Pb dates.
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Table 1: Radiocarbon dates used for the construction of the age model for Montmalús lake sequence. Dates were
calibrated using CLAM software (Blaauw, 2010). Dates in cursive were discarded.

4.2 Facies
Due to the homogeneity of the sediments, we
applied several techniques and analyses to characterize the facies. Macroscopic observations defined
the sediment as massive brown silty mud. Textural analyses show grain size variability along the sequence. The average sandy fraction is 17.9%, with a
standard deviation of 3.8%. The results show three
sandy intervals at 67 - 60 cm, 36 - 26 cm and 11 - 5
cm; The upper interval has the highest sandy fraction (>30 %). There are intervals with high clay
and silt percentages at 58 - 40 cm and 24 - 20 cm.
Several intervals of REP-LUS17-8A-1G core were selected according to geochemical (TOC and XRF Si/Ti,
K/Ti and Ca/Ti ratios) and grain size criteria for petrographic microscope observations of smear slides.
The detrital fraction is composed of quartz grains,
some plagioclase and biotite crystals. Finer fraction
is composed of clay minerals. Organic particles are
very common: the majority are amorphous, spongy
organic matter but there are, also diatoms, chironomid remains and fragments of unidentified organisms. X-ray powder diffraction analyses provided several spectra showing a very important amorphous
phase, probably attributed to the presence of organic
matter and diatoms. In the crystalline phase, we identified mostly quartz, mica (likely biotite) and chlorite, probably associated to the alteration of the biotite.
To sum up, the Montmalús sequence is mostly composed
of brown silty mud with several intercalations of coarser sediments, muddy silts with higher sand content.
4.3 Elemental geochemistry
Montmalús lake sediments present high TOC values, between 9.62% and 14.02% (mean = 10.91,
standard deviation = 0.88) and TIC below the limit of instrumental error. The average TN content is 0.90%, with a range between 0.77% and
1.04%. TN and TOC values show similar profiles.
The mean C/N atomic ratio is 12.97 and fluctua-

te from 11.56 to 14.14 (standard deviation = 0.67).
The limited plant, soil and sediment survey of the
watershed help to characterize main composition of
allochthonous organic matter. The 11 samples of terrestrial vegetation obtained in the autumn field campaign of 2018 present mean TOC = 44.98% and TN
= 1.13% (standard deviation 3.79 and 0.23 respectively, C/N = 46.62). 7 soils samples have mean TOC
= 31.77% and TN = 1.69 (standard deviation of 6.01
and 0.46 respectively, C/N = 22.02). And 3 sediment
samples from the coastal area presents mean TOC =
0.73% and TN = 0.7‰ (standard deviation of 0.82
and 0.7 respectively, T/N = 12.21). One lacustrine algae from Montmalús has a TOC = 35.22% and TN
= 2.66%, C/N = 15.51. Finally, sediment from the
trap has TC = 18.83 %, TN = 1.83% and CN = 12.05.
The TS values are low along core, ranging from 0.17%
to 0.24% (mean = 0.20, standard deviation = 0.09). Sulphur content decreases upcore till 29 cm and slightly
increases in the upper part, especially the top 14 cm.
Only those XRF elements with CPS higher than 1000
CPS (Si, Ca, K, Ti, Fe, Rb, Sr and Zr) have been included in this study. Pb and Mn were also considered as indicators of human activities and redox conditions, despite their CPS are relatively low. All the
elements were normalized with Ti. This is because
Ti has higher CPS than Al, has a conservative behavior during transport and weathering and it is not
biologically important (Kylander et al., 2011). The
ratios used in this study were Si/Ti and Ca/Ti as indicators of detrital input, Pb/Ti for Pb deposition,
Zr/Rb as a grain size indicator and Fe/Mn as an indicator of the redox conditions at the bottom of
the lake (Neacher et al., 2013, Moreno et al., 2007).
4.4 Stable Isotope in bulk organic matter
The sediment collected in the sediment trap located at the deepest zone of the lake during the
period August 2017 to August 2018 was mostly
composed of silicate minerals and organic matter
(TOC = 18.8 %). It showed δ15NAIR values of 1.3‰
11

Fig 3. Proxies from Montamalús Lake sequence (depth scale). From left to right: Stratigraphic column, Magnetic
susceptibility, Total Organic Carbon (%), Total Nitrogen (%), Carbon/Nitrogen ratio, Total Sulfur (%), Si/Ti, Ca/
Ti, Pb/Ti, Zr/Rb ,Fe/Mn, δ13CPDB and δ15NAIR. In shaded brown levels with higher content in sand.
and δ13CPDB of -29.1‰ and a C/N ratio of 12.00.
These values differ from those obtained from the top
sediments in core REP-LUS17-8A-1G with δ15NAIR
from 2.6‰ to 4.6‰ (mean = 3.2‰, standard deviation = 0.4‰) and δ13CPDB from -28.4‰ to -23.7‰
(mean = -25.9‰, standard deviation = 1,1‰).
The δ13CPDB profile shows increasing values from base
to top, with several fluctuations along the core. The
most significant occurs between 49 and 47cm, with
more negative values around -28.3‰ . Another δ13CPnegative excursion occurs between 29 and 15 cm.
DB
15
δ NAIR presents pronounced fluctuations from the
base to the top. Between the base and 48 cm, δ15NAIR
fluctuations are smaller. The most marked increase of δ15NAIR (from 2.74‰ to 4.64‰) occurs between 48 and 40 cm. Values decrease again until 37
cm and show a second peak (δ15NAIR = 4.18‰.) at
33-34 cm. Then, the values decrease sharply until
16-17 cm (δ15NAIR = 2.64‰, the lowest value in the
core). From 16 cm to the top, δ15NAIR increases again.
The terrestrial vegetation samples present mean
δ13CPDB = -28.07‰ and δ15NAIR = -1.63‰ (standard
deviation 1 and 2.94 respectively). The soils samples
have mean δ13CPDB = -27.72‰ and δ15NAIR = 1.44‰
(standard deviation of 0.49 and 1.28 respectively).

The sediment samples from the coastal area presents
mean δ13CPDB = -25.36‰ and δ15NAIR = 0.76‰ (standard deviation of 1.06 and 0.64 respectively). Algae from the lake Montmalús has δ13CPDB = -31.8‰
and δ15NAIR = 3.69‰, meanwhile sediment from the
trap has δ13CPDB = -29.11‰ and δ15NAIR = 1.27‰.

5. Discussion
5.1 Depositional units
The deposition of sediments in Lake Montmalús during
the last 2000 years is dominated by massive, organic rich
brown silty muds with some intercalated siltier layers.
Based on textural, compositional and geochemical parameters and according to our age model, four substages have been identified during the last 2.000 years.
Substage 1 (71-51 cm) -70−1200 CE
This first substage is characterized by a decreasing
TOC and TS values. TN, δ15NAIR and δ13CPDB present
similar patterns, showing three initial peaks around
1st century and then decreasing and stable values
from 750 to 1180 CE. C/N fluctuates between 12.52
12

and 13.76. The Si/Ti and Ca/Ti ratios also do not
show significant fluctuations. These features point to
sedimentation in distal areas of the lake dominated
by lacustrine organic matter (Meyers and Lallier-vergés, 1999; Meyers and Teranes, 2002) with increasing detrital input but with no discrete clastic layers.

ratio is the highest in the record, indicative of higher organic matter input derived from the watershed. δ15NAIR
also experiences an increase during this period. The Si/
Ti and Ca/Ti are low pointing to reduced clastic input
and the anomalous high values of Pb that appear in
the previous unit continue their decreasing trend and

Fig. 4. Selected proxies for Montamalus lake sequence (age scale). From left to right: Total Organic Carbon (%),
Total Nitrogen (%), Carbon/Nitrogen ratio, Total Sulfur (%), Si/Ti, Ca/Ti, Pb/Ti, Zr/Rb, Fe/Mn, δ13CPDB and
δ15NAIR. The substages defined in this work are marked with grey shading.
stabilize at lower values from the year 1700 onwards.
Substage 2 (51-45 cm) 1200−1400 CE
This unit ends with decreasing Fe/Mn rations. This
substage is characterized as a period of higher conThis substage is characterized by relatively lower TOC, tribution of organic matter of exogenous origin and a
and the occurrence of Si /Ti and K/Ti ratios peaks. The reduced input of detrital elements. The lower Fe/Mn
C/N ratio is relatively lower at the beginning of the sta- ratio could indicate changes in the redox conditions
ge and is accompanied by a negative excursion δ13CPDB of the lake bottom towards less reducing conditions.
with the most negative values of the record, as well as
a slight decrease of δ15NAIR. The Pb/Ti ratio increases Substage 4 (28−5 cm) 1800−recent CE
remains relatively high until the next stage. These indicators suggest a higher contribution of detrital ele- The last substage starts with decreasing TOC values
ments during flooding episodes in the sediments. De- and after a sustained increase since year 1870. The Si/
position of lead indicates increased atmospheric input Ti ratio shows several peaks. The C/N ratio experienfrom anthropogenic sources (Corella et al., 2018). ced a decline until the year 1930, and then stabilized.
Altogether, these geochemical indicators suggest a
Substage 3 (45-31 cm) 1400−1800 CE
period of lower productivity at the beginning of the
substage, between the years 1780 and 1930, recoveThis substage presents higher values of TOC and TN. ring afterwards. Deposition of sandier sediments in
Between 1420 to 1570 CE, both indicators show a sud- the 1960-1980 period suggest a more intense depoden increase follow by a decrease till 1810 CE. The C/N sition with energetic flooding flows during this inter13

val. The Fe/Mn ratio decreases and reaches its minimum by the year 1950, before increasing again, which
indicates more oxidizing conditions at the bottom
of the lake during this period (Moreno et al., 2007).

tivity increases with warmer temperatures. The most
productive period of the ice-free season is determined
by the duration of the water mixing period and by the
availability of nutrients (Pla-Rabes and Catalán, 2011).
In high mountain lakes productivity is low and even
during the summer stratification there is oxygen at the
bottom of the lakes. The decomposition of the organic
matter is usually slow, due to low temperatures. On
the other hand, because the watersheds are sparsely
vegetated, their contribution of organic matter to the
lake is small. In spite of this, such contribution could
be significant in certain periods. Most organic matter
accumulated in the lake has been produced in the lake
itself. Hence, changes in the TOC reflect productivity
changes in the lake, due to either the availability of nutrients or due to variations in the productive period.
Periods of high TOC values, and therefore of enhanced
productivity, occur at the beginning of the sequence,
between the years -70 and 250 CE. High TOC values
are found for the 1480 to 1760 interval, although here
the high C/N ratios suggest a higher influx of terrestrial organic matter during this period (Meyers and Lallier-Vergés, 1999, Meyers and Teranes, 2002) On the
other hand, periods of low TOC occur between 1340
and 1450, and also between 1780 and 1840. Low TOC
values around 1300 -1350 are accompanied by more
negative δ13CPDB and lower C/N ratio, all indicative of
lower productivity (Meyers and Lallier-vergés, 1999).
Since 1880 till present both cores REP-LUS173A-1G and REP-LUS-8A-1G show a marked increase in TOC that suggests an increase in productivity during the last century.

5.2 Paleolimnological evolution of Montmalús
In this section we summarize the evolution of Montmalús Lake in three main aspects: sediment input, bio
productivity changes and heavy metals deposition.
Sediment input
The sediment inflow in a high mountain lake is related to erosion and the transport of material from the
watershed, directly related with precipitation and the
presence of ice and snow masses and the watershed
features (Toro et al., 2006). In general, more humid
periods are related to enhanced surface runoff, and
therefore a greater transport of detrital elements to
the lake. Conversely, periods of greater aridity would
be marked by a decrease of the sediment transfer
to the lake. On the other hand, the presence of ice
masses can mobilize unconsolidated sediment and
erode the rocky substrate, while during the summer
melting period they provide a more constant flow.
Once the detrital elements enter the lake, they are distributed depending on their size. Clays and silts travel
as suspended load, and the sandy fraction as bed-load.
The sandy fraction needs higher flow energy for its
transport, and hence, sandy beds are linked to periods
of higher energy flows in the basin of Lake Montmalús.
The Si/Ti and Ca/Ti ratios are indicative of the mineral fraction input in lake (Kylander et al., 2011).
In the Montmalús record, both ratios profiles display similar trends. Both depict their higher values at around 1200-1350 CE and 1780-1850 CE,
and lower values during the period 1450-1750 CE.
Periods with more frequent events of high energy flows occurred around 1570-1600, 1730-1850
and 1960-1980. During the 1860 to 1900 and
900-1500 periods the clastic input show a higher
contribution of the fine sediment fraction, indicative of low energy flows during these periods.

Deposition of heavy metals

Mountain lakes are environments extremely sensitive
to anthropic impacts, and therefore to pollution. In
the Montmalús sequence two peaks in the Pb/Ti ratio
do not correlate with increases in runoff. We interpret
this as a likely a response to increase in atmospheric
deposition due to anthropic activities. The source for
lead anomalies can be mining, metallurgy or fossil fuels
(Bränvall et al., 2001), activities that release lead into
the atmosphere where it is mobilized as an aerosol (Patterson and Settle, 1987). The first anomalous increaChanges in the productivity
se in the Pb/Ti ratio occurred with a sharp increased
around 1170 CE until 1340 and continued with higher
Productivity in high mountain lakes strongly depends values than background till ca. 1500 CE. Afterwards,
on seasonality, because the occurrence of ice-covered the values decreased until around 1700 CE, where reaand ice-free periods (Forsström et al., 2007, 2005). ched the background levels. The youngest increase in
When the lake is ice-covered, the productivity declines, the Pb/Ti ratio started around 1960 and continued till
and it is not until the ice cover disappears that produc- the top of the sequence, i.e 1993 CE in our sort core.
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1760 to 1780, a period described as colder and with
successions of droughts and floods. The first half of
the 19th century would have presented a variety of
climatic conditions, which would have alternated
a period of stability (1800-1815), a second interval
where more extreme events occurred (1815-1835)
and a slight tendency to warming during 1835-1850.
The Montmalús Lake presents a clear signal of the
disturbances caused by the LIA. The beginning of
the LIA is reflected in Montmalús with a decrease in TOC that reached a minimum ca 1380 CE.
The LIA in Montmalús record shows an internal
structure with an intermediate period between 1450
and 1570 with a marked increase in TOC, higher
δ15NAIR and a recovery in the C/N ratio, suggesting
more favourable conditions for a higher productivity in the lake. A decreasing trend in C/N started
around 1750 and continued till present, suggesting
an increase in the organic matter of lacustrine origin.

5.3 Climatic and environmental implications
5.3.1 Climatic implications
The lower accuracy of the age model for the older part
of the Montmalús sequence does preclude a detailed
correlation of the depositional evolution of the lake
with the known climate phases during the last two millennia: The Roman Warm Period (RWP), the Dark
Ages Cold Period (DACP) and the Medieval Climate Anomaly (MCA). Higher TOC and δ15NAIR during
the RWP are coherent with higher productivity during a period considered warmer and more humid
(Martín-Puertas et al., 2008). The decreasing trend
in TOC and lower δ15NAIR values during the DACP
and the MCA point to decreasing lake productivity
during the colder DACP and the arid MCA is defined
as a warm and arid period (Moreno et al., 2012). In
spite of this climate variability, the Montmalús record
does not present large changes in any of the analyzed
proxies, which suggests a period of relative stability.
At the end of the MCA, the Si/Ti ratio presents a large peak, which suggests higher erosion and transport activity in the watershed
just prior to the onset of the next climate phase.

Industrial Era (1850-Present)
This period is characterized by a progressive increase in temperatures (IPCC, 2013) linked
to the end of the LIA and higher greenhouse gas emissions since the Industrial Revolution.
The response of Montmalús lake at the beginning
of the industrial era is marked by an increase in the
TOC since 1870 in the short cores from the deeper
and distal areas of the lake (REP-LUS17-8A-1G and
REP- LUS17-5A-1G). This increase is also observed in
the more littoral core REP-LUS17-8A-1G, although to
a lesser extent. Between the period 1880 to 1970 CE,
the percentage of accumulated OC experimented an
increase of more than 2.5%. C/N ratios continue with
the decreasing trend started at the end of the LIA.

The signature of the Little Ice Age (LIA)
The onset of the LIA occurred at ca. 1300 CE and ended
around 1850 (Morellón et al., 2011). The two main causes for this climate phase characterized by low temperatures globally would be the increase in volcanic activity (Hegerl et al., 2011; Mann et al., 2009; Shindell et
al., 2003) and the decrease of solar radiation on Earth’s
surface (Dorado-Liñán et al., 2016; Usoskin et al., 2004).
In the Iberian Peninsula, this period has been described as either cold and humid (Moreno et al.,
2008) and as cold with humid and arid oscillations
(Morellón et al., 2011). Recently, (Oliva et al., 2018)
summarized the following phases during the LIA:
Between 1300 and 1480 there would have been a general decrease in temperatures with moderate climatic oscillations, breaking the dynamic of mild temperatures of the Medieval Climate Anomaly (MCA).
Between 1480 and 1570 there would have been relatively warm temperatures that would have tended to
fall during 1570-1620 until 1620-1715, period during
which the minimum LIA temperatures would have
been reached, especially during the Maunder minimum (1645-1715). The period 1715 to 1760 would
have presented relatively warm and stable conditions,
which would have increased their instability from

5.3.2 Anthropic Impact
Mining and metallurgy
Mining and metallurgical activities are a source of
pollution that has left its mark on the sedimentary
record of remote lakes in the Pyrenees since historical times, such as the Marboré lake during the Roman period (Mata et al., n.d, Oliva et al., 2018) or
the lake Redó during the medieval period (Camarero et al., 1998). The particles of Pb produced during the mining or metallurgical activity can pass
to the atmosphere as an aerosol (Patterson and Settle, 1987) and disperse far from the emitter source.
The increase in the ratio Pb/Ti that appears in the
Montmalús record between the years 1170 and 1500
15

CE most likely originated in mining or metallurgical
activities carried out in areas not too far from the lake.
We cannot pinpoint the exact location of the contamination sources, although they were likely local and regional, since the peak disappears before the Andorran and Vall Ferrera forges close
(Bosch, 2013), which leads us to suspect than
the registry responds to local (Vallcivera or cirque de Pessons) mining or metallurgical activity.

cord does not show such a decrease in the Pb/Ti ratio.
The decrease in the values of δ13CPDB and δ15NAIR could
respond to an increase in productivity (Campo et al.,
n.d.) from the 1990 year due to the warmer conditions that imply a shorter ice cover period of the lake
surface and a longer period of photosynthetic activity, or it could be due to the global increase of fossil
fuel use with very negative values of δ13CPDB, which
would cause a decrease in δ13CPDB of the atmospheric CO2 (Brenner et al., 1999) and would be reflected
Cattle raising
in the isotopic composition of the lake. Nevertheless,
decisive conclusions cannot be drawn from this inforThere is no documentary evidence of the history of mation, as to do so would require having a complete
cattle ranching in this area during medieval times. In record including the initial years of the 21st century.
the Montmalús sequence, the higher C/N ratios during
the period 1480-1770 could be interpreted as more in- 5.3.3. Regional implications
tense livestock activity conducive to an increase in the
input of external organic matter and the increase of Comparing the data obtained from the Montmaδ15NAIR, commonly associated to human disturbances lús record with other lakes in the Pyrenees such
in the watershed (Holtgrieve et al., 2011). As livestock as Marboré, La Basa de la Mora and Redó (Fig.
activity entailed an alteration of the soils and vegeta- 5) we can to investigate local and regional protion of the area that changes the isotopic composition cesses and phenomena and to visualize the magof the sediment transported to the lake the positive nitude and timing of the events shown above.
values of δ15NAIR in this interval could reflect an in- The sediment of Montmalús is more organic compacrease in nutrient input caused by livestock activity, red to Marboré and La Basa de la Mora, but all reand the occurrence of a productivity boom. Other in- cords show an increase in TOC from 1850 onwards.
ternal forcing could also affect the nitrogen dynamics Despite the Si/Ti or Ca/Ti ratios present greater variain the lake, as phytoplankton preferentially captures bility in the Marboré and Basa de la Mora lakes, all the
14
N dissolved inorganic nitrogen (DIN) (Leng et al., lakes show a decrease in these ratios during the second
2006), but if this is reduced because it acts as a limi- part of the LIA evidencing that it is a regional signal.
ting factor, phytoplankton is enriched in 15N (Fuen- Deposition of heavy metals from anthropogenic actitealba et al., 2018), later reflected in the sediment. vity appears in all lakes, although with variable intensity. The most recent Pb/Ti peak from the use of leaGreat Acceleration
ded gasoline appears synchronously in the three lakes.
The medieval and Roman peaks appear in Marboré
The term Great Acceleration refers to the period and La Basa de la Mora, but at different times, which
since 1950 CE in which human activity experiences suggest that these depended on more local factors.
unprecedented exponential growth with large environmental consequences (Steffen et al., 2007). In the 6. Conclusions
1950-2000 period, the world population doubled, the
consumption of resources and energy increased expo- Although the sedimentary facies of Lake Montnentially, the N cycle was altered (Bergstrom and Jans- malús do not show large variability during the last
son, 2006) and the concentration of atmospheric CO2 2000 years, their geochemistry illustrates the imincreased significantly (between the period 1950-1980 pact of past climatic changes and anthropic activity.
there was an increase of 48ppm). During this period,
Lake Montmalús registered an increase in the Pb/Ti The preliminary age model based on 210Pb and 14C
ratio that started in 1960, almost certainly related to dates does not allow investigating in detail the clian increase in the use of leaded gasoline. Most Pyre- matic phases prior to the early 19th century due to
nean lakes show a decrease in Pb content since the its resolution. In spite of this, the Little Ice Age siglate 20th century as the commercialization of leaded nature is clear in the Montmalús record showing
gasoline was prohibited in the year 2001 in the terri- several phases with increased bio productivity and
tories of the European Union. The analyzed core has changes in sediment input. Changes in lacustrithe top missing and that is why in the Montmalús re- ne dynamics from the beginning of the industrial
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Fig. 5. Comparison of the values of TOC, detrital XRF ratios (Si/Ti and Ca/Ti) and Pb/Ti of Montmalús, Marboré (Oliva-Urcia et al., 2017) and Basa de la Mora (Pérez-Sanz et al., 2013) sequences. On the right, detrended
altitude anomaly from chironomid study in Redó (Pla & Catalán, 2005)
era, such as a marked increase in TOC are compa- med by members of both Instituto Pirenaico de Ecorable to that found in other lakes in the Pyrenees. logía (CSIC) and Centre d’Estudis de la Neu i de la
Muntanya d’Andorra (Institut d’Estudis Andorrans).
This study highlights the extreme sensitivity of high Special thanks of gratitude to Dr. Blas Valero (IPEmountain lake ecosystems to anthropic activity, as re- CSIC) for tutoring the research done by the author.
flected for example by the increase in the Pb concentration in the sediment since the onset of the Industrial Era. 8. References
This work aims to show the potential that high altitude lake records can offer to understand paleoclimate
and environmental changes. The current monitoring
that is being carried out in the lake of Montmalús and
other Pyrenean lakes within the framework of the REPLIM project will help us to better understand how
they respond and adapt to the current conditions.
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Supplementary Material
Lake monitoring

S. Fig. 1 Data recorded with multiparametric sonde of Montmalús water column. From left to right: Temperature, Conductivity, Total Dissolved Solidus (%), Dissolved Oxygen (%), pH an Oxidation Reduction Potential.
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S. Fig. 2. Lake Montmalús anual temperature variation covering different water depths
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S. Fig. 3. Integration of the temperature data of the S. Fig. 2. in a single plot. In this figure, it is remarkable the different depth of the thermocline level and the temperature difference between the epilimnion and the hipolimnion. In the middle of the Figure the stationary and converging curves mark
when the lake is ice-covered; during this time the water temperature is reversed, i.e. the cold water
above, whereas the warm waters below.
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