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AbstrAct

Azorean lakes represent strategic freshwater resources and are subject to unprecedented levels of anthropogenic disturbance. The 
Flores Island lakes contribute 5% of the total water volume of aquatic systems in the Azores and are an important habitat for freshwater 
species. Sampled lakes are located inside maars structures. Lake Negra, with a depth of 115m, is the deepest lake.  The lakes water is 
cold, with thermal stratification observed during sampling campaigns. pH has varied from 5.43 to 9.94 and they are very dilute waters.  
Aquatic systems waters are fresh and of the Na-Cl and Na-Ca-HCO3 types. It is possible to identify three major processes that control the 
hydrogeochemical evolution of the lake water studied here: (1) a marine sea salt input due to atmospheric transportation and deposition; 
(2) the hydrolysis of volcanic rock and; (3) a contribution of mineral water flowing through the rim of the crater. Aquatic systems have 
no direct interaction with seepage of magmatic fluids, a common process in Azores lakes. The highest decline in lake water quality is 
related to anthropogenic activities. 

Keywords: Volcanic lakes, hydrogeochemistry, eutrophication, Flores Island (Azores). 

Resumo

Os lagos vulcânicos dos Açores são reservas estratégicas de água doce que estão sujeitos a distúrbios no seu equilíbrio natural devido a factores 
antropogénicos. Os lagos dos Açores representam 5% do total do volume de água doce que os sistemas lacustres dos Açores encerram, constituindo 
um importante habitat para as espécies que habitam ou fazem uso destes recursos naturais. Os lagos estudados localizam-se no interior de 
maars e a Lagoa Negra, com uma profundidade de 115m é o lago mais profundo dos Açores., Durante as campanhas de amostragem, os lagos 
apresentaram estratificação de origem térmica, o pH varia entre valores ligeiramente ácidos a básicos, a água tem baixa mineralização e é fria. 
Os sistemas aquáticos estudados possuem água doce de tipologia cloretada sódica e as amostras de água dos sistemas de maior volume demonstram 
um enriquecimento em bicarbonato e cálcio.  Foi possível identificar 3 processos que controlam o quimismo da água dos lagos: (1) a entrada de 
sais de origem marinha através do acarreio atmosférico; (2) a entrada em solução de elementos químicos através da interação água-rocha e (3) 
a entrada de água ligeiramente mineralizada na Lagoa Comprida através de duas nascentes localizadas no flanco SE desta lagoa. Os sistemas 
lacustres estudados apresentam resultados que indicam não haver interação de fluidos de origem magmática, processo que ocorre noutros lagos dos 
Açores. A degradação da qualidade da água dos sistemas lacustres estudados está relacionada com o processo de eutrofização. 

Palavras chave: Lagos vulcânicos, hidrogeoquímica, eutrofização, Ilha das Flores (Açores).
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1.  IntroductIon

Lakes are generally regarded as strategic sources of fresh 
water. The increase in world population and improved living 
standards as well as the need for more resources has recently 
contributed to a growing demand for fresh water resources. 
Freshwater habitats are under unprecedented levels of 
pressure by humans, not only to satisfy people’s basic needs, 
but also to satisfy agricultural and industrial demands, which 
has led to the subsequent deterioration of freshwater quality 
worldwide. In the Azores archipelago, three lakes are utilized 
for human water supplies. The island’s geomorphology and 
climate have provided the Azores with significant quantities 
of groundwater and lakes. The Azores archipelago contains 
a total of 88 lakes (Porteiro, 2000), occupying a surface area 
of approximately 0.5% of the archipelago. The Azorean lakes 
gained important attention after the eutrophication process 
arose in a significant number of the archipelago’s aquatic 
systems (UNL, 1991; Gonçalves, 1997; INOVA, 1999). The 
Azores archipelago is a remote region comprising nine small 
islands. With limited resources and a fragile environment, 
agriculture and livestock are the main economic activities 
creating environmental challenges. Nutrient emissions from 
agricultural activities are the main source of nutrient loads 
into lakes, and eutrophication has been increasing because of 
agricultural and livestock activities.Volcanic lakes may also 
receive magmatic fluids inputs (Delmelle & Bernard, 2000; 
Varekamp et al., 2000; Antunes, 2009), which are extremely 
concentrated and acidic (Rowe et al., 1992; Christenson, 
2000; Delmelle & Bernard, 2000; Varekamp, 2008) and 
contributes to the degradation of the water quality of 
groundwater and surface water in volcanic areas. The quality 
of ground and surface water is a sensitive environmental 
topic (Saunders et al., 2002; Simeonov et al., 2003). Lake 
water quality is a measure of the physical, chemical, and 
biological health of an aquatic system and it is difficult to 
define a single standard threshold for water quality beyond 
which the system will be degraded (Karr, 1993; Brabec et al., 
2002). 

Protection of natural areas is a partial solution to habitat 
degradation, but specific protections of groundwater and 
surface water are rarely implemented worldwide (Hockings 
et al., 2006; Saunders et al., 2002; Hockings, 2003). 
Freshwater is commonly protected when lakes are integrated 
incidentally in natural reserves. However, inclusion in 
protected areas does not guarantee protection (Moyle et al., 
1998; Saunders et al., 2002). The Flores lakes chosen for 
the present study, Lakes Negra, Comprida, Funda and Rasa, 
located in the Natural Reserves, are classified by the Regional 
Legislative Decree Law nº 15/2007/A, June 25 and created 
through the Regional Legislative Decree Law 15/87/A, July 
24 (Fig. 1). Lake Negra and Comprida are located in the 
designated Natural Reserve of Morro Alto e Pico da Sé and 
Lake Funda and Rasa are located in the Natural Reserve of 
Caldeiras Funda e Rasa. 

The main goals for these protected areas are to establish 
mechanisms of conservation and preservation, and 
ecosystem management of biodiversity, natural resources and 
landscapes. The Natural Reserves are humid zones located 
at high altitude in the designated Central Plateau. The area 

is characterized as a turf zone occupied by different species 
of Sphagnum and the endemic Azores Juniper (juniperus 
brevifolia), important to the hydrological equilibrium of the 
island. The island of Flores is located in a bird migration 
corridor and the humid zones are an important habitat 
for these birds to feed and rest. The aim of this work is to 
perform a hydrogeochemical survey of aquatic systems 
located in a Natural Reserve system in Flores, and identify 
and describe the main mechanisms that control the water 
chemistry. It also aims to improve the understanding of 
mechanisms of water degradation and contribute chemical 
data to data base that will allow for a temporal scale study in 
the future.  With the present study we intend to contribute 
to a better hydrogeochemical understanding of the dynamic 
of aquatic systems, primarily identifying if volcanic fluid 
contamination exist and how it affects the lakes water quality 
in order to improve the planning and management plans for 
protected areas in small islands. Biological processes will 
be taken in consideration, but they are not the focus of the 
study.

1.2. Geological setting

The Azores Islands represent the emerged portion of the 
Azores Plateau, limited by the bathymetric of 2000m (Fig 
2). The Azores are located at the junction between the North 
American, Eurasian and African lithospheric plates (in a 
complex geodynamic setting reflected by several tectonic 
structures, which explains the high level of seismicity and 
volcanic activity). The Mid-Atlantic Ridge (MAR) crosses the 
archipelago between the islands of Flores (West Group) and 
Faial (Central Group) (Krause & Watkins, 1970; Laughton 
& Whitmarsh, 1974; Steinmetz et al., 1976; Searle, 1980; 
Forjaz, 1983; Lourenço et al., 1998). Flores Island lies west 
of the Mid-Atlantic Ridge (MAR) on the American Plate. 

The Azores archipelago is located in the North Atlantic 
Ocean, between the latitudes of 37º- 40ºN and the longitudes 
of 25º-31ºW and can be divided in three groups according 
to the geographical distribution of the nine inhabited islands 
(Fig. 2). Flores Island is located in the Western group and 
has an area of 143km2 with a population approximately 
4000 inhabitants. The Central Plateau, located between 
500m and 915m high, represents 40% of Flores inland plain 
area (Azevedo, 1998).

Lake Negra and Comprida are located in the central 
western part of the Central Plateau and Lake Funda and Rasa 
are located in the southernwest part of the Central Complex 
(Fig. 1). The lakes are emplaced within Maar structures 
(except Rasa lake) produced by violent phreatomagmatic 
eruption. Morriseau (1987) classified Lake Rasa as emplaced 
in a cinder cone. Although, there is no evidence of a crater 
and the lake could have resulted from a tectonic depression. 
Lake Comprida shows an elliptical shape since it is hosted 
within coalescent hydromagmatic eruptions. Table 1 presents 
other relevant physical characteristics of the studied lakes. 

1.3.  climate

The archipelago position influences Azorean weather. 
The Azores are located in the middle North Atlantic Ocean 
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Figure 1. Map showing Flores Island, the location of the study lakes and the limit of natural 
areas. NRMAPS – Natural Reserve of Morro Alto and Pico da Sé, NRCFR – Natural Reserve 
of Caldeiras Funda and Rasa, ● spring I and II location in Lake Comprida rim (sketch is not 
scaled).
Figura 1. Localização dos lagos estudados e dos limites das Reservas Naturais na ilha das Flores. 
NRMAPS – Reserva Natural do Morro Alto e Pico da Sé; NRCFR – Reserva Natural das Caldeiras 
Funda and Rasa, ● localização das nascentes na margem da Lagoa Comprida (esquema não está à 
escala).

under the influence of subtropical high pressure (Azores 
anticyclone) resulting in a humid subtropical climate. It 
is possible to distinguish two seasons: (1) a relative humid 
season with high precipitation between September and 
March, and with steady wind due to the frequent crossing 
of low pressure systems associated with the polar front, and 
(2) a dry season during the other months controlled by 
the influence of Azorean anticyclone (Bettencourt, 1979; 
Azevedo, 1996). The climate is largely influenced by the Gulf 
warm current and the ocean that has an important role in air 
temperatures (Agostinho, 1938; Miranda et al., 2006). The 
temperature variation with 100m altitude is approximatly 
0.6ºC and a 2.4% increase of humidity saturation (Agostinho 
1938; Bettencourt, 1979). The average annual rainfall in the 
Azores is 1585 l/m2 and evapotranspiration is 597 l/m2. 

Flores weather is influenced by the orography of the 
island with lower temperatures throughout the year (average 
17.8ºC) and an average annual precipitation of 1430mm 
(Bettencourt, 1979).

2. sAmplInG And AnAlytIcAl methods
Water from Flores Lakes were sampled in July 2005 and 

July 2007. Negra Lake was sample once in May 2006. Rasa 
Lake was sampled in July 2005 and July 2007. Comprida 
and Funda Lakes were sampled in July 2005, May 2006 
and July 2007. Samples were taken along the vertical water 
column at defined locations during the two campaigns. 
Water samples were collected at different intervals from a 
pneumatic boat with a VanDorne sampler. During the 
sample campaigns, pH, temperature, electrical conductivity 
and dissolved oxygen (DO) concentration were recorded 
with portable digital meters. In the field, dissolved CO2 and 
alkalinity were determined by titration, and samples were 
filtered (0.2 µm) and stored in HDPE bottles. Samples for 
cation analyses were acidified with suprapur nitric acid. In 
the laboratory, major cation concentrations were determined 
by atomic-absorption spectrometry, while Si and Fe were 
analyzed by ICP-MS at Activation Laboratories, Canada. 
The major anion concentrations were determined by ion 
chromatography.
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Figure 2. Location of the Azores Archipelago. Azores islands represent the emerged portion 
of Azores plateau, which is defined by the batimetric line of the 2000 meters. The Terceira 
Rift (TR), a structure that is part of the complex geodynamic setting, and  is responsible for 
important seismovolcanic activity. MAR – Mid-Atlantic Ridge; NAFZ – North Azores Fracture 
Zone; EAFZ – East Azores Fracture Zone.
Figura 2. Localização do Arquipélago dos Açores. As ilhas representam a parte emersa da plataforma 
dos Açores que é definido pela linha batimétrica dos 2000m. O Rift da Terceira, estrutura que 
pertence ao referido complexo geodinâmico, é responsável pela importante actividade sismovulcânica. 
MAR – Crista Média Atlântica; NAFZ – Zona de Fractura Norte dos Açores; EAFZ – Zona de 
Fractura Este dos Açores.

table 1. Geophysical characteristics of studied lakes (a - data from PRA; b - data from Morriseau, 1987; c - data 
from Gonçalves, et al., 2005; M and P in WGS 84; n/a – no data available).
Tabela 1. Características físicas dos lagos estudados (a – dados do PRA; b – dados de Morriseau, 1987; C – dados de 
Gonçalves et al., 2005; M e P no WGS 84; n/a – sem dados).

Altitude Area Lenght Width Depth Volume Geological Water
M P (m) (km2) (m) (m) (m) (103m3) classification quality (c)

Negra 652681 4367372 550 0.13 451 389 122 14822.2 Maar (S.L)b n/a
Comprida 652973 4367020 550 0.05 496 155 17 378 (a) Maar (S.L)b High
Funda 653325 4363026 355 0.35 873 635 33.5 n/a Maar (S.L)b Bad
Rasa 652795 4363508 527 0.1 423 323 17 754 (a) Cinder coneb High

LocationLake

3.  results

Results of the field data (Table 2) show that the lake water 
was cold (13 – 23.4ºC) and thermally stratified during field 
work, except for Lake Comprida (May 2006). However, 
the profile did not reach the lake bottom. The Lake Negra 
thermocline occurs around 10 m to 30 m depth, which is 
deeper than at Funda, Comprida and Rasa Lakes (Fig. 3). 

Despite the thermal stratification, the lake’s water column 
was chemically close to homogeneous in all sampling profiles 
(Fig. 4). Lakes Negra and Comprida have the relatively 

highest concentration for all chemical elements, and the 
water samples taken from the other lakes are more diluted.

The ionic composition of the water samples induces 
relatively variable chemical facies. The smaller size lakes are 
Na-Cl dominated, while the larger lakes become more Ca-
HCO3 dominated (Fig. 5). 

The dissolved chemical elements in Negra and Funda 
Lakes show a relative distribution, which decreases in order 
for cations Na>Ca>Mg>K and for anions HCO3>Cl>SO4. 
However, the relative distribution of dissolved chemical 
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table 2. Major chemical elements compositions of Flores Lakes. All concentrations in ppm, depth in meters, Temperature (Temp.) in 
ºC and electrical conductivity (Cond) in µS/cm. 
Tabela 2. Resultado dos elementos maiores nos lagos estudados. As unidades dos elementos analisados estão em mg/L. A profundidade é medida 
em metros, a temperatura (Temp.) em ºC e a Condutividade Eléctrica (Cond) em μS/cm. Elementos não determinados em branco.

Lake Date Depth pH Temp Cond DO freeCO2 totalCO2 HCO3 Alk Cl SO4 Na K Mg Ca SiO2 Fe NO3 

May-06 0 7.54 14.8 143 9.4 1.8 37.0 48.8 40 16.1 3.8 14.1 1.6 4.8 7.2 12.1 0.12 3.6
May-06 10 7.77 14.6 142 10.0 1.6 23.6 30.5 25 16.3 3.5 14.2 1.5 5.0 6.8 10.9 0.00 2.6
May-06 20 8.20 14.2 142 9.6 3.0 38.2 48.8 40 16.3 3.6 14.1 1.5 4.7 7.0 11.4 0.00 1.4
May-06 30 8.18 13.1 142 9.3 3.2 38.4 48.8 40 16.3 3.7 14.1 1.6 4.9 7.6 12.5 0.01 1.0
May-06 40 7.84 13.0 141 8.2 2.6 37.8 48.8 40 16.1 3.7 14.2 1.6 5.2 7.8 12.5 0.01 1.5
May-06 50 7.78 13.1 142 8.1 3.6 38.8 48.8 40 16.7 3.6 14.2 1.7 4.9 6.8 13.3 0.12 9.1
May-06 60 8.21 13.1 141 8.3 2.8 40.2 51.9 43 16.4 3.8 14.1 1.6 4.9 6.8 13.6 0.06 0.7
May-06 70 8.21 13.1 141 8.3 2.4 37.6 48.8 40 16.5 3.7 14.0 1.7 4.7 7.5 12.8 0.07 0.7
May-06 80 8.08 13.5 140 8.2 2.8 38.9 50.0 41 16.5 3.6 14.2 1.6 4.7 7.4 13.2 0.07 1.8
May-06 90 7.87 13.1 141 8.3 2.5 40.3 52.5 43 16.5 3.9 14.1 1.6 4.7 6.8 13.4 0.04 1.9
May-06 100 8.09 13.1 141 8.2 3.3 41.1 52.5 43 16.2 3.7 14.1 1.6 5.0 6.9 13.0 0.01
May-06 110 8.22 13.1 141 8.3 2.6 37.8 48.8 40 16.6 3.8 14.3 1.6 4.7 7.2 13.0 0.04 5.2
May-06 115 8.44 13.3 141 8.3 2.2 39.2 51.2 42 16.4 3.9 14.2 1.6 5.0 7.1 13.1 0.00 2.2
Jul-05 0 7.56 19.9 77 0.6 11.2 14.6 12 14.0 2.7 10.8 1.1 1.9 4.4 3.4 0.08
Jul-05 3 7.40 19.0 76 0.8 10.5 13.4 11 13.6 2.6 10.3 0.9 1.8 3.7 3.9 0.07
Jul-05 6 7.30 16.8 78 1.3 11.0 13.4 11 10.9 1.1 2.0 3.6 4.4 0.06
Jul-05 9 7.18 16.2 79 2.1 10.9 12.2 10 12.1 1.1 2.0 4.1 5.0 0.05
Jul-05 12 7.05 15.8 80 2.2 11.9 13.4 11 14.5 2.8 15.7 1.4 2.5 5.3 5.6 0.05
Jul-05 15 6.95 15.7 81 2.8 13.4 14.6 12 14.4 2.7 12.4 1.2 2.2 3.8 5.7 0.06
Jul-05 17 6.84 15.7 81 2.6 13.2 14.6 12 14.5 2.7 9.8 1.0 2.3 1.8 6.1 0.07

May-06 0 7.71 14.6 92 8.5 2.6 14.0 15.9 13 16.1 3.1 10.5 1.0 2.7 2.4 3.8 0.08
May-06 3 7.42 14.8 92 8.8 2.4 15.6 18.3 15 15.9 3.0 10.4 1.0 2.6 2.3 3.3 0.05
May-06 6 7.39 14.7 91 8.7 2.0 14.3 17.1 14 16.2 3.0 10.6 1.0 2.6 2.3 3.4 0.05 0.5
May-06 9 7.22 14.6 92 8.6 2.2 15.4 18.3 15 16.1 2.9 10.5 1.0 2.7 2.4 3.0 0.09 0.8
May-06 10 7.32 14.7 91 9.2 1.7 14.9 18.3 15 16.0 3.0 10.4 1.0 3.1 2.3 3.1 0.04
Jul-07 0 10.6 3.2 14.6 15.9 13 15.6 3.0 9.8 1.3 2.4 1.9 5.0 0.12
Jul-07 8 9.9 2.8 14.2 15.9 13 15.7 2.9 9.8 1.2 2.4 1.9 5.6 0.10
Jul-07 15 9.9 3.3 14.3 15.3 13 15.5 3.0 9.8 1.3 2.4 1.9 5.3 0.15
Jul-05 0 9.94 23.4 148 1.0 24.8 32.9 27 17.7 3.0 12.5 1.5 3.5 4.4 7.4 0.02
Jul-05 5 8.30 17.9 124 1.4 27.8 36.6 30 18.6 3.2 14.3 1.7 3.6 8.0 7.5 0.03
Jul-05 10 7.85 16.9 125 2.8 26.6 32.9 27 17.7 3.2 13.1 1.6 3.4 7.4 8.0 0.02
Jul-05 15 7.51 15.1 130 3.0 27.6 34.2 28 18.4 3.3 13.3 1.7 3.5 7.8 7.2 0.01
Jul-05 20 7.85 14.9 128 4.2 29.3 34.8 29 18.7 3.3 13.2 1.7 3.4 7.4 6.5 0.03
Jul-05 25 7.56 14.4 131 6.6 33.0 36.6 30 18.8 3.2 13.2 1.7 3.6 7.6 7.1 1.23
Jul-05 30 7.10 14.0 135 8.4 38.3 41.5 34 18.8 3.1 12.9 1.7 3.6 7.7 7.0 0.04
Jul-05 33 6.71 13.8 123 7.2 36.2 40.3 33 18.9 2.9 13.4 1.9 3.7 4.0 7.2 0.48

May-06 0 9.26 16.0 137 9.6 45.1 37 18.0 3.2 13.9 1.7 4.0 6.0 5.2 0.05
May-06 3 9.35 16.0 137 9.3 40.3 33 18.2 3.4 13.9 1.7 4.6 6.4 5.4 0.08 4.9
May-06 6 9.46 16.0 137 9.3 17.7 3.2 13.8 1.7 4.4 5.8 5.9 0.04 2.3
May-06 9 9.53 16.0 137 9.3 43.9 36 17.7 3.5 14.0 1.7 4.6 7.6 6.0 0.06 1.2
May-06 12 9.42 14.4 134 7.0 42.7 35 17.7 3.4 13.8 1.7 4.4 6.6 6.9 0.09 1.5
May-06 15 9.02 13.6 132 7.1 40.9 34 18.1 3.3 13.7 1.7 4.5 5.9 6.6 0.03 3.1
May-06 18 8.45 13.5 131 7.1 40.6 33 17.4 3.3 13.6 1.7 4.4 5.6 6.4 0.03 1.0
May-06 21 8.19 13.5 132 7.1 41.5 34 17.7 3.1 13.7 1.7 4.1 5.6 6.3 0.03 2.4
May-06 24 7.93 13.4 131 4.5 5.0 34.0 40.3 33 11.4 2.3 13.6 1.7 4.5 5.8 6.9 0.11 1.8
May-06 27 7.76 13.3 133 3.3 6.8 36.3 40.9 34 17.3 3.2 13.5 1.7 4.3 5.9 7.3 0.09 2.3
Jul-07 0 40.3 30 19.2 3.4 13.8 1.5 4.4 6.3 5.7 0.01
Jul-07 6 39.7 33 18.9 3.5 13.5 1.5 4.2 6.2 4.8 0.03
Jul-07 12 1.5 31.4 41.5 34 18.9 3.8 14.0 1.7 4.2 6.4 6.6 0.14 1.0
Jul-07 16 7.2 35.8 39.7 33 19.1 3.7 13.8 1.6 4.5 5.9 5.6 0.02 0.6
Jul-07 23 8.0 34.0 39.0 32 19.1 3.7 13.8 1.7 4.2 5.7 5.8 0.25
Jul-05 0 7.38 21.6 66 1.0 2.3 1.8 2 15.6 2.8 9.2 0.6 0.7 1.4 1.5 0.09
Jul-05 5 7.10 19.8 66 1.0 2.3 1.8 2 15.8 2.8 8.8 0.4 0.4 1.3 2.4 0.03
Jul-05 10 6.87 17.1 66 1.2 2.1 1.2 2 16.1 2.9 8.9 0.4 0.4 1.3 2.3 0.12
Jul-05 17 6.22 16.7 67 3.2 4.5 1.8 2 16.2 2.8 8.7 0.4 0.4 1.4 3.0 0.08
Jul-07 0 6.26 19.6 68 7.0 2.6 6.1 4.9 4 17.1 3.1 9.2 0.4 0.4 1.3 1.3 0.08
Jul-07 7 6.27 18.7 68 6.6 2.3 4.1 2.4 2 17.2 3.1 9.2 0.4 0.4 1.3 1.1 0.04
Jul-07 14 5.43 15.1 71 3.5 2.6 7.0 6.1 5 17.6 3.1 9.5 0.5 0.4 1.4 1.5 0.11

Negra

Comprida

Funda

Rasa
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Figure 3. Temperature variation with depth. Vertical profile from 
Negra Lake show a depth thermocline compared with other lakes. 
F. – Funda Lake, N. – Negra Lake, C. – Comprida Lake, R. – Rasa 
Lake.
Figura 3. Variação da temperatura ao longo da coluna de água. O 
perfil realizado na Lagoa Negra mostra a existência de uma termoclina 
mais profunda comparativamente com os restantes lagos. F. – Lagoa 
Funda, N. – Lagoa Negra, C. – Lagoa Comprida, R. – Lagoa Rasa.

elements in Lake Comprida (Na>Ca-Mg>K; HCO3-Cl>SO4) 
is distinct from Lake Rasa (Na>Ca>Mg-K; Cl>SO4>HCO3). 
Water samples from Lake Comprida, a smaller lake in area 
and volume, show a slightly more concentrated water 
composition and provide mixed facies with a Ca-Mg-HCO3 
enrichment compared to Lake Rasa.

The pH values for all sampled lakes range between 5.43 
and 9.94 and decrease with depth to slightly acidic values, 
except for Lake Negra waters which have alkaline values and 
the pH increases slightly with depth (Fig. 6). The total CO2 
concentrations show a pattern to increase in the hipolimnion 
(Fig. 7)

The DO vertical profiles show well oxygenated waters for 
Lake Negra and Comprida (Fig. 8). Lake Funda and Rasa 
have an oxygen-rich epilimnion above the thermocline and 
an anoxic hipolimnion.

4. dIscussIon

Temperature affects the chemical equilibrium of aquatic 
systems (Wetzel, 1993; Lampert et al., 2007). Thermal 
stratification is common in Azorean lakes in the summer 
with depths greater than 12m and thermoclines between 
3 and 20m (Antunes, 2009).  Lake Negra is the deepest 
lake in the Azores and shows a thermocline larger than the 
other lakes. Lake water stratification prevents water from 
circulating between the epilimnion and the hypolimnion. 
However, lakes sampled in Flores do not show strong 
compositional stratification. More campaigns are needed 
to determine the thermal water gradient over the course 

of the year at the study lakes. Lake waters show low levels 
of mineralization, with low electrical conductivity values 
(<148µS/cm; Table 2). The marine contribution, due to 
sea salt input by atmospheric deposition, partially controls 
the hydrogeochemical evolution of the lakes where water 
samples are near the line that characterizes the sea water line 
(Fig. 9). 

Marine contribution is the main mechanism that controls 
the water chemistry of Lake Rasa, which has the most dilute 
water of the sampled lakes with Na-Cl facies (Fig. 5) that 
are located close the sea water line. Lake Comprida water 
samples are disperse on the plot, which results from the 
mixed mineral water springs that drain into the lake and 
contribute to slightly more concentrated water than Lake 
Rasa (Table 3 and Figure 9). 

Despite the marine contribution, the effect of water-rock 
interaction processes contributes to water composition in 
the large mass lakes with the large concentration of alkali 
metal (Fig. 10). The slightly CO2 production by organic 
matter contributes to the acidity of the hipolimnion and is 
responsible for the pH decrease (Fig. 6, 7 and 11). 

Figure 11 compares the studied Flores lakes with the 
Congro and Furnas Lake at São Miguel Island and with 
Furna do Enxofre Lake (F. Enxofre) at Graciosa Island. F. 
Enxofre is a small lake inside a basaltic lava cave located at 
the Caldera of Graciosa volcano (Fig. 12). 

There is a fumarole field inside the cave and it is possible 
to see vapour at 1 meter depth along the lake margin. In 
the summer, CO2 concentrations above the surface water 
reaches 17% and it is the Azorean lake with the highest 
CO2 concentration. Furnas Lake water contamination has 
a contribution from a hydrothermal surface manifestation, 
with fumarole discharge located on the northern margin 
of the lake. Congro Lake water contamination by volcanic 
fluids does not have a clear pattern, but magmatic 
contribution cannot be excluded (Antunes 2009). The free 
CO2 concentration in Flores water lakes are lower than lakes 
with clear signatures of volcanic fluids contamination and 
show a different trend. Lake Rasa has the lowest pH values 
resulting from the process that controls the water chemistry, 
suggesting a low water residence time. Lake Funda shows 
the highest values of pH at the water surface due to the 
intense biological activity that occurs in this system. Indeed, 
the phytoplankton enriched epilimnion, shown by the 
chlorophyll a and phaeopigments, exceeds the concentration 
present at other lakes (Table 4). 

Lake water eutrophication is the main source of 
aquatic system degradation. The lakes have been subject 
to unprecedented level of anthropogenic disturbance 
and eutrophication, which makes Azorean lakes highly 
productive systems (INOVA, 1999; Gonçalves, 1997; 
Gonçalves et al., 2005, Aguiar et al., 2008; Gonçalves, 
2008). Biological production by photosynthesis, leads to 
high pH values on lake epilimnions and the increase of 
water opacity contributes to increased heat retention. Highly 
productive aquatic systems represent a potential hazard as 
the cyanobacteria produce hepatic toxins and neurotoxins, 
which are responsible for acute lethal, acute, chronic and 
sub-chronic poisonings of animals and humans (Carmichael, 
2001; Ellwood et al., 2005). 
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Figure 4. Vertical profiles showing the major chemical elements in the studied aquatic systems. F. – Lagoa 
Funda, N. – Lagoa Negra, C. – Lagoa Comprida, R. – Lagoa Rasa.
Figura 4. Resultado  dos elementos maiores ao longo da coluna de água nos lagos estudados. F. – Funda Lake, N. – 
Negra Lake, C. – Comprida Lake, R. – Rasa Lake.
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Figure 5. Piper diagram applied to a representative set of samples (data from Table 2).
Figura 5. Diagrama de Piper representado por um conjunto significativo de amostras de 
água dos lagos amostrados e que constam na Tabela 2.

Figure 6. Variation of pH with depth in the sampled lakes. Lake 
Negra is the only lake pH increased in depth. F. – Funda Lake, N. 
– Negra Lake, C. – Comprida Lake, R. – Rasa Lake. 
Figura 6. Variação do pH em profundidade nos lagos estudados. A 
Lagoa Negra é o único lago que mostra um aumento do valor de pH 
em profundidade. F. – Lagoa Funda, N. – Lagoa Negra, C. – Lagoa 
Comprida, R. – Lagoa Rasa.

Figure 7. TotalCO2 concentration variation with depth for the 
sampled lakes. F. – Funda Lake, N. – Negra Lake, C. – Comprida 
Lake, R. – Rasa Lake. 
Figura 7. Resultado do dióxido de carbono total em profundidade 
nos lagos estudados. F. – Lagoa Funda, N. – Lagoa Negra, C. – Lagoa 
Comprida, R. – Lagoa Rasa.
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Figure 8. DO variation with depth for the sampled lakes. F. – 
Funda Lake, N. – Negra Lake, C. – Comprida Lake, R. – Rasa 
Lake. 
Figura 8. Variação do oxigénio dissolvido em profundidade nos 
lagos estudados. F. – Lagoa Funda, N. – Lagoa Negra, C. – Lagoa 
Comprida, R. – Lagoa Rasa.

Figure 9. Compositional distribution of water samples related with the 
seawater line. 
Figure 9. Distribuição da amostras de água em relação à recta que caracteriza 
a água do mar. 

Springs pH Temp Cond DO freeCO2 totalCO2 HCO3 Alk Cl SO4 Na K Mg Ca SiO2 Fe
I 6.68 12.6 365 0.3 21 159 192 157.5 19.5 1.9 17.5 6.6 21.6 69.9 43.7 0.05
II 7.08 14.5 367 0.3 24 181 218 178.5 18.6 1.5 18.4 6.6 24.3 98.7 43.7 3.08

table 3. Major chemical elements composition of springs located at the SE rim of Lake Comprida. All 
concentrations in ppm, temperature (Temp) in ºC and electrical conductivity (Cond) in µS/cm.
Tabela 3. Resultado dos elementos maiores das nascentes localizadas no flanco SE da Lagoa Comprida. As unidades 
dos elementos analisados estão em mg/L, excepto para o pH. A temperatura (T) em ºC e a Condutividade Eléctrica 
(Cond) em μS/cm.

Figure 10. Compositional trend show an increase concentration for the large lakes. 
Figura 10. A distribuição da amostras de água demostra a entrada dos elementos químicos nos lagos de maiores dimensões.
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Figure 11. Variation of free CO2 vs pH in the studied lakes 
compared with Congro, Furnas and F. Enxofre Lakes.
Figura 11. Relação entre o dióxido de carbono dissolvido e o pH 
nos lagos estudados, na Lagoa do Congro, das Furnas e da Furna do 
Enxofre.

Figure 12. Topographic profile made along the interior of Furna do Enxofre cave. The lake occupied the lower and final 
part of the cave. The interior ceiling has a vault shape.
Figura 12. Perfil topográfico realizado no interior da Furna do Enxofre. O lago ocupa a zona mais deprimida da gruta 
localizada na parte oposta à sua entrada. O tecto da gruta tem forma de abóboda.

table 4. chlorophyll a and phaeopigments values sampled in 
Lakes Funda Comprida and Rasa during the samples campaign of 
2007 (in Aguiar et al., 2008). 
Tabela 4. Valores da clorofila a e de feopigmentos das amostras de água 
analisada nas Lagoas Funda, Comprida e Rasa durante a campanha 
de amostragem de 2007 (in Aguiar et al., 2008).

The CO2 concentration is dominant in the large mass 
of the lakes and Lake Funda shows a slight increase in CO2 
with depth that might be explained by the decay of organic 
matter (Fig. 7). Funda lakes are anoxic during the sampling 
campaigns and the production of organic CO2 by anaerobiosis 
is inefficient compared with the aerobiosis process. The 
larger CO2 prodution in Funda lake can be explain by the 
large biological production as the phytoplankton enriched 
epilimnion shows. 

The alkalinity acts as a buffer and neutralizes the acidic 
solutions that enter the aquatic systems. This buffer system 
protects aquatic organisms against changes in pH, which 
converts the acid carbon into carbonate or bicarbonate 
(Wetzel, 1993; Wilson, 1995; Deutsch, 1997). Funda and 
Negra Lakes have the largest alkalinity values resulting from 

the neutralization of acid solution from the slightly free CO2 
input by the chemical weathering of the volcanic rocks. This 
geochemical process contributes to the hydrogeochemical 
evolution of the larger mass lakes. Figure 10 shows the slight 
enrichment of alkali metals in Negra and Funda Lakes. 
Adding the Congro, Furnas and F. Enxofre results to the 
same plots, it is possible to identify two trends: one for São 
Miguel Lakes and another for Flores Lakes (Fig. 13).  

Negra and Funda Lakes show a small increase in alkali 
metals related to bicarbonate. However, São Miguel Lakes 
show a higher increased in alkali metals due to the volcanic 
contribution, mainly in Furnas Lake. Comprida Lake shows 
an alkali metal increase independent of the bicarbonate 
content related to the water drained by mineral springs, 
which has a higher concentration in sodium and potassium 
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than Comprida Lake. Nevertheless, the higher content of 
alkali metals in F. Enxofre Lake is related to the weathering 
of silicate minerals due to hydrothermal water seepage 
(Fig. 13). Potassium is a conservative element present in 
minerals more resistant to hydrolysis, however this element 
is preferentially leached by high temperature fluids (Berner 
& Berner, 1996; Albarède, 2003). São Miguel lakes, mainly 
Furnas Lake present a potassium increase consistent with the 
large mobilization of this element related to hydrothermal 
water seepage.

The compositional trend in large mass lakes at Flores 
Island shows quite clearly that bicarbonate increases 
independently from potassium. 

Rock hydrolysis explains the slightly concentrated water 
in Funda and Negra Lakes compare to Comprida and Rasa 
Lakes. Although, the carbon dioxide, major ions and silica 
fluxes are very modest in the studied aquatic systems, which 
suggest no interaction with volcanic fluids. A contribution of 
CO2 from dominant volatile sources in Azorean lakes located 
at the summit of active craters is common and present an 
increase of bicarbonate and electrical conductivity at the 
hipolimnion (Antunes, 2009).

The profile variation of Ca, HCO3 and SiO2 at Lake 
Funda could be explained by the phytoplankton metabolism 
(Wetzel, 1993).

The lake water quality degradation is related to 
anthropogenic influences. The input of artificial nutrients 
is the major cause of water quality degradation, inducing 
for example the extinction of small lakes such as Lagoa do 
Ginjal on Terceira and Lagoa dos Nenúfares on São Miguel 
due to eutrophication (Antunes & Rodrigues, 2011). In 
general, the most eutrophic aquatic systems in the Azores 
occur in basins where the surrounding land is exploited 

by the livestock industry. In the Regional Water Plan for 
the Azores, fertilizer application rates for the agricultural 
area (UAA) were 352 and 707kg ha-1 for PK and NPK, 
respectively (DROTRH-INAG, 2001), and excessive use of 
these compounds may lead to greater mobility of nutrients 
into lakes. Nitrate (NO3), phosphate (PO4) and potassium 
(K) are largely consumed by plants (Oren et al., 2004). 
Studied lakes show relative low NO3 concentrations (Fig. 14; 
Table 2). Plot K vs NO3 and the vertical profile of potassium 
suggest this element in Flores Lakes is not affected by aquatic 
organism metabolisms. Although, data suggests there may 
exist a permanent input of nitrate in Negra and Funda Lakes. 
Figure 15 show the NO3 variation in depth suggesting that 
nitrate can be affect by organism metabolism along the water 
column. However, nitrate results are of a short, timescale, no 
phosphate data is available and sampling was made in the 
period when phytoplankton are more productive (summer) 
for further consideration.

5.  conclusIon

The studied aquatic ecosystems at Flores Island 
are emplaced in volcanic craters associated with 
hydromagmatism (maars). Lakes show thermal water 
stratification in the summer due to water density variations. 
Despite the thermal stratification, lakes do not show marked 
chemical composition stratification. In general, the lake 
waters correspond to freshwater with low mineralization. 
The smaller mass lakes are Na-Cl dominated, whereas the 
larger mass lakes show a Ca-HCO3 chemical facies. Three 
major processes control the hydrogeochemical properties of 
the studied lakes: (1) the marine sea salt contribution due 
to atmospheric transportation and deposition that influence 
the water chemistry of all lakes and is the main process that 
control the chemistry of Rasa Lake; (2) the contamination 
of Comprida Lakes by mineral water; (3) the input of rock 

Figure 13. Compositional trend comparing the increase concentration 
for Flores, São Miguel and Graciosa Lakes. Congro e Furnas Lakes 
data correspond to the average of monthly sampling profiles and F. 
Enxofre data correspond to July and November sampling profiles.
Figura 13. Comparação da distribuição dos metais alcalinos vs 
bicarbonato entre os lagos estudados e aos lagos localizados na ilha 
de São Miguel e Graciosa. Os dados referentes à Lagoa do Congro e 
Furnas dizem respeito às médias dos perfis efectuados mensalmente. Os 
resultados apresentados da Furna do Enxofre correspondem aos perfis 
efectuados em Julho e Novembro de 2006.

Figure 14. Variation of K compared to NO3 concentrations in the 
studied lakes.
Figura 14. Relação entre potassio e o nitrato nos lagos estudados. 
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forming elements into the larger lakes as a result of weathering 
of rocks. Rock hydrolysis explains the more concentrated 
waters in Lakes Funda and Negra. All four lakes have no 
interaction with the seepage of magmatic fluids and the only 
source of CO2 is related to organic matter degradation that 
explains the low concentration of free CO2 in these aquatic 
systems. The concentrations of major chemical species in 
all of the studied lakes are well below the European Union 
standards and Portuguese law for drinking-water quality. The 
lake water quality degradation is related to anthropogenic 
influences with the input of artificial nutrients causing the 
increase in biological productivity.

More sampling campaigns are needed over the year to 
determine the thermal evolution, the spatial and temporal 
variation, the mixing properties of the lakes and analyze the 
artificial nutrient input related to groundwater and surface 
water interaction, mainly phosphate for further consideration 
related to safe water resources for drinking water. Further 
studies should consider the European Union environmental 
directives to reduce the impact of human activities on the 
aquatic environment, namely the Nitrates Directive, the 
Groundwater Directive and the Water Framework Directive 
to improve the planning and managing plans for protected 
areas in small islands.
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