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Abstract: Here, we present the first detailed study on diffuse CO, degassing in the lakes in the Western
Group (Corvo and Flores islands) of the Azores archipelago. This research is of interest in order to
determine (1) the overall CO, emission from such lakes, as volcanic lakes are often underrepresented
in the databases of these water bodies, and (2) the diffuse CO, degassing estimates in active volcanic
areas such as the Azores. The lake waters on Corvo and Flores islands are mainly of the Na—Cl
type, which is likely caused by the lakes’ sea salt signatures, arising from nearby seawater spraying;
however, a few samples show evidence of slight alkali earth metal and bicarbonate enrichments
in the lake waters, suggesting a contribution of water—rock interaction. In this study, diffuse CO,
flux measurements were taken using the accumulation chamber method, and statistical analyses
utilizing the graphical statistical approach (GSA) and sequential Gaussian simulation (sGs) were
conducted on the CO, flux data, showing that the CO;, flux values measured in these lakes were
relatively low (0.0-18.6 g m~2 d~!). The results seem to indicate that there is a single source of
CO; (a biogenic source), which is also supported by the waters’ '>C isotopic signatures. Significant
differences in the final CO, output values were verified between surveys (e.g., 0.16 t d~! in R1;
0.32 t d~! in R2), and these differences are probably associated with the monomictic character of the
lakes. CO, emissions ranged between 0.18 t d~1 (CE1) and 0.50 t d~! (CW1) for the Corvo lakes and
between 0.03 t d~! (P1) and 0.32 t d~! (R2) for the seven lakes studied on Flores Island. The presence
of a dense macrophyte mass in a few of the lakes appears to enhance the CO, flux in these lakes.

Keywords: CO, degassing; CO, flux; volcanic lakes; stratification; hydrogeochemistry;
Azores archipelago

1. Introduction

Global data indicate that there are 117 x 10° lakes on the Earth, corresponding to a surface area
of about 5 x 10° km?, or about 3.7% of the Earth’s nonglaciated land area [1]. Of the total number of
lakes worldwide, only about 1200 are crater lakes [2]. Furthermore, of the 714 Holocene volcanoes,
only about 16% contain lakes within their craters [3], which are mainly spread along volcanic arcs [4-7].

Since the 1990s, volcanic lake behavior has captured the attention of the scientific community;
thus, these water bodies have been studied and monitored more closely [8]. According to Pérez
et al. (2011) [9], the overall CO;, emission from volcanic lakes worldwide is approximately
117 x 10° £ 19 x 10° t year~!, with ~80% emanating from magmatic sources. Compared with the
overall release of CO, into the atmosphere from subaerial volcanism, which is estimated to be
540 x 100 t year‘1 [10], volcanic lake emissions represent about 17.4% of the total. Nevertheless,
as [9] only computed the CO, emissions from a fraction of the total volcanic lakes in the world,
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measurements should be obtained from the remainder and the fluxes added to the global databases in
order to better understand the total volcanic CO, output.

The study of volcanic lakes permits enhanced knowledge of volcanic systems, as such lakes
present a wide range of chemical characteristics, from high total dissolved solid (TDS) brines to
meteoric waters; indeed, they have been called “blue windows” into the depths of a volcano [11,12].
Volcanic gases, composed mainly of water vapor and varied amounts of carbon compounds, sulfur,
halogens, and several minor constituents, are the main drivers of volcanic water composition [13-16].

Natural CO; can have several origins in that it can originate from the mantle, from carbonate
rocks existing in the crust, or as the result of biogenic activity [17]. Over the last decade, studies of
diffuse degassing CO; have been conducted in volcanic lakes all over the world and in other types of
water bodies, and such studies have provided important information about their spatial and temporal
flux variations and have been shown to be a relevant tool for mapping hidden active faults and/or for
active volcano monitoring [10,18-25]. In addition, these studies have contributed to improving the
Earth’s carbon budget (e.g., [9,24,26-36]).

Several studies on the CO, flux in lakes in the Azores have been conducted recently. The first
was performed at Furnas Lake (52-600 t d-1 [24]), where, in addition to a biogenic source,
volcanic/hydrothermal carbon is also being released at the bottom of the lake. The Furna do Enxofre
Lake, located inside a volcanic cave on Graciosa Island, is also influenced by a volcanic source,
and moreover, in the small area of the lake, the flux was estimated to be about 6.10 t d ! (508.3 t km 2
d~1) [36]. In contrast, in lakes where the CO, flux is dominated by a single biogenic source, the CO,
values are much lower, for example, 0.2 t d—1in Lake Congro (0.88 t km~2 d~1) [35], about 0.61 t d~!
in Sete Cidades Lake, and 0.16 t d~! in Fogo Lake, which are all located on Sao Miguel Island [37].
Andrade et al. [38] also estimated the CO, emissions in the lakes on Pico Island, which ranged between
0.02-0.28 td~!.

The current study investigates the CO, emissions from volcanic lakes in the Western Group
(Flores and Corvo islands) of the Azores archipelago, and the main objectives are to (1) characterize the
water chemistry in the studied lakes, (2) estimate the CO, emissions at the lake surface and determine
their sources, (3) identify the spatial CO, degassing patterns, and (4) compare the results from Flores
and Corvo islands with other volcanic lakes in the Azores and worldwide.

2. Geological Setting

The Azores archipelago consists of nine volcanic islands located in the North Atlantic Ocean
and spread along a WNW-ESE trending strip (Figure S1; Supplementary Materials), near the triple
junction between the North American, African, and Eurasian lithospheric plates [39]. Geographically,
the islands can be categorized into three groups: the Eastern Group, including the islands of Santa
Maria and Sao Miguel; the Central Group, encompassing five islands (Terceira, Faial, Pico, Sao Jorge,
and Graciosa); and the Western Group, composed of the islands of Corvo and Flores, where the present
study was conducted. The islands ascend from the so-called Azores Plateau [40], which is transversed
by the Mid-Atlantic Ridge (MAR) between the islands of Faial and Flores. The Western Group is
located on the North American tectonic plate, west of the MAR.

The complex geodynamic setting of the archipelago explains the significant seismic and volcanic
activity in the Azores archipelago, where, since the Portuguese settled the area in the fifteenth century,
about 28 eruptions and more than 15 major earthquakes have been recorded [41,42]. However, on the
islands of Corvo and Flores, there have been no records of any earthquake or volcanic eruption since
the Portuguese settlement.

2.1. Corvo Island

With an area of about 17.1 km?, Corvo is the smallest island in the archipelago, being 6.3 km long
and 4 km wide (Figure 1A). The maximum altitude on the island is 718 m (Estrelinho).
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Figure 1. Location of the studied area (UTM-WGS1984, zone 25S): (A) framework of Corvo Island with
the location of the studied lakes; (B) bathymetry and CO, flux sampling points measured in the first
survey respectively for Caldeirao West (CW) and Caldeirao East (CE) lakes. The sampling locations of

the geochemical vertical profiles (P) are also shown.

Dias [43] presented an explanation of the island’s geological history based on two volcanic
complexes: (1) the basal complex, associated with submarine volcanism and the formation of the
proto-island, corresponding to the oldest complex on the island and (2) the upper complex, formed by
subaerial volcanism.

On the north side of the island, there is a volcanic caldera (locally called “Caldeirao”) with a
maximum diameter of 2.3 km and a depth of 300 m [44]. The caldera floor is occupied by the two
studied lakes on the island, Caldeirao W and Caldeirao E, whose characteristics are summarized
in Table 1. Both lakes on Corvo Island present very shallow depths (1.9-2.8 m) and small surface
areas (8.05 x 10*-12.36 x 10* km?), having water storage in the range of 9.02 x 10*~16.29 x 10* m?.
No secondary manifestations of volcanism have been identified on the island.

Table 1. Characterization of the studied lakes on Corvo and Flores islands (residence time from
Azevedo (1998) and AHA-DRA (2015) [45,46]; altitude, basin area, surface area, maximum depth,
and water storage volume from the present study; geological setting according to Cruz et al. [47]:

sc—subsidence caldera, ud—undifferentiated depression, and n.a.—not available.

Basin

Surface

Max.

Residence

Lake Island Altitude Area Area Depth Volusme Time Ge()lo.glcal'
(m) (km?) (m2) (m) (m?) (Years) Setting

Caldeirao W Corvo 392 2.31 12.36 x 10% 2.8 16.29 x 104 n.a. sc
Caldeirao E Corvo 398 0.97 8.05 x 10* 1.9 9.02 x 10* n.a. sc
Branca Flores 566 0.25 471 x 104 2.7 7.07 x 10* 0.3 ud
Patos Flores 260 3.37 1.32 x 10* 25 1.61 x 10* 1.2 ud
Negra Flores 540 029  13.09 x10* 1140  9.08 x 10° 17.0 maar
Funda Flores 365 3.14 36.89 x 10* 35.7 7.93 x 10° 2.7 maar
Comprida Flores 530 0.50 5.8 x 10* 173 44.83 x 10* 1.7 maar
Rasa Flores 532 0.27 10.39 x 10* 16.3 67.91 x 10* 39 maar
Lomba Flores 644 0.10 3.62 x 10* 15.0 14.82 x 104 2.7 maar

2.2. Flores Island

Flores is the westernmost island of the Azores archipelago. Flores has an area of about 143 km?,
with a maximum length of 16 km and a width of 12 km, presenting a slight elongation in the N-S
direction (Figure 2A). Its maximum altitude is 915 m at Morro Alto.
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Figure 2. Location of the studied areas (UTM-WGS1984, zone 25S): (A) framework of Flores Island
with the locations of the studied lakes; (B—H) bathymetry and CO, flux sampling points measured
in the first surveys, respectively, for the following lakes: (B) Branca; (C) Patos; (D) Negra; (E) Funda;
(F) Comprida; (G) Rasa; and (H) Lomba. The sampling locations of the geochemical vertical profiles
(P) are also shown for each lake.
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Two volcanic complexes were identified on the island [45]: (1) the base complex, which includes
all the volcanic formations resulting from proto-insular volcanism, and the more recent superior
complex, that comprises all the formations resulting from subaerial volcanic activity [45]. All the
studied lakes (Negra, Comprida, Rasa, Lomba, Funda, Patos, and Branca) are located in the superior
complex, at altitudes between 260 and 644 m, presenting surface areas and maximum depths from
1.32 x 10* to 36.89 x 10* m? and 2.5 to 114 m, respectively (Table 1). Two water bodies are associated
with depressions of undifferentiated origin (Patos and Branca), while the other lakes are located inside
maar craters. Other characteristics (i.e., basin area, volume, and residence time) of the studied lakes are
summarized in Table 1.

3. Sampling and Statistical Approach

3.1. Water Sampling and Methods

On both islands, vertical profiles were located in the deepest area of each of the studied lakes
in order to collect samples along the water column for analysis. The sampling on Corvo Island was
carried out in a single survey during July 2016 (Caldeirao W: CW1; Caldeirao E: CE1) (Figure 1B).
In the lakes on Flores Island, two surveys were conducted: the first survey in July 2016, (Negra: N1;
Funda: F1; Patos: P1; Branca: B1; Comprida: C1; Rasa: R1; and Lomba: L1) and the second survey
during March 2017, analyzing only three lakes (Comprida: C2; Rasa: R2; and Lomba: L2) due to
logistical constraints (Figure 2B-H).

Water samples were collected using a 1 L-capacity SEBA sampling bottle. In the lakes on Corvo
Island and in some of the lakes on Flores Island (Patos and Branca), samples were collected at every
meter depth interval along the water column. In the remaining lakes, samples were collected at
every two meters along the water column, except for Negra Lake, where samples were made in the
epilimnion using an interval of two meters, which was increased along the water column (first to
three- and five-meter intervals and then, after a depth of 30 meters, to 10-meter intervals) (Table S1;
Supplementary Materials).

Measurements of temperature, pH, and electrical conductivity (EC) were made immediately after
collection. Alkalinity and dissolved CO, concentrations were also measured by titration in the field.
A H,S0; solution with 0.05 M, which was added dropwise, was used as the titrant for the alkalinity
and a solution of NaOH 1/44 M was used for the dissolved CO titration until the required pH of 4.45
or 8.3, respectively, was reached [48].

The samples were filtered after collection in the field using filters of 0.2 um (cellulose acetate)
and stored in 125 mL polyethylene bottles, which were analyzed later for anion content via ion
chromatography, and in 250 mL polyethylene bottles, which were used for the determination of
the cation content via atomic absorption spectrometry. Aliquots for cation analysis were acidified
using ultra-pure nitric acid. The silica content was determined using the silicomolybdic method by
spectrophotometry. All the analyses were performed in the hydrogeochemistry laboratory of the
Research Institute for Volcanology and Risk Assessment (IVAR, University of the Azores).

During the second survey, which was carried out in three lakes on Flores Island, a collection
of samples for isotopic determinations (5'C, §'80, and §°H) was made at the same location as the
vertical profiles (P), when the lakes were not under the effect of the thermal stratification process
(Figure 2F-H). For the analysis of dissolved inorganic carbon (DIC) §'3C, water samples were collected
using the sampling procedure proposed by the International Atomic Energy Agency [49], while for the
samples for 5§'80 and §°H analyses, the standard procedure described by Clark and Fritz (1997) [50]
was followed, and the samples were kept in high-density polyethylene (HDPE) bottles. All the isotopic
analyses were carried out at the Stable Isotope Laboratory of the Estacion Biologica Dofiana (CSIC)
in Spain, using a continuous-flow isotope-ratio mass spectrometry system (Thermo Electron) with
a Flash HT Plus elemental analyzer interfaced with a Delta V Advantage mass spectrometer for the
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determination of §'C and a laser spectrometer CRDS (cavity ring down spectroscopy) Picarro L2130-i
for the determination of !0 and §2H.

3.2. CO; Flux Measurements

The measurements of the CO; flux at the lakes” surfaces were made during two surveys on the
same day (except in F1) as the water sample collection. A total of 1745 measurements were made
during the first survey and 588 measurements during the second survey (Table 2). The GPS positioning
of each measurement location was recorded, and a measurement grid with a uniform pattern was
followed whenever possible (Figures 1B and 2B-H).

Table 2. Descriptive statistics of Corvo and Flores lakes” CO, flux data (CW1—Caldeirao West, first
survey; CE1—Caldeirao East, first survey; Bl—Branca, first survey; P1—Patos, first survey; N1—Negra,
first survey; F1—Funda, first survey; C1—Comprida, first survey; R1—Rasa, first survey; L1—Lomba,
first survey; C2—Comprida, second survey; R2—Rasa, second survey; and L2—Lomba, second survey).
The sampling took place in July 2016 (survey 1) and March 2017 (survey 2).

Data Set Sampling  Number Area Mean Median Minimum Maximum St:v?::;:l
Day of Points (km?) gm2d 1) (gm2dYH (gm2d1) (gm2d7YH (gm—2d-1)
Cw1 7/24/16 211 0.11 427 3.99 1.97 12.60 1.67
CE1 7/23/16 232 0.07 2.34 1.83 0.12 9.68 1.87
B1 7/27/16 80 0.03 5.24 4.90 1.57 12.65 2.54
P1 7/26/16 67 0.01 8.14 7.52 1.60 18.55 4.47
N1 7/19/16 230 0.12 1.25 0.00 0.00 10.70 1.94
F1 7/17-18/16 434 0.37 1.61 0.69 0.00 14.71 226
C1 7/20/16 168 0.05 3.71 3.65 0.00 10.86 211
R1 7/21/16 212 0.10 173 1.66 0.00 4.61 1.02
L1 7/22/16 111 0.03 3.15 3.16 0.00 7.51 1.81
C2 3/21/17 168 0.05 4.08 3.84 1.01 11.32 2.01
R2 3/22/17 279 0.10 3.53 3.57 0.61 7.85 1.36
L2 3/23/17 141 0.03 4.54 4.17 1.28 9.89 1.76

To carry out the CO, flux measurements, a modified accumulation chamber method
(area = 594 cm?; volume = 7603 cm?®) was applied [51], an approach that has been used in other
studies in the Azores [24,35,36,52] and in similar studies worldwide [28,29,33]. A full description of the
methodology, as well as the advantages and constraints, is provided in the literature [34], but basically
consists of the increase of CO, concentration within a chamber of known volume during a certain
period of time, which is usually about 60 s. With a maximum scale of 20,000 ppm, the infrared LICOR
LI-820 detector installed in the device allows for the measurement of CO; flux in the range between 0
and 30,000 g m~2 d~! [53]. The calibration of the CO, equipment—a procedure that was previously
described by (Andrade et al. (2019) [35,36] was made in the gas geochemistry laboratory of the IVAR
(University of the Azores).

With the exception of survey F1, all the measurements were made in the same day, from early
morning to the full completion of the survey, with a maximum duration of about seven hours (CE1).
Therefore, our results may be affected by the effect of daylight variation on CO; flux as observed by
Yang et al. [54], which showed a decrease from early morning to the evening. Besides that, this strategy
does not account for CO, emission during the night period, and it is expected that there are differences
between nighttime-daytime emissions [55].

Nevertheless, the meteorological conditions during each survey were relatively stable, with the
difference between the atmospheric temperature in the beginning and the end of the summer surveys
in the range of 3.2 °C (C1) to 7.4 °C (P1), while in winter surveys the range was between 1.5 °C to 6.1 °C
(R2). The variation of the surface water temperature during the surveys was similar, being as high as
8 °C (P1) during winter and 6.4 °C (L2) in summer. Wind speed was on average as high as 2.1 ms~! in
summer and 1.1 m s~! during winter surveys, while atmospheric pressure was almost constant.

Simultaneously with the CO; flux measurements, some physico-chemical parameters of the water
at the surface of the lakes, such as temperature, electrical conductivity, and pH, were registered.
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Using the measurement grid, a bathymetry survey was made with a Garmim ECHO™ 500c
bathymetric probe.

3.3. CO; Flux Data Processing

Two statistical analysis procedures were applied to the CO, flux data, namely the graphical
statistical approach (GSA) (e.g., [51]) and sequential Gaussian simulation (sGs) [56]. The GSA procedure
is based on cumulative probability plots, leading to the identification of different populations in the
geochemical data [57], which afterwards may be associated with diverse CO; sources, such as biogenic
processes or volcanic-hydrothermal input (e.g., [24,35,36,51,56,58,59]).

The sGs method was applied using the algorithm described by Deutsch and Journel (1998) [60],
which consisted of the development of numerous simulations of the CO, flux in the lake being studied
in order to generate the final degassing map for each survey. This map, through the integration of the
average values estimated (i.e., E-type map) over the lake area, allowed for the estimation of the overall
diffuse CO, emission. This methodology has been largely applied in studies related to CO, spatial
analysis in several volcanic regions, and more details on this statistical approach can be found in the
literature (e.g., [24,25,27,28,33-36,51,56,58]).

The sGs was applied in the surveys from all the lakes, with the exception of Patos and Branca
lakes. In these latter lakes, the sGs method was excluded considering that (1) the original data did
not follow a normal distribution, (2) each survey had less than 100 measurements, and (3) it was
not possible to calculate the normal scores. In addition, their experimental variograms also did not
show a spatial structure, thus excluding the use of kriging as an interpolation method. Therefore, the
deterministic method of inverse distance weighting (IDW) [61] was used to interpolate the data and
consequently generate CO, flux distribution maps for the Patos and Branca lakes’ surveys, considering
four and ten neighboring points, respectively. For the same reason, the total CO, output was estimated
based on both methodologies (GSA and sGs) in order to compare the results and to estimate the total
COs, flux for the lakes that did not show spatial structure.

4. Results and Discussion

4.1. Chemical Composition of the Water

The main physico-chemical variables (temperature, pH, and electrical conductivity) and major
ion content for the 98 samples collected (CW1: 3; CE1: 2; B1: 3; P1: 3; F1: 18; N1: 19; C1: §; R1: 9; L1: §;
C2: 8, L2: 9; and L2: 8) are shown in Table S1. The lake waters are mainly of the Na—Cl type, despite
a few samples that depict slight alkali earth metal and bicarbonate enrichments (surveys C1, C2, P1,
N1, and F1 (Figure S2)). The latter enrichment suggests a contribution of water-rock interaction in
addition to the sea salt signatures, which arise from the nearby seawater spraying and explain the
dominance of the Na-Cl water type.

The temperatures at the surfaces of the lakes in summer were as high as 25.4 °C in Flores (P1)
and 25.2 °C in Corvo (CE1), both corresponding to lakes with very shallow depths (~2 m). During the
summer surveys, several lakes demonstrated thermal stratification, namely C1, L1, R1, F1, and N1,
thus suggesting monomictic behavior when compared with the surveys made in the winter period,
when the temperatures along the water column were rather stable (Figure 3A). This monomictic
character is common in the deepest lakes of the Azores archipelago [47]. The deepest lakes studied,
both located on Flores Island, showed a difference between the epilimnion and the hypolimnion in
summer that reached 6.4 °C (N1, depth: 110 m) and 8.6 °C (F1; depth: 34 m) (Table S1).
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Figure 3. Geochemical profiles for several physico-chemical parameters: (A) temperature; (B) pH;
(C) electrical conductivity; (D) dissolved CO; for the Corvo and Flores lakes (CW1—Caldeirao West,
first survey; CE1—Caldeirao East, first survey; Bl1—Branca, first survey; P1—Patos, first survey;
N1—Negra, first survey; F1—Funda, first survey; C1—Comprida, first survey; R1—Rasa, first survey;
L1—Lomba, first survey; C2—Comprida, second survey; R2—Rasa, second survey; and L2—Lomba,
second survey). The sampling took place in July 2016 (survey 1) and March 2017 (survey 2). The right
vertical scale on several plots is only for Negra Lake.

Besides the very shallow lakes, which present a rather variable pH with the surveys presenting
either an acidic character (B1 and CW?2) or a basic one (CW1 and P1), the effect of the water column
stratification on pH was shown for N1, L1, R1, and F1 (Figure 3B): these lakes present much higher
values at the surface during summer, reaching as high as 9.44 (N1), compared with the values measured
at the bottom of the water column—a gradient that may result from the coupled effect of photosynthesis
in the epilimnion and the CO, emission at the surface [35]. During winter, full mixing occurs along the
water column, and the pH values depict a stable behavior with depth (R2, L2).

The pH gradient observed during summer was inversely related to the dissolved CO, increase
at the studied depth (R1, L1, N1, and F1) (Figure 3C). The difference between the dissolved CO, at
the surface and the bottom reached values as high as 8 mg L~! (R1). The CO, enrichment in the
hypolimnion suggests that the CO, is trapped when the lakes are stratified in summer.

The electrical conductivity (EC) also showed a slight increase at the bottom of the lakes that
stratify during summer (N1, F1, and L1) (Figure 3D). The majority of the lakes demonstrated an EC up
to 90 uS cm !, and even the higher values observed (P1; EC range: 171-175 uS cm~!) suggest that all
the lakes have very diluted waters.

The 5'80 and §?H showed that the lake waters have a meteoric origin: the results were respectively
equal to —3.27% (R2), —3.65%0 (L.2), and —4.83% (C2) for 580 and —10.0%o (R2), —10.85%0 (L2),
and —18.75%0 (C2) for 5°H, thus close to the local meteoric water line [62]. This meteoric origin
was already proposed by Cruz et al. (2006) [47] and has been proposed for other lakes in the
Azores [35,36,38].

4.2. CO; Flux Descriptive Statistics

The CO, flux values measured at the lakes’ surfaces ranged between 0 and 18.55 g m =2 d ! in
the summer survey (mean = 3.14 g m~2 d~!), while in the winter survey, they ranged from 0.61 to
1132 ¢ m~2d~! (mean = 4.05 g m~2d~1) (Table 2).
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Comparing the results from the first survey, some differences were observed between the lakes,
with higher CO; fluxes measured in the shallower lakes (18.55 g m~2 d~1; Branca Lake, ~3m) and
the lowest values (0 g m~2 d~!; Negra Lake, ~115m) measured in the deepest lakes, the latter being
stratified. Comparing the results of both surveys, higher CO, fluxes were measured during the winter
(1132 g m~2 d~1), while the lowest values (0 g m~2 d~!) were recorded in the summer, the latter also
associated with the stratification (Table 2).

4.3. CO; Populations

From the cumulative probability plots, only one lognormal population data (population A on
the plots) was detected for the lakes on Corvo Island, suggesting only one CO; source for each of the
datasets (Figure 4A,B). For Flores Island, a single population (population A) was also identified for
Branca and Patos lakes (Figure 4C,D), as well as for all the lakes studied in the second survey (C2;
R2; and L2) (Figure 4G-I). The lowest values recorded in all these lakes (<20 g m~2 d~!), as well as
the single population identified in the statistical approach, point to a single source of the CO, values,
which is probably biogenic.
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Figure 4. CO, flux probability plots for the first (red) and second (black) surveys made in the studied
lakes for Corvo and Flores islands: (A) Caldeirao West; (B) Caldeirdo East; (C) Branca; (D) Patos;
(E) Negra; (F) Funda; (G) Comprida; (H) Rasa; and (I) Lomba.
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On the other hand, during the warmest summer period in the deepest lakes on Flores Island
(N1; F1; C1; R1; and L1), when the water column was stratified, an overlapping of three lognormal
populations was detected (Figure 4E-I), wherein population A refers to the complete absence of CO,
emission (values of 0 g m~2 d 1), population B corresponds to low flux values ranging from 0 to 3 g
m~2d~!, and population C refers to the highest measurements. The values associated with all three
populations are very low and may eventually represent different effects resulting from water column
stratification: population A may be associated with the areas of the lake where the stratification implies
no-flux conditions, thus causing the accumulation of CO; in the hypolimnion, which justifies the
values equal to 0 g m~2 d~! in the central and deepest parts of the lake; population C corresponds
to values that were measured essentially in the lake margins, where the water column is not so deep
and no constraints to the flux occur; and population B corresponds to values mostly measured in the
transition zone between those two areas. A similar situation was found in other lakes in the Azores
that also stratify in summer [35]. Nevertheless, these populations represent low values and probably
also point to a source of a biogenic nature, as in the case of lakes with a single population.

The DIC §!3C contents measured during the present study in the Flores lakes were equal to
—21.07%0 (Rasa Lake; R2), —23.05%0 (Comprida Lake; C2), and —25.64%0 (Lomba Lake; L2)—values
that are depleted in relation to the actual atmospheric value (613C = —8.3%0 [63]) and are from a
possible volcanic/hydrothermal signature (5'3C in the range from —3.5%0 to —6%o [64]), suggesting a
biogenic fractionation process, which is consistent with the interpretation of the CO, populations and
fluxes. The 8'3C contents of the studied lakes were similar to the isotopic signature found in another
lake in the Azores archipelago (Congro Lake; §!°C = —22.80% [35], resulting from a biogenic-mediated
isotopic fractionation.

4.4. CO;, Degassing Maps

Interpolated degassing maps were elaborated based on experimental variograms that show a
spherical structure, presenting different ranges and nugget values (Figure 5) for all the studied lakes,
except Branca and Patos lakes. As mentioned previously, the distribution of the sampled points in
these two lakes did not show spatial structure, and for this reason, a deterministic method (IDW) was
used to develop the maps for those two lakes. The range of influence of each measurement from the
neighbors for the different surveys varied between 49 and 210 m (Figure 5).
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Figure 5. Experimental and modeled variograms for the CO, flux normal scores using the different
datasets: (A) Caldeirao West; (B) Caldeirao East; (C) Negra; (D) Funda; (E) Comprida; (F) Rasa; and
(G) Lombea lakes during the first (red) and second (black) surveys. Values for Cc (sill) and range (a; in
m) are also shown for each variogram.
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The CO, flux surveys made in the Corvo lakes showed particularly low values, with some
variations across the water surface (Figure 6A). In the case of CE1, the highest values were found in the
margins and in areas with dense masses of macrophytes. In CW1, the values were higher than in CE1,
as this lake is in a more evolved stage of eutrophication, with larger areas covered by macrophytes,
which implies that it was not possible to clearly measure the lake area.
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Figure 6. E-type CO, flux maps for the Corvo (A) and Flores lakes: (B) Branca; (C) Patos; (D) Negra;
(E) Funda; (F) Comprida; (G) Rasa; and (H) Lomba lakes in first survey (UTM-WGS84, zone 25S;
interpolation method—sequential Gaussian simulation (sGs)).

The CO; flux maps from all the surveys made in the Flores Island lakes showed that higher flux
values can be observed in Bl (Figure 6B), mainly in the western part of the lake, and in P1 (Figure 6C)
and C2 (Figure 7A), mainly in the deepest part of the lakes when stratification is not occurring. Two
of these lakes (Branca (B1) and Patos (P1)) show a dense macrophyte mass that probably enhances
the CO; release due to organic matter decay—a situation similar to another already discussed for the
Azorean lakes [38].
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Figure 7. E-type CO, flux maps for the Flores lakes: (A) Comprida; (B) Rasa; and (C) Lomba lakes in
the second survey (UTM-WGS84, zone 255; interpolation method—sGs).

The degassing maps for the stratified lakes (Figure 6D-H) present their highest values in the
margins, as the CO, is not able to ascend to the surface in the central and deeper areas, a pattern
that was also observed in the Azores (Furnas Lake [24]); Santiago and Congro lakes [35]), as well as
being reported by several studies worldwide [26,27,29,65-67]. However, it should be noted that the
degassing values in these lakes are very low, when compared, for example, to ones measured in lakes
from the Azores where a CO, source of volcanic-hydrothermal origin has been identified (Furnas
Lake [24]; Furna do Enxofre [36]).

With respect to the lakes for which two surveys were made (Comprida, Rasa, and Lomba) some
variation of the CO; flux was shown when comparing the summer and winter data. The final output
in the second survey (Figure 7A-C; Table 3) is much higher than that calculated for first survey
(Figure 6F-H), resulting from the influence of the thermal stratification process, which favors the
accumulation of CO; in the hypolimnion. This phenomenon was also suggested by the water chemistry
variation along the water column already discussed in Section 4.1 (Figure 3C).

Table 3. Estimated global CO, emissions based on two different statistical analyses (GSA—graphical
statistical approach; sGs—sequential Gaussian simulation); Lakes: CW1—Caldeirao West, first survey;
CE1—Caldeirao East, first survey; Bl—Branca, first survey; P1—Patos, first survey; N1—Negra, first
survey; F1—Funda, first survey; C1—Comprida, first survey; R1—Rasa, first survey; L1—Lomba,
first survey; C2—Comprida, second survey; R2—Rasa, second survey; L2—Lomba second survey;
n.d.—not determined.

Lake Area CO; Flux CO; Flux
(km?) (td HbysGs (td~ 1) byGSA

CW1 0.11 0.54 0.50
CE1 0.07 0.19 0.18
B1 0.03 n.d. 0.21
P1 0.01 n.d. 0.03
N1 0.12 0.09 0.14
F1 0.37 0.40 0.36
C1 0.05 0.21 0.19
R1 0.10 0.16 0.16
L1 0.03 0.10 0.09
C2 0.05 0.36 0.31
R2 0.10 0.36 0.32
L2 0.03 0.14 0.12

4.5. CO, Emissions and Comparison to Other Volcanic Lakes

The total amount of CO, emitted into the atmosphere from the Corvo lakes ranged between 0.18 t
d~! (CE1) and 0.50 t d~! (CW1) (Table 3). For comparison purposes, these values were divided by the
respective lake area, corresponding to values of 2.57 t km =2 d~! (CE1) and 4.55 t km =2 d~! (CW1).
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In the case of the lakes studied on Flores Island, the total amount of CO, emitted into the
atmosphere from the studied lakes during the summer ranged between 0.03 t d~! (P1) and 0.36 t d !
(F1), while during the winter, the values ranged between 0.12 t d=1 (L2) and 0.32 td~! (R2) (Table 3).

The values obtained during the first survey in Comprida (0.19 t d~1),Rasa (0.16 td~1), and Lomba
(0.09 t d~1) lakes were lower than those obtained during the second survey (0.31 t d-1032td1;
and 0.12 t d~}, respectively). The final CO, output estimated in the current study shows that the
two statistical analysis techniques performed are appropriate, providing similar final values (Table 3).
The similar results observed using the different methodologies may be relevant for studies where the
spatial data depicts lack of structure, and consequently, the geostatistic approaches cannot be applied.

For comparison purposes, these values were divided by the lake areas, corresponding to values in
the range of 1.0-6.2 t km~2 d~! (F1 and C2). These values are close to those estimated for other lakes
in the Azores archipelago, where the main source of CO, is biogenic, e.g., Congro Lake (Sao Miguel
Island; 1.5-7.3 t km 2 d_l), Algar do Carvao Lake (Terceira Island; 1.5-6.7 t km™2 d_l), and Caiado
(5.7 tkm—2 d~ 1), Capitao (6.4 t km~2 d~!), and Peixinho (2.9 t km 2 d~!) lakes, all located on Pico
island [35,36,38]. Nevertheless, the global fluxes emitted in the studied lakes are significantly lower
compared with the CO; emissions previously measured by Andrade et al. (2016) [24] at Furnas Lake
(321 tkm =2 d~1) and [36] at Furna do Enxofre Lake (508 t km~2 d 1), both with volcanic signatures.

The overall emissions, when integrated by the lake area, are also similar to values estimated in
other volcanic lakes worldwide, namely Lakes Nyos (6.70 t km 2 d 1), Laguna de Botos (7.73 t km 2
d~1), Cuicocha (8.0 t km—2 d~!), and Asososca Managua (9.42 t km~2 d~1) [9], even if the scales are
different with respect to surface dimension and depth.

5. Conclusions

The present study is the first to systematically study CO, degassing in the main volcanic lakes of
Corvo and Flores islands (Azores archipelago). Some of the studied lakes have a monomictic character,
depicted by the occurrence of a stratified water column during the summer period, which influences
CO, emissions in these water bodies.

The floating accumulation chamber method was used in order to perform CO, flux measurements
along the lakes’ surfaces. Based on the statistical approach (GSA), different populations were identified
for the CO; emitted from the lakes with stratification. The different populations suggest diverse
physical processes but with a single biogenic source, which is also supported by the carbon isotopic
data (513C isotopic data of DIC in the lake waters varied between —21.07%0 and —25.64%o).

The higher CO, values of Branca, Patos, and Corvo lakes are associated with areas with dense
macrophyte mass. However, in the case of lakes where two surveys were made (Comprida, Rasa, and
Lomba lakes) the higher CO, emission values were registered during the coldest period of the year,
when full mixing is made possible along the water column and, thus, CO, is not trapped at the bottom
of the lake. When the water column is stratified, the higher flux areas are those along the margins,
as the CO, is not able to ascend to the surface—a feature that has also been observed in other water
bodies in the Azores and in the world. Therefore, despite not being surveyed during the winter period,
the CO, emission in lakes Funda and Negra lakes should also be higher during winter, showing a
seasonal effect similar to the one observed in Comprida, Rasa, and Lomba lakes.

Regarding the total diffuse CO, emissions into the atmosphere from the Western Group, these
were estimated on the basis of two methodologies, the sGs and the GSA, and the values ranged
between 0.18 t d~! (Caldeirao East) and 0.50 t d~! (Caldeirao West) for the lakes from Corvo Island
and between 0.03 t d ! (Patos Lake) and 0.36 t d~! (Funda Lake) for the summer survey of the Flores
Island lakes and between 0.12 t d~! (Lomba Lake) and 0.32 t d~! (Rasa Lake) for the winter survey of
three of the Flores Island lakes.

The results gathered from the present study are useful in developing a better understanding of
the carbon budget in active volcanic environments. Moreover, this study is complementary to other



Water 2019, 11, 599 14 of 17

studies carried out in the Azores lakes, which are important for the seismic and volcanic activity
surveillance in the archipelago.

Comparing the output of CO, computed in the studied water bodies with other volcanic lakes in
the Azores archipelago, is possible to show that the values from this study are lower than the ones
calculated for lakes where emissions have a hydrothermal/volcanic signature, [24,36], and are closer
to the ones estimated in lakes where CO, flux presents only a biogenic origin [35,36,38].

The overall CO, emission for Flores and Corvo lakes corresponds to about 0.01% of the estimated
global CO, emissions from volcanic lakes worldwide (104 x 10° t year~!; [9]).

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/11/3/599/s1:
Figure S1: Setting of the Azores archipelago within the North American (NA), Eurasian (Eu), and Nubian (Nu)
triple junction. Tectonic structures: MAR—Mid-Atlantic Ridge; EAFZ—East Azores Fracture Zone; GF—Gloria
Fault; and TR—Terceira Rift. The Eu-Nu boundary in the Azores, limited by a dotted black line representing the
TR main structure (based on Hipdlito et al. [68]); Figure S2: Major ion relative water composition represented by
means of a piper-type diagram for the Corvo and Flores lakes (CW1—Caldeirao West, first survey; CE1—Caldeirao
East, first survey; Bl—Branca, first survey; P1—Patos, first survey; N1—Negra, first survey; F1—Funda first
survey; C1— Comprida, first survey; R1—Rasa, first survey; L1—Lombea, first survey; C2—Comprida, second
survey; R2—Rasa, second survey; and L2—Lomba, second survey). The sampling took place in July 2016 (survey
1) and March 2017 (survey 2); Table S1: Chemical data (averages) collected in the Corvo and Flores lake profiles
performed along the water column: main variables (temperature, pH, and electrical conductivity), major ion
composition, and SiO, content (n.d.—not detected). Lakes: CW1—Caldeirao West, first survey; CE1—Caldeirao
East, first survey; B1—Branca, first survey; P1—Patos, first survey; N1—Negra, first survey; F1—Funda, first
survey; C1—Comprida, first survey; R1—Rasa, first survey; L1—Lombea, first survey; C2—Comprida, second
survey; R2—Rasa, second survey; and L2—Lomba, second survey. The surveys were carried out in July 2016
(survey 1) and March 2017 (survey 2).
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