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Abstract

Methane and CO, flux measurements from the soils were made with the accumula-
tion chamber method in Lakki plain covering an area of about 0.06 km? including
the main fumarolic areas of Kaminakia, Stefanos and Phlegeton. Flux values meas-
ured at 77 sites range from —3.4 to 1420 mg m? d™* for CH, and from 0.1 to 383 g m"
2d™* for CO,. The three fumarolic areas show very different methane degassing pat-
terns, Kaminakia showing the highest flux values. Methane output can be estimated
in about 0.01 t a™* from an area of about 2500 m? at Phlegeton, about 0.1 t a™* from
an area of about 20,000 m? at Stefanos and about 0.25 t a™ from an area of about
30,000 m? at Kaminakia. The total output from the entire geothermal system of Nisy-
ros should not exceed 1 t a™. Previous estimates of the CH, output at Nisyros, based
on soil CO, output and CH,/CO, ratios in fumarolic gases, were more than one or-
der of magnitude higher. The present work further underscores the utmost impor-
tance of direct CH, flux data.

Key words: accumulation chamber, soil degassing, hydrothermal systems, methane
output.

Mepitnyn

Metpnoeigc pvoiknc pong usBaviov koi oioleidiov tov AvBpoko omo 10 E00POS
rpayuotowonBnray ue wm puébodo ovykévipwons Galduov otnv mepioyn Aokki g
Kaldépac e Nigbpov, kardmroviac éxtaony mepinov 0.06 km? soumepiioufavovrac
ng mepioyés Koyuvaria, Xtépavog kar AAéCavipo omov maparnpeital Eviovn aTuiokn
opaotnpiotnrag. O1 Tipés pong mov uetpnOnkoy oe 77 onueio kvuaivoviar oré —3.4
wéxpr 1420 mg m? dyia 10 CHy kau a6 0.1, péypr 383 g m2 d™ yia 7o CO,. Zrig
EIS OTUIOIKES TEPIOYES Tapovaidlovial diagopetikol pvbuol dapoyns uebavioo,
10iwg ot Koyuvarxio omov mpoékvwoyv o1 ueyodvtepes tpés pong. H elepyouevy
ooty uebaviov extudrar oe 0.01 t at and o éxraon mepimov 2500 m* orov
Alééavdpo, mepimov 1t @t and wa éxtaon mepinov 20,000 m* arov Stépavo Kou
mepimov 0.25 t at and pa éxraon mepimov 30,000 m? ora Koyuvékio. H cvvolixi
elepyouevn moaoTnTo. OO 0AOKANPO T0 Yewblepuikd ovatnuo TS Niobpov dev mpémel
va vmepPaiver o 1t at. O1 mpomyotuevec extioeic yia ™y mosdTyTe. TOL
elepyouevov usBoviov amd m Niovpo, Pacilousves oty moodtnta tov CO, mov
drapedyer amd 1o édapog kor tov Aoyov CHYCO, twv aepiwv omd tigc povuapdleg,
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NTOV TEPIOOOTEPO OTO UIo. TACH LWNAOTEPES. LTV TaPovea EPYATio. DTOYPOLUILETOL
KUPLWG 1 UEYGAN onuacio. wov wopovaidlovy Ta. dedouéva e amevleias pons tov
MeBaviov.

AéEeig Kle1did: Oclopog oLYKEVIPWONGS, Amaspwan e00.povs, vopolepuikd cooTuoT
a, o1opoyn ueboaviov.

1. Introduction

Methane plays an important role in the Earth’s atmospheric chemistry and radiative balance being
the second most important greenhouse gas after carbon dioxide (IPCC 2001). Methane is released
to the atmosphere by a wide number of sources, both natural and anthropogenic, with the latter
being twice as large as the former (IPCC 2001).

It has recently been established that geogenic gases contribute significantly to the natural CH, flux
to the atmosphere (Etiope et al. 2008). Volcanic/geothermal areas contribute to this flux, being the
site of widespread diffuse degassing of endogenous gases (Chiodini et al. 2005). In such an
environment soils are a source rather than a sink for atmospheric CH, (Cardellini et al. 2003;
Castaldi & Tedesco 2005; D’Alessandro et al. 2009; 2011). Preliminary studies (Etiope et al.
2007) estimated a total CH, emission from European geothermal and volcanic systems in the range
4-16 kt a™. This estimate was obtained indirectly from CO, or H,O output data and from CO,/CH,
or H,O/CH,; values measured in the main gaseous manifestations. Such methods, although
acceptable to obtain order-of-magnitude estimates, completely disregard possible methanotrophic
activity within the soil. Furthermore at hydrothermal systems which display a rather large range in
fumarolic CO,/CH, values, like that of Nisyros (from 25 to 1600 in volume — Marini and Fiebig,
2005; Fiebig et al, 2009), the use of an average value could introduce a large uncertainty in the
indirect estimation of the total CH,4 output to the atmosphere.

The Greek territory is geodynamically very active and has many volcanic and geothermal areas
(Fytikas et al. 1995) which potentially contribute to the atmospheric CH, burden. Here we report
on soil gas flux measurements made at Nisyros a currently quiescent active volcanic system with
strong fumarolic activity due to the presence of a high enthalpy geothermal system. Measurements
were used to estimate the total CH, output of this hydrothermal system.

2. Study Area and Methods

2.1. The Nisyros Volcanic and Geothermal System

The island of Nisyros belongs to the easternmost volcanic group of the South Aegean active
volcanic arc. It was built up during the last 200 ka and is considered still active though at present
in quiescent status (Vougioukalakis and Fytikas, 2005). Its volcanic activity has been characterized
by (i) an early submarine stage, (ii) a subaerial cone-building stage, culminating in the formation
of a central caldera, and (iii) a post-caldera stage, when several dacitic-rhyolitic domes were
extruded (Keller, 1982). No historical magmatic activity is known on Nisyros and the most recent
activity was of hydrothermal character (Marini et al. 1993). Such activity concentrated in the
southern Lakki plain and on the southeastern flank of the Lofos dome both within the caldera. This
hydrothermal activity formed a series of hydrothermal whose age decreases from southeast to
northwest. The last events took place in 1871-1873 and 1887 partially destroying the small Lofos
dome. A large fumarolic field is now present in this area mainly within the hydrothermal craters
and being affected by fracturing along the main NW- and NE-trending active fault systems
(Papadopoulos et al. 1998). Two deep explorative geothermal wells drilled in the Lakki plain
revealed the existence of two distinct hydrothermal aquifers. The shallowest at about 500 m depth
has temperatures around 150 °C while the deeper one (> 1500 m) reaches temperatures up to
340 °C (Brombach et al., 2003).
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2.2. Sampling and Analytical Methods

Previous studies assessed a widespread CO, degassing in the whole fumarolic area and in the
nearby areas (Caliro et al., 2005). The highest CO, fluxes (> 300 g m? day) were measured within
the above described hydrothermal craters. Basing on these results we decided to concentrate our
CH, flux measurements in the most representative craters (Kaminakia, Stefanos and Phlegeton)
with some additional measurements in the fumarolic field of Lofos (outside any crater) and a few
points in the low flux areas (Fig. 1a).

Measurements were made at 77 sites during two field campaigns (3-6 September 2009 and 24
August — 4 September 2010). At each sampling site the soil temperature was also measured at 20
and 50 cm depth and the soil CH, and CO, concentrations were determined at 50 cm depth.

Flux measurements were made with the accumulation chamber method (Livingstone &
Hutchinson 1995; Baciu et al. 2008; D’Alessandro et al. 2009). The flux chamber has a cross-
sectional area of 0.07 m? and height of 10 cm. The chamber top has two fixed capillary tubes, one
used to collect chamber gas samples and the other used to balance the pressure between inside and
outside. Three gas samples were drawn from the headspace in the chamber at fixed intervals after
deployment (5, 10 and 15 min). The 20 mL samples are collected using a syringe and injected
through a three-way valve and a needle into a 10 mL pre-evacuated sampling vial (Exetainer®,
Labco Ltd.). The overpressured vials were sent to the laboratory for CH, and CO, analysis.

The flux of CO, and CH, from the soil can be calculated as the rate of concentration increases in
the chamber:

Equation 1
® =dC/dt x VIA

where @ is the flux of a gas, V is the volume of air in the chamber (m?), A is the area covered by
the chamber (m?), C is the chamber concentration of a gas and dC/dt is the rate of concentration
change in the chamber air for each gas. Volumetric concentrations are converted to mass
concentrations accounting for atmospheric pressure and temperature. Flux values are expressed as
g m?2 d? for CO, and as mg m2 d for CH,. Positive values indicate fluxes directed from the soil
to the atmosphere and negative values indicate flow from the atmosphere into the soil.

Ground temperature measurements were taken at 10 and 50 cm depth using thermal probes and a
digital thermometer.
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Figure 1 - (a) study area with CH, flux measurements points and sampled gas manifestations
(stars). (b) Percent frequency distribution of CH, flux values.
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Samples of soil gas were collected at each site at a depth of 50 cm through a Teflon tube of 5 mm
ID using a syringe. During the 2009 campaign CH, and CO, concentrations were determined in
the field with an IR gas analyser (LFG 20 - ADC Co Ltd). During the 2010 campaign soil gas
samples were collected and stored for subsequent laboratory analyses in the same way as gases
from the flux chamber.

Samples of the many fumarolic manifestations were collected during both campaigns with soda
filled bottles (Giggenbach and Goguel, 1989) and analysed in the laboratory for H,O, H,S, He, H,,
0,, N,, CH4 and CO,. Two fumaroles for each of the craters investigated for soil CH4 fluxes were
sampled both in 2009 and 2010.

Gas concentrations were measured using the GC Perkin Elmer Clarus 500 equipped with Carboxen
1000 columns, Hot Wire and Flame lonisation detectors with methanizer. The gas samples were
injected through an automated injection valve with a 1000 pL loop. Calibration was made with
certified gas mixtures. Analytical precision (+1c) was always better than +5%. The detection limit
for CH, was about 0.1 pmol mol™.

Geographical distribution of the CH,4 flux values and the estimation of the total output have been
made by using a GIS software (ArcMap™ 9.3, ESRI®).

3. Results
3.1. Geochemistry of the Fumarolic Gases

Results of the chemical composition of the fumarolic gases are shown in Table 1. All samples are
dominated by water vapour that accounts for 91 to 99% of their composition. For the remaining
gases the composition generally follows the order CO, > H,S > H,= N, =~ CH4 » He > O,~ CO.
Methane displays a wider range in composition with respect to the other gases which is reflected in
the wide range in CO,/CH, ratios (Table 1). The main difference between the three fumarolic areas
can be summarised in a lower content in H,O and H,S and a higher CO, and CH, content in the
fumaroles of Kaminakia (K6 and K7). This has been explained by previous authors (Marini and
Fiebig, 2005) with condensation of water vapour close to the surface. Dissolution in the liquid
phase changes the relative concentrations of the remaining gases depending on their solubility.
This results in a depletion of the more soluble species (H,S) and a relative increase of CO, and
especially of CHj,.

3.2. Soil Flux Measurements

Results of the flux measurements are summarized in Table 2. Values range from —3.4 to 1419 mg
m? d* for CH, and from 0.1 to 383 g m? d™* for CO,. To get insight in the methane output of the
Lakki plain we focalised our measurements in restricted exhaling areas: Kaminakia, Stefanos and
Phlegeton craters and the southeastern flank of the Lofos dome. Some measurements were also
made in areas of lower hydrothermal output and indicated in the figures as other. The latter sites
display the lowest CH, flux values (Fig. 2b) never exceeding 2.6 mg m™ d™* and frequent negative
values. Of the investigated exhaling areas those where the most recent activity occurred show the
lowest CH, flux values (Lofos and Phlegeton ~ 0-100 mg m™ d™*) while to the older craters reach
progressively higher values (Stefanos up to 714 mg m™ d™* and Kaminakia up to 1419 mg m? d™).

4. Discussion

The CH, flux distribution maps have been used to estimate the CH, output of the three
investigated craters. The three areas according to the very different flux values show also very
different CH, outputs. Phlegeton shows an output of about 0.01 t a™* from an area of approximately
2500 m?, that of Stefanos is about 0.1 t a™ from an area of some 20,000 m” and that of Kaminakia
about 0.3 t a™* from an area of approximately 30,000 m?. Our flux measurements did not cover the
whole exhalative area but likely the remaining areas would not add significant amounts of CH, to
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the entire output of the geothermal system. In fact, of the remaining area the highest hydrothermal
flux areas (Micro Polyvotis, Megalos Polyvotis, Logothetis), with strong fumarole emissions, have
characteristics that are very similar to Phlegeton and their contribution will be of the same order of
magnitude and thus probably negligible. A more substantial contribution could probably derive
form the area northeast and southwest of Kaminakia along the caldera border where soil gases
could be enriched in CH, in the same way as at Kaminakia. Previous studies on CO, soil degassing
(Caliro et al., 2005) indicate that in these areas the fluxes tend to decrease rapidly away from the
Kaminakia area especially in the southwest direction lowering their possible contribution to the
total output.

Table 1 - Chemical composition of some selected fumaroles at Nisyros.

sample date H,O CO, H,S He H, 0, N, CO CH; CO,/CH,
dd-mm-yyyy % pmol mol™
K6 03-09-2009 95.6 874811 96343 18 12572 0 3979 6 12272 71
K6 31-08-2010 91.2 890317 90278 28 7914 7 8006 2 3448 258
K7 03-09-2009 92.2 890682 73796 22 5217 8 7045 5 23226 38
K7 31-08-2010 94.7 890636 78563 51 10974 18 13386 1 6370 140
S15 31-08-2009 98.3 774458 211925 29 6640 8 4213 3 2723 284
S15 31-08-2010 99.0 740627 217953 22 7515 27 30830 1 3026 245
S4 31-08-2009 98.3 794665 190003 28 5372 13 6910 3 3006 264
S4 31-08-2010 99.1 736916 223931 24 6169 41 29539 1 3380 218
Al3 04-09-2009 98.0 753938 227194 24 10830 0 7186 2 826 912
Al3 30-08-2010 98.6 738197 245342 28 10303 3 5543 1 582 1268
AM 04-09-2009 979 755731 225266 25 11190 0 6968 2 818 924
AM 31-08-2010 979 739933 204683 25 8751 3 46073 47 485 1525
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Figure 2 - CH,4 vs. CO, fluxes. The right graph is the enlargement of the left one. The black
lines represent the range of CO,/CH, concentration ratios in the Kaminakia fumaroles, the
stippled line that of the Stefanos fumaroles and the dashed lines that of the Phlegeton
fumaroles.
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Table 2 - Soil gas and temperature measurements in the Lakki plain area.

Site area date UTM coordinates concentration  T°C T°C flux
d-mm-yy easting northing CO, CH, @20cm @50cm CH, CO,

m m pmol mol™ mg m’ day g m? day

1 K 3-09-09 515021 4047221 447000 6500 442 644 238 32.7
2 K 3-09-09 515065 4047167 226000 3300 356 532 1062 203
3 K 3-09-09 515014 4047051 269000 5100 449 717 76.5 35.0
4 K 3-09-09 514946 4047060 197000 3400 372 542 238 37.2
5 K 3-09-09 514966 4047167 51300 800 415 457 34 51.3
6 K 3-09-09 514907 4047243 132000 2900 429 748 663 138
7 O 3-09-09 514871 4047306 23400 500 39.6 484 -34 55
8 S 3-09-09 514472 4047121 992000 5800 99.3 993 127 77.0
9 S 3-09-09 514479 4047093 992000 5400 925 1004 314 135
10 S 3-09-09 514494 4047059 410000 1800 745 996 51.0 23.3
11 S 3-09-09 514534 4047047 615000 1000 540 86.8 110 35.0
12 O 4-09-09 514371 4047194 199000 3300 458 353 2.6 56.0
13 O 4-09-09 514295 4047308 13600 100 328 315 -0.9 15
14 O 4-09-09 514233 4047380 30500 100 432 347 -0.9 45
15 O 4-09-09 514153 4047215 1600 50 422 358 0.0 1.2
16 O 4-09-09 514219 4046989 1600 30 442 310 0.9 1.3
17 O 4-09-09 514169 4046795 2000 50 306 302 0.9 1.4
18 O 4-09-09 514353 4046983 25300 100 338 353 2.6 2.8
19 S 4-09-09 514502 4047137 992000 6500 742 99.0 1.7 0.5
20 S 4-09-09 514527 4047111 630000 3700 56.4  92.7 68.0 35.0
21 S 4-09-09 514551 4047097 992000 7100 70.7  98.8 6.0 4.7
22 S 4-09-09 514544 4047134 362000 3200 63.4  99.7 85.0 42.0
23 S 5-09-09 514537 4047192 662000 3500 632 972 34.0 30.3
24 'S 5-09-09 514549 4047179 39000 300 32.7 415 2.6 14.0
25 S 5-09-09 514571 4047170 47000 300 304  36.0 1.7 14.3
26 S 5-09-09 514594 4047165 214000 1800 399 504 714 383
27 'S 5-09-09 514611 4047141 12000 20 424 634 51 4.2
28 S 5-09-09 514624 4047151 63500 1000 522 910 68.0 35.0
29 S 5-09-09 514636 4047176 285000 1500 484 746 6.7 1.8
30 S 5-09-09 514654 4047155 784000 4000 99.0 100.9 20.0 4.3
31 S 5-09-09 514650 4047176 610000 3000 69.2 100.8 317 8.3
32 S 6-09-09 514613 4047209 152000 300 348 439 0.3 2.2
33 S 6-09-09 514635 4047233 212000 800 69.0 95.0 119 79.3
34 S 6-09-09 514599 4047233 85500 200 46.7 648 85 35.0
35 S 6-09-09 514573 4047231 24300 30 378 482 51 10.7
36 K  24-08-10 514971 4047271 52600 22 403 473 2.6 14.0
37 K 24-08-10 514988 4047244 56500 18 403  46.7 0.9 7.0
38 K  24-08-10 515012 4047226 32600 16 40.6 484 51 7.8
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39 K 24-08-10 515029 4047205 167400 50 421 494 6.8 28.0
40 K  25-08-10 515046 4047191 271000 3841 414 515 1045 168
41 K  25-08-10 515068 4047174 536200 9215 574  69.6 297 443
42 K  25-08-10 515059 4047143 157000 1015 433 55.0 76.5 112
43 K  25-08-10 515052 4047120 155300 651 375 443 20.4 74.7
44 K  25-08-10 515037 4047084 253600 1368 535 627 59.5 74.7
45 K  25-08-10 515043 4047061 248800 5271 583 740 1419 154
46 K  25-08-10 515027 4047058 60600 847 60.2  66.0 654 81.7
47 K  27-08-10 515010 4047051 143500 1624 56.3  69.5 1419 261
48 K 27-08-10 514995 4047047 488900 7117 659 824 127 257
49 K  27-08-10 514965 4047050 22200 58 46.6  58.7 8.5 11.7
50 K  27-08-10 514942 4047060 257100 2750 444 576 170 56.0
51 K  27-08-10 514932 4047082 300400 3735 649 777 178 39.7
52 K  27-08-10 514929 4047111 660500 9890 635 87.0 238 49.0
53 K  27-08-10 514925 4047138 840000 13900 650 95.0 161 30.3
54 Ph 2-09-10 514219 4047572 749100 531 77.3 999 1.7 0.8
55 Ph 2-09-10 514206 4047584 739900 535 80.7  99.9 1.7 1.3
56 Ph 2-09-10 514199 4047572 17500 12 99.9 nm. 13.6 23.3
57 Ph 2-09-10 514177 4047590 743500 515 632 875 6.8 21.0
58 Ph 2-09-10 514188 4047586 221600 156 510 703 7.7 18.7
59 Ph 2-09-10 514183 4047571 533 3 713 890 18.7 51.3
60 Ph 2-09-10 514175 4047566 496700 387 61.2 894 28.1 79.3
61 Ph 2-09-10 514165 4047573 661300 478 754 995 255 93.3
62 Ph 2-09-10 514155 4047570 n.m. n.m. 62.2 nm. 11.9 35.0
63 Ph 2-09-10 514157 4047552 21400 23 528 75.0 2.6 3.0
64 Ph 2-09-10 514148 4047551 1700 4 448 540 0.9 0.1
65 Ph 2-09-10 514134 4047552 3600 5 381 431 0.0 1.4
66 L 3-09-10 514724 4047872 121000 49 415 528 51 117
67 L 3-09-10 514723 4047809 535 3 339 416 -0.9 0.1
68 L 3-09-10 514717 4047770 33500 12 375 490 1.7 2.0
69 L 3-09-10 514690 4047753 74400 229 473  65.0 19.5 39.7
70 L 3-09-10 514674 4047717 82900 584 492 822 93.5 23.3
71 L 4-09-10 514661 4047692 414900 2892 486 764 40.4 235
72 L 4-09-10 514637 4047679 734600 5033 975  99.9 102 46.7
73 K 4-09-10 514901 4047159 112500 784 46.2  80.0 425 28.0
74 K 4-09-10 514908 4047180 142600 1376 470 770 19.1 21.0
1470
75 K 4-09-10 514900 4047202 873800 0 66.0 984 204 42.0
76 K 4-09-10 514958 4047183 1300 3 36.0 435 -0.9 4.7
77 K 4-09-10 514976 4047159 63800 4 36.0 438 0.9 28.0

Area: K=Kaminakia, S=Stefanos, Ph=Phlegeton, L=Lofos, O=other; UTM coordinates: reference
system WGS84; n.m.=not measured.
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Consequently our best estimation of the total CH, output of the geothermal system of Nisyros is
about 1 t a™*, which is more than one order of magnitude lower than the previous estimation (54 t
a' - Etiope et al., 2007). The latter was made simply multiplying an estimated average CH,/CO,
ratio of the fumarolic emissions by the total CO, output obtained by Chiodini et al. (2005). As
previously evidenced (D’Alessandro et al., 2009; 2011), part of the difference could be attributed
to the disregarding of methanotrophic activity within the soils. Microbial activity has the potential
to oxidize great quantities of CH, also within the soils of geothermal areas (Castaldi and Tedesco,
2005; Pol et al., 2007). Clues for methanotrophic activity in the soils of the study area can be
evidenced in Figure 2 where, especially in the area of Kaminakia and Stefanos some of the sites
show much higher CO,/CH, ratios with respect to the relative fumarole gases.

Another source of error in the estimation of Etiope et al. (2007) derives from the great variability
both in time and space of the CO,/CH, ratios of the fumarole emissions at Nisyros (Table 1) as
also evidenced by Marini and Fiebig (2005). Such great variability could introduce a great error in
the CO,/CH, ratio used to obtain the total CH, output. The CO,/CH, ratio used by Etiope et al.
(2007) is indeed low (167 by volume), close to the mean value of the Kaminakia crater, which is
by no means representative of the whole area. Other strongly degassing areas show all
considerably higher mean values accounting for a significant part of the difference in output
estimation.

5. Conclusions

Flux measurements at Nisyros confirm that this geothermal system is diffusively degassing
significant amounts of CH, (~1 t a') through the soils. This study further confirms that
volcanic/geothermal areas are significant sources of CH, to the atmosphere but also that probably
their contribution has been overestimated. The present study indicates that the previous estimate
(54 t a) at Nisyros, made by cross-correlating CO, output data with the CO,/CH, ratios of its
gaseous manifestations, has been excessively large. This great difference derives from both
disregarding methanotrophic activity within the soils and from an incorrect mean CO,/CH, ratio of
the fumarolic emissions used in the calculation of the total output.
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