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Abstract

An extensive geochemical survey on the fluids seléeby the volcanic/geothermal system of
Methana was undertaken. Characterization of theegasas made on the basis of the chemical
and isotopic (He and C) analysis of 14 samples, G@ll gas concentration and fluxes were
measured on the whole peninsula at more than 16{(pBag sites. 31 samples of thermal and cold
groundwaters were also sampled and analysed toatiterize the geochemistry of aquifers.
Anomalies referable to the geothermal system, besitl known thermal manifestations, were also
recognized at some anomalous degassing soil si iansome cold groundwater. These
anomalies were always spatially correlated to thainmactive tectonic system of the area. The
total CO, output of the volcanic system has been prelimiresimated in about 0.2 kg's
Although this value is low compared to other volcasystems, anomalous ¢@egassing at
Methana may pose gas hazard problems. Such voleshkicalthough restricted to limited areas,
cannot be neglected and further studies have tondertaken for its better assessment.
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1. Introduction

Methana, a peninsula of about 44 %gxtension at the north-eastern coast of Pelopoisnis
Greece, is the westernmost dormant but geodynamieald hydrothermally active volcanic
system of the South Aegean volcanic arc. The amédd as a result of the collision between the
Eurasian and Africa plates and comprises otheretlive volcanic systems (Milos, Santorini-
Kolumbo and Nysiros), which experienced in the tasituries different kinds of volcanic activity
(Pe-Piper and Piper, 2002). The most recent vatcadiivity on Methana dates back to 230 BC
and this together with the present day thermal faatations testifies for its potential reactivation
in the future. Although the volcanic hazard of thislcanic system is considered to be low
(Vougioukalakis and Fytikas, 2005) it has nevembsteidied in depth. The Saronikos gulf area, to
which Methana belongs, is a neotectonic basin densd to be seismically active (Makas al.,
2004) and active fault systems have also been nésed) on the peninsula. These tectonic
lineaments are the paths for present geothermal feakage and are also potential sites for
magma uprise. The present work will be a contrdouto the study of the geothermal fluids of the
volcanic system and their relationship to the stmad setting of the peninsula. A brief discussion
on gas hazard problems in the studied area igpatsaded.

Figure 1 - Simplified geological map of Methana wh the distribution of the sampling sites.
Number for the water sampling points are the samesain Table 2. Inset shows the Thiafi Bay
area and the circle shows the under-water samplingite of Thiafi sea (Table 1).



2. Study area and methods

2.1. Geology of the area

The peninsula of Methana is almost an island, bgimed to the mainland by an isthmus, which
is only 300 m wide. Its otherwise almost circulastlime is broken on the northwest by the
projection formed by the hill of Panagia, a masgrafy limestones (U. Triassic — L. Jurassic), and
on the south by the limestones of Asprovouni (Wassic - Cretaceous) of which the isthmus is a
prolongation (Dietrich and Gaitanakis, 1995). Theselimentary sequences together form the
sedimentary basement of Methana under the volcamplex at depths not exceeding about 1000
m below sea level (Volti, 1999).

The volcanic sequences of the peninsula consistipally of andesite and dacite lava domes and
flows extending radially from its central part (Pger and Piper, 2002). The volcanic activity
probably started at the Plio-Pleistocene boundéthoagh the oldest dated rocks gave ages of
about 0.9 Ma. The most recent volcanic activity wdkank eruption that produced andesitic lavas
at Kammeno Vouno around 230 BC and was describestiaypo (Stothers and Rampino, 1983).

2.2. Sampling and analytical methods

In the period June - September 2006 we collectesb®iples of natural waters of Methana (fig. 1).
Four belong to thermal springs and 27 to cold gdeaters (wells). The sampled wells are all
sited along the coast at distances never exce@didgn from the sea. They are all excavated with
large diameters (1.5 — 2 m) and have depths betdeamd 30 m. The collected samples were
stored in HDPE bottles. An aliquot for metal anaywas filtered in the field (0.45 um MF
Millipore filters) and acidified with HN@ During the same period 14 gas samples were ¢etiec
most of them are soil gases (9) but also bubbliageg (3) and the atmosphere in contact with
thermal waters (2) were collected (Fig. 1). All sd@s were analyzed at INGV-Pa for their
chemistry and He and C isotopic ratios. The tentpeza pH and conductivity of waters were
measured upon sampling and their alkalinity deteemhi by titration with HCI 0.1N. Water
chemistry was analysed in the laboratory by stahdaethods (APHA, AWWA, WEF, 1995):
major anions (F, Cl and SPPand major cations (Na, K, Mg, Ca) by IC, Li, Bda8i by ICP-OES.
Theoretical CQ partial pressure was also calculated from measpkedT and alkalinity. Gases
were collected in pyrex bottles with two stopcoeksl analyzed by gas-chromatography, using 4-
m long carbosieve columns, two detectors (HWD, FAB) argon as carrier.

Helium isotopic ratio in gas samples was analyzedctdy from the sampling bottles, after
purification in the high-vacuum inlet line of theass spectrometer. Helium isotope measurements
were made with a VG 3000 mass spectroméﬂﬂfHe ratios, determined against an air standard,
are referred to the atmospheric ratio (Ra = 1.386) as R/R. Carbon isotope analyses were
performed with a Finnigan MAT Delta S mass specttam after purification of COunder
vacuum.2*C/**C ratios are reported a@5°C units (+0.1 %o) with respect to V-PDB standard.

A total number of 129 diffuse GQlux measurements were made in the period 4 -ug® 2006.
The distribution of the sampling points (Fig. 1)snas far as possible evenly distributed with an
approximately sample density of 2 points pefk@nly few limited areas resulted uncovered due
to accessibility problems. The area around the dthe@rmal manifestations of Thiafi Bay was
investigated with a higher sample density (13 poiover an area of about 0.1 ¥mFlux
measurements were made with a portablg & flux meter (WEST Systems, Italy) based on the
accumulation chamber method (Chiodiial, 1998). Flux values (g fd™) were determined at
each site from the rate of GOoncentration increase in the chamber (area Mm@3%olume 0.003
m®) accounting for atmospheric pressure and temperatalues to convert volumetric to mass
concentrations. The reproducibility was better th@fb in the range 10-20000 ¢*rd™. Particular



care was taken to fulfil the recommendations forasueements in volcanic-hydrothermal
environments reported by Lewicki al. (2005).

The CQ concentration in soil gas was measured in the figth IR spectrometry in most of the
flux measurement sites (104 samples — Fig. 1). Ggxsks were sampled with a syringe at a depth
of 50 cm through a Teflon tube of 5 mm ID within Histance from the flux measurement point.
Gases were injected in the IR cell through a thweg-valve. Carbon dioxide concentrations were
determined with an LFG 20 (ADC Co Ltd) instrumenithwa 0-1000 mmol mdl range.
Comparison with the results of gas-chromatograrialyses reveals a good agreement with
differences never exceeding 10%.

Table 1 — Chemical and isotopic composition of gaamples of Methana.

sample  [Type] He [ H, [0, [N, [ CO | CH, [CO,[d®C] R/R, [He/NeR/R.c
mmol mot* %o

Loutra Methan A | 0.012<0.005 54.3 313| 0.0008 0.004% 642 -0.9 n.m{ n.m
Agios Nicolaos A | 0.008<0.005 153 637| 0.0017<0.000% 212 -1.1 n.m| n.m
Pausanic B [<0.005<0.005 <0.4{10.7] 0.0016 0.026 991 n.m| n.m|/ n.m
Pausanic B |0.000%<0.003 5.6/30.9] 0.0017 0.017 97Q -2.02.06+0.06 2.43 2.22
Pausanias fractu| S 0.013 0.007 88.1] 383| 0.0580 0.003% 519 -3.5 n.m{ n.m
Pausanias mofei| S 0.027<0.005 61.3 261| 0.0020 0.0012 671 -2.0 n.m{ n.m
Soil gas 2! S 0.008<0.005 156/ 642| 0.0023 0.0021 203 -6.2 n.m{ n.m
Soil gas 2 S 0.008<0.005 140 570] 0.0020<0.000% 293 -0.1 n.m{ n.m
Soil gas 2 S 0.006<0.005 192 785/ 0.0018 0.0005%21.0 -8.3 n.m{ n.m
Soil ges 45 S | <0.0050.082 172 704 0.0027 0.010 118 0.8 n.m] n.m
Soil gas 4 S [0.0005 0.106 0.2 4.9 0.0017 0.042 966 -1.02.34+0.08 3.42 2.48
Thiafi S 0.012<0.005 51.1f 266/<0.000% 0.006 675 -0.62.07+0.01 3.25 2.18
Thiafi S 0.011 0.143 14.487.6/ 0.0020 0.456 881 -1.4 n.m{ n.m
Thiafi Se: B 0.020 0.029 6.7|]42.2] 0.0090 0.717 942 -0.82.55+0.02 21.7 2.57

Type: A = atmosphere in contact with thermal waBer; gas bubbling in water; S = soil gas. n.m.
= not measured.

3. Results and Discussion
3.1. Gases

The 14 samples for which a complete analysis ifaba (Table 1) define a mixing trend between
a CQ rich end-member (sample MET 46) of likely endogenorigin and the atmospheric air.
This is particularly evident in the,ND,-CO, triangular diagram (fig. 2a), while in the He-BO,
triangular diagram (fig. 2b) some of the samplesiate from the simple mixing line. These
samples display relative He and Bhrichments probably due to ¢@issolution processes upon
interaction with seawater. The deep end-membenhwggical hydrothermal gas composition being
almost exclusively composed of @@ith minor amounts of reduced species such ag CB, H,
and probably BS. This latter species was not determined butrésgnce, at least at Thiafi Bay, is
evidenced by its smell and by fresh sulphur dejowsit

The He isotopic compositions, corrected for air taamination, range from 2.18 to 2.57 R/R
indicating a substantial contribution from a mamtenponent. The latter can be estimated in 34-
40% considering a composition of 8 R/Bf the He of the mantle end-member. The carbon
isotopic composition range from -8.2 to 0.8 %0 vsPBB, but a much narrower range (-2.0 to -0.8
%0) is defined by the less air-contaminated sam@3, > 880 mmol mot). These latter values
fall within the range generally attributed chemicalthermal decarbonation of limestones but a
contribution of mantle-derived G@annot be ruled out.



Figure 2 — N-O,-CO; (a) and He-N-CO;, (b) triangular diagrams of the gas samples
collected on Methana.

Geothermometric calculations based on equilibrisveen carbon gases (Chiodini and Cioni,
1989) gave estimated temperatures in the geotheesatvoir of 251+22 °C.

The complete set of soil gases display values Bdrto 966 mmol mdl of CO,. The probability
plot (fig. 3a) evidences two lognormal distribuggapulations. The first population, which can be
defined as background, comprises about 88% of #sarements and displays a geometric mean
of 2.45 mmol mof, while the second “anomalous” population has argdc mean of 206 mmol
mol™. Anomalous concentrations were always measuresedo active thermal manifestations
(Thiafi Bay and Ag. Nicolaos and Pausanias sprirfgg. 4a).

Figure 3- Probability plot of CO, concentrations (a) and CQ flux values (b).
3.2. CO, fluxes

Measured C@flux values range from lower detection limit (Oup to 894 g i d*. Also for the
flux values the probability plot (fig 3b) evidenceso lognormal distributed populations. The
background population comprises about 91% of thasumements and displays a geometric mean
of 4.75 g nt d”, while the “anomalous” population has a geometmzan of 174 g thd*. The



background population can be attributed to orgaciivity within the soil and its highest value
(28 g m? d%) is close to the upper limit (38 g™ attributed to the organic sustained £iDix
from the soils in the scientific literature (Norman al, 1992). The values displayed by the
anomalous population are lower than at other viddgeothermal areas where values up to two
orders of magnitude higher can be found. Chiodiral, (1998) for example found G@luxes up

to 11100 g rif d* at Nea Kameni volcano (Santorini, Greece) whildlBssandreet al (2006) up

to 33400 g rif d* at the Sousaki geothermal area (Corinthia, Greedejost all the anomalous
values at Methana are measured close to activenethemanifestations (Thiafi Bay and Ag.
Nicolaos spring — Fig. 4b). Due to operational idifities no flux measurement could be done
close to the Pausanias spring where high sofl @@centrations were measured.

The total output of CQdegassed from the soil of the surveyed areas w@maed using the
anomaly threshold approach. Through ordinary kggam isoflux map of the island was obtained.
The CQ output from the anomalous population was estimatedtiplying its geometric mean
(174 g n¥ d) by the surface (about 0.1 Rycovered by the anomalous values (> 28 gdn).
The obtained value, 0K s!, is at the lower end of the values measured inarot/hydrothermal
areas (Pecorainet al, 2005), but in the range of the other volcanieaarof the south Aegean
volcanic arc (Nea Kameni 0.2 k'd s Chiodiniet al, 1998; Sousaki 0.6 kgls D’Alessandrcet al,
2006; 1.0 kg $ - Cardelliniet al, 2003).

Figure 4 - Distribution of the CO, concentrations (a) and CQ flux (b) measurement sites.

3.3. Thermal and cold groundwaters

The results of the chemical analysis of thermal aolli groundwaters are shown in table 2.
Thermal waters have temperatures ranging betweén &t 37.5 °C and total dissolved solids
(TDS) ranging from 10000 to 38000 mg ICold waters have distinct lower temperaturesO(l7.
24.4 °C) and salinities (TDS 640-6200 miy. IThe influence of seawater on both thermal ard co
groundwaters can be highlighted in the Na vs. @ahj diagram (fig. 5a) where nearly all samples
plot on the line representing the Na/Cl ratio of thegean seawater. Such influence can be due
either to seawater intrusion both in thermal andhia cold aquifer or through the meteoric
recharge. The first case is probably true for tlaers displaying the highest salinity while for the
most diluted ones the second process is more likEhe strong influence of seawater on the
thermal water chemistry makes them unsuitable @tlgermometric estimates of the reservoir
temperatures through their cationic ratios. Thé&ailgeothermometer (Nicholson, 1993) gave
maximum estimated temperatures of about 160 °C.



Like other volcanic/hydrothermal systems Methangrsundwaters displays high G(artial
pressure (pC® whose values range from 0.003 to 1.138 atm thideacing dissolution of gases
of deep origin (magma or decarbonation); groundigateving dissolved significant amounts of
magma-derived volatiles have generally pGgely exceeding the atmospheric (0.00033 atm) or
soil air (0.01-0.001 atm) figures. The high pO@lues are faced also by high alkalinity valués. (f
5b) of the waters due to the titration of the digsd CG, during water-rock interaction processes.
Such processes are also responsible for the caltionide ratios higher than that of sea-water for
Ca (fig. 5¢), K, B (fig. 5d) and Li. These enrichme reveal small but significant contributions of
thermalised waters to some of the cold groundwatetsighlighted by their increased content of B,
a highly mobile element under geothermal conditigtisholson, 1993).

Table 2 — Chemical composition of thermal and coldroundwaters of Methana.

sample] T |pH| E.C. | Na| K |[Mg]| Ca| CI [SO,|Alk [SiO,| Li | B pCO,
N.] °C mS cni] mg I'* ug it | atm

30.46.11  32.41102§ 4061204 1009205032457 1383 74.9 671 78471.138
37.96.32 10.9 2669 13§ 341 464 468¢ 7451232 134 576 29850.624
30.96.16 26.9 5669 271 614 55§1037¢1308 947 76.3 9271 55570.690
30.946.13  50.911587 5411253 1039214472721 1098 48.417281147(0.861
26.07.35 2.8 49730.187.4 83.§ 90(¢ 101] 354 89.76.6 4340.017
22.07.32 217 35430.966. 134 717 172 23§ 68.4 1.1 2150.012
21.46.98 211 25912.9 114 114 51975.4 610 79.9 6.9 1570.068
19.17.27) 234 38921.971.9 82.4 748 97.00 250 77.936.1 194¢0.014
18.08.10 2.1§ 25713.353.3 83.§ 44§ 72.5 311 75.345.8 1610.003
10 21.47.83 2.5 53(21.177.4 134 7824 279 500 82.052.9 17¢0.008
11 22.97.15 2.1¢ 33§14.179.4 110 66198.4 351 83.§53.2 1770.026
120 20.97.19 19§ 27414.189.1 97.4 542 67.7 506 91.§53.8 1670.035
13 17.07.31] 1.37 14315.453.9 85.§ 2749 109 275 81.§ 4.7 81.30.014
14 20.36.80 7.8 128]172.3 194 146 2373 399 174 69.4 4. 484¢0.029
15 18.97.51] 1.44 18916.040.4 113 399 106] 237 54.¢ 4.4 1140.008
16 18.37.49 1.17 16§10.440.9 747 32959.5 237 80.417.3 84.30.008
17/ 18.96.989 1.60 21717.444.1 154 343 48.0 613 69.110.9 2790.068
18 16.96.30 0.73 49.921.120.9 66.3 53.935.5 326 34.¢ 5.9 16740.173
19 20.36.59 4.11 68§73.9 149 219 123455.2/1129 98.¢ 363 32570.307
201 22.47.26 437 97153.4 22§ 17§ 221§ 22.1 421 113 176 257§0.024
21 21.48.06 4.64 1067 117 199 273 2044 11.0 1214 86.(0 582 49950.011
22| 24.47.04 5.84 144141.§ 241 424 3067 380, 597 101 104 80§0.057
23 22.96.10 1.6 20325.060.3 174 27(Q 101 724 99.]145.0 15440.610
241 22.45.95 144 16922.336.¢ 11§ 20J 107] 360 10334.§ 6170.427
2518.47.02 1.6 237 9437.] 13§ 484 73.0 299 32.40.98 1110.03@
26/ 20.97.60 2.84 49712.963.3 183 98§ 145 299 31.40.95 16€0.008
27/ 21.96.32  3.54 70137.9 17§ 259 1347 195 997 95.1 103 46§0.505
28/ 18.16.44 521 86337.9 184 279 167( 257 793 77.138.1 4470.305
29/ 21.16.95 2.6 41125.§ 145 23q 774 1091049 11Q 114 3590.125
30/ 21.§6.36 240 32019.4 11§ 201 694 115 750 10951.2 26(00.347
31 21.46.60 1.17 137 6.335.¢ 104 22% 108 299 88.3 3.4 1130.079

OR[N D|WINF

The highest pC@®values (fig. 6a) and B/Cl ratios (fig. 6b) arepligs/ed by the thermal waters and
by cold groundwaters close to them. Also samplé®rtasouth-west to Megalochori display
anomalous values.



Figure 5 - Na (a), Alkalinity (b), Ca (c) and B (d)vs. chloride scatter diagrams for the
groundwaters of Methana. The composition of the thenal waters is represented by

triangles, that of cold groundwaters by squares anthat of the Aegean seawater by a
diamond. The grey bold line represents the ion/chtide ratio of the Aegean seawater.

3.4. Relationships between geochemical anomalies an  d structural setting

The area around Methana was characterized in réiceed by extensional tectonic (Makgas al.,
2004). In the geological map of Methana (Dietrictd &Gaitanakis, 1995) the authors evidence
many fault systems. The major Holocene systems B&VeNE (approx. 45°-60°), W-E (approx.
90°) and N-S (approx. 165°-180°) directions. Otimajor systems, active during Plieistocene and
reactivated during Holocene have WNW-ESE (apprdQ°4135°), NW-SE (approx. 145°-150°)
and SSW-NNE (approx. 25°-50°) directions. Malaisal (2004), through microseismicity studies
of the Saronikos gulf, attribute most of the setsagtivity in the area to W-E and SW-NE tectonic
structures.

Most of the geothermal manifestations on Metharau{ta Methana, Agios Nikolaos spring and
Thiafi Bay) are closely related to a SSW-NNE faystem that borders the eastern coast of the
peninsula for approximately 10 km. Along the sarasltf system some hydrothermally altered
zone, like that of Kokkinopetra, can be recognibéghlighting a long hydrothermal history. The
other important geothermal manifestation, Pausaspagg on the northern coast, is found along a
WNW-ESE fault system. Also this system can be eeldd other hydrothermally altered zones and
probably to the historical volcanic activity of Kameno Vouno.

Anomalous soil C@fluxes and concentrations on Methana are alwaysd@long these two fault
systems further testifying for their activity (f). These anomalies, except for that of Thiafi Bay
that extends for about 0.1 kmare always very limited in extension and veryseldo the
hydrothermal manifestations. Our sampling densi&g wot able to reveal other anomalies along
these and other fault systems. But data from greatels, integrating contributions over wider
areas, extend areally these anomalies along thede dystems (fig. 6) and evidence a third
anomalous area SW of Megalochori along a SW-NEctkce fault and its probable intersection
with a WNW-ESE directed one.



Figure 6 - Distribution of the pCO, (a) and B/CI (b) values in the groundwaters.
3.5. Gas hazard

Further studies have to focus on these fault systénough higher density soil gas measurements
to highlight the probable presence of other anommlalegassing areas. This, apart from
contributing to a better definition of the total €@utput of the system, could also bring to better
constrain the zones of gas hazard.

Normal CQ concentration in the atmosphere at sea level @itab.035 mmol mal but its
concentration can rise if fluxes from the soil eedeonsumption and dissipation. Being heavier
than air, in high flux areas, GQcan accumulate in topographic depressions andosunels
reaching concentrations as high as 100% (1000 mmmwil®). Carbon dioxide concentrations
higher than 10% can be lethal to humans and aniraatsat concentrations above 20-30% even a
few breaths can very quickly lead to unconsciousresd death from acute hypoxia, severe
acidosis and respiratory paralysis (Henderson aadghrd, 1943). Therefore, poorly ventilated
places below and immediately above ground suclaess; galleries, trenches, cellars, water wells,
etc. can be very dangerous in areas of anomaloyse@@sions.

Some zone of enhanced gas hazard has already bsessad also at Methana. Hazardous CO
accumulations have been measured at the Agios &bkdadpring and in the well n. 23. These sites
display concentrations as high as 20 % in closedespwhere sometimes persons have to work
inside. Also the Pausanias spring sometimes displ@y concentrations of a few percent in the
atmosphere at the contact with the water, but Eggerous concentrations (up to 80%) are
measured in a hole in ground some 20 m east affifieg. This hole, about 1.5 m deep and 1 m in
diameter, was probably built in the past to intptcthe thermal aquifer. It is at present dry,
probably because of the uplift of the peninsula ted to the lowering of the piezometric surface
below its bottom that is always covered by deadllsamémals (insects, small rodents and reptiles).
The hole is fortunately not easily accessible.

People living in anomalous degassing areas arerggneware of the danger posed by gas
accumulation, but nevertheless many fatal incidehts to volcanic gases happen each year
(Witham, 2005). Even though at Methana gas hazseds restricted to limited areas it has not to
be neglected. The most exposed people are kidkensinvolved in excavation activities and
tourists that use public baths.



4, Summary

At Methana the uprise of geothermal fluids is sgigncontrolled by the structural setting of the
peninsula. Apart from the major thermal manifestai also the major soil degassing areas and
geochemical anomalies in groundwaters are fournigatioe major fault systems of the area.

Preliminary geothermometric estimates based onocagas equilibria gave temperatures in the
reservoir of 251+22 °C.

Soil CO, flux measurements ranging from 0.1 to 894 @ dt allowed us to make a first
estimation of the total CQOoutput of the volcanic/geothermal system, whicts wgaantified in
about 0.2 kg

The most exhaling areas are prone to gas hazahbdepne and should be better studied to reduce
the risk.
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