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The studied area is a 130 km long fast spreading graben in Central Greece. Its complex geodynamical
setting includes both the presence of a subduction slab at depth responsible for the recent (Quaternary)
volcanic activity in the area and the western termination of a tectonic lineament of regional importance
(the North-Anatolian fault). A high geothermal gradient is made evident by the presence of many
thermal springs with temperatures from 19 to 82 °C, that discharge along the normal faults bordering the
graben.

In the period 2004—2012, 58 gas and 69 water samples were collected and their chemical and isotopic
analysis revealed a wide range of compositions.

Two main groups of thermal waters can be distinguished on the basis of their chemical composition.
The first, represented by dilute waters (E.C. <0.6 mS/cm) of the westernmost sites, is characterised by the
presence of CHg-rich and mixed N,—CH4 gases. The second displays higher salinities (E.C. from 12 to
56 mS/cm) due to mixing with a modified marine component. Reservoir temperatures of 150—160 °C
were estimated with cationic geothermometers at the easternmost sites.

Along the graben, from west to east, the gas composition changes from CH4- to CO,-dominated
through mixed N,—CH4 and N;—CO, compositions, while at the same time the He isotopic composi-
tion goes from typical crustal values (<0.1 R/Ra) up to 0.87 R/Ra, showing in the easternmost sites a
small (3—11%) but significant mantle input. The 8'3C values of the CO,-rich samples suggest a mixed

origin (mantle and marine carbonates).

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

The studied area, the Sperchios Basin — Evoikos Gulf Graben
(Fig. 1), has a complex geological history. Its high geodynamic ac-
tivity has long been recognised. In fact it was documented in the
earliest historical documents as well as in the Greek mythology
(Fytikas et al., 1999). The legends tell us, in fact, that the battle
between the Greek gods and the Titans occurred in this area, at the
foot of Mt. Orthrys. This battle has been interpreted as a memory of
intense prehistoric volcanic and seismic activity (Fytikas et al.,
1999).

This area has been renowned as having one of the highest
geothermal gradients in Greece outside the South Aegean active
volcanic arc (SAAVA) (Fytikas and Kolios, 1979). It is a 130 km long
actively spreading graben in Central Greece bordered by active
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faults (1 cm/a — Makris et al,, 2001). Its complex geodynamical
setting includes the presence of both a thinned crust (20 km
thickness below the central part of the northern Evoikos Basin) and
a subduction slab responsible for the recent (Quaternary) volcanic
activity in the area (Makris et al., 2001). Some studies (Fytikas et al.,
1976; Bellon et al., 1979; Papoulia et al., 2006) have suggested that
the volcanic products of this area represent the northward
continuation of the SAAVA.

Another important geodynamic feature that belongs to the
study area is the western termination of the North-Anatolian fault
(NAF). This right-lateral transform tectonic lineament of regional
importance runs approximately east-west for more than 1000 km
along the majority of the Anatolian peninsula and the northern
Aegean sea. Previous authors have assumed that the opening of the
Sperchios Basin graben together with the Kremasta Fault System
accommodates the transcurrent movements of the NAF on the east
with those of the Cephalonia Transform Fault on the west as a
“bridge of failure” (Kilias et al., 2008). The high geothermal gradient
of the area is made evident by the presence of many thermal
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Figure 1. Elevation map of the study area. Main fault of the area are evidenced in red.
The ten sampled thermal sites are shown with different symbols. The same symbols
are used in all the figures. SB = Sperchios Basin; MB = Maliakos Bay; NEG = North Evia
Gulf; AFZ = Atalanti fault zone; OC = Orei Channel. The inset shows the study area
within the Hellenic territory: The green line shows the South Aegean Active Volcanic
Arc (SAAVA) and the relative main active (Ni = Nisyros; Sa = Santorini; Mi = Milos;
Me = Methana) or extinct (So = Sousaki) volcanic systems. The North Anatolian Fault
(NAF) is shown in red. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

springs with temperatures from 24 to 82 °C, that discharge along
the normal faults bordering the graben.

The seismic activity of the area has been widely documented
throughout history (Makris et al., 2001; Burton et al., 2004). The
strongest earthquakes in the past were recorded in 426 BC, 1740
and 1894 (Papazachos and Papazachos, 1997) and were mostly
associated with the Atalanti fault zone.

Pertessis (1961), Margomenou-Leonidopoulou (1976) and
Antonopoulos (1992) believe that the significant variations of the
thermal features of the area are correlated to important seismic
events. The former refers to the description that Thucydides gave of
the big earthquake of 426 BC that was responsible of a tsunami
within the Maliakos Gulf. The historian states that the springs of
Thermopiles and Edipsos dried up for three days, and when they
had started to flow again at Edipsos they had changed their posi-
tion. Pertessis (1961) recounts that the Gialtra spring’s water
became turbid; while Margomenou-Leonidopoulou (1976) refers
that many new springs appeared in the area of Edipsos as a
consequence of the earthquake of Atalanti in 1894.

Because it is inert along with all of the other noble gases, helium
is an excellent natural tracer for fluid migration and can be
extremely helpful in unravelling complex chemical processes that
affect other more reactive species (e.g. Ballentine et al., 2002).
Distinct mantle, crustal, and atmospheric sources are characterized
by unique noble gas isotopic compositions, so their sources can be
identified and used to constrain the fluid’s history. Helium isotopes
can also provide unequivocal evidence for the presence of mantle-
derived volatiles.

Continental crust with negligible additions of mantle volatiles
has low He/*He ratios of 0.02—0.1 Ra, reflecting a strong radiogenic
“He component with a very low 3He/*He production ratio in the
crust. The upper asthenosphere, as constrained by samples of mid-
ocean ridge basalt (MORB), has a 3He/*He ratio of 8 + 1 Ra that
indicates the presence of primordial >He acquired during the
Earth’s formation (Ballentine et al., 2002). The European Sub-
Continental lithospheric mantle (SCLM) has a 3He/*He ratio of
6.3 Ra (Gautheron et al., 2005). *He/*He values between 0.1 and the
appropriate mantle end-member (i.e., 6.3 or 8 Ra) are generally
interpreted as a mixture of mantle and crustal sources. Lowering of
the mantle value occurs through mixing with radiogenic *He as
fluids move through the crust (Ballentine and Burnard, 2002).
Conventionally, any air-corrected 3He/*He ratio Rc/Ry > 0.1 is
considered to have an unequivocal mantle component (Ballentine
et al, 2002) reflecting recent transport from the mantle. The
presence of a significant mantle signature of He has often been used
to track the input of mantle fluids in the crust either through the
injection of magma batches (Sano and Wakita, 1985; Allard et al.,
1997) or along deep-rooted regional transform faults. Examples of
the latter mechanism can be found along the NAF in Turkey (Giilec
et al., 2002), the San Andreas Fault in California (Kulongoski et al.,
2013), the Dead Sea Trasform Fault (Torfstein et al., 2013) and the
Karakoram Fault (Klemperer et al., 2013).

The studied area’s thermal springs have been the subject of
scientific investigations since the Pertessis’s studies in the thirties
(1937). Very few studies have been devoted to the geochemistry
of the gases and those that have were limited to the most important
manifestations (Barnes et al., 1986; Minissale et al., 1989; Shimizu
et al,, 2005). The geochemistry of the discharged waters has been
studied more extensively and at least one chemical analysis,
generally limited to the major ion composition, has been published
for all of the thermal manifestations (Pertessis, 1961; Margomenou-
Leonidopoulou, 1976; Garagunis, 1978; Minissale et al., 1989;
Gartzos and Stamatis, 1996; Lambrakis and Kallergis, 2005; Duriez
et al., 2008; Kelepertsis et al., 2009; Metaxas et al., 2010: Lambrakis
et al.,, 2013).

As highlighted by the previous studies, fluids discharged in this
area show a wide range of compositions. This is to be expected
considering its complex geodynamic situation. However, despite the
long list of previous studies, no comprehensive study of the
geochemistry of the gases and the waters of the thermal features of
the whole area has been undertaken up until now. In the period
2004—-2012, 58 gas (either free or dissolved) and 69 water samples
from the thermal manifestations were collected and analysed for
their chemical and isotopic compositions. Eleven additional cold-
water samples were collected to get insight in the chemical and
isotopic composition of local groundwater. The present study con-
tributes new data regarding the sampled manifestations since some
measured parameters have never been determined for many sites.
Considering that the area is a highly seismic zone, the present data,
together with that of the previous authors, could be the necessary
basis to study variations induced by the earthquakes of the region.

2. Study area and methods
2.1. Geology of the area

The Sperchios Basin and the Northern Evoikos Gulf form an
active spreading graben with an extensional rate of about 1 cm/a,
bordered on both sides by a series of extensive fault systems.
Together with the nearby Corinthiakos Gulf graben, of parallel
orientation and similar Quaternary age, it accommodates a large
part of the SW—NE extension of central Greece (Roberts and
Jackson, 1991).
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The study area is built up from west to east by the terrains of (a)
the Pindos zone, (b) the Parnassos—Ghiona zone, and (c) the Sub-
pelagonian zone (Bornovas and Rondogianni-Tsiambaou, 1983).
The latter covers most of the studied area, while the Pindos zone is
only found in its easternmost part and the Parnassos—Ghiona zone
only outcrops on the southern flank of the graben between the
other two zones. The Pindos zone mainly consists of Paleocene
pelitic and psammitic flysch, which is characterized by the pres-
ence of abundant organic material, as well as limestones and
radiolarites of Jurassic to Cretaceous age. The Parnassos—Ghiona
zone in the southernmost part consists of Paleocene flysch as well
as limestone and dolomite of Triassic to Lower Jurassic age. The
Subpelagonian zone consists of Cretaceous flysch, Mesozoic lime-
stone of Upper Cretaceous and Upper Jurassic age, as well as shale
and cherts. Ophiolitic thrust sheets cover a significant part of the
zone. They consist of basic and ultrabasic igneous rocks, such as
diabases, peridotites, pyroxenites, gabbros, serpentinites, laves, and
tuffs. The peridotites are usually serpentinized. The lower part of
the Sperchios Valley is covered by unconsolidated sediments of
Pleistocene—Holocene age.

Furthermore, various small volcanic centres occur in the studied
area. Radiometric dating obtained by several authors has shown
that the volcanism of the central-east Greek mainland and North
Euboea is of Miocene to Holocene age. Most of the volcanic centres
show evidence of activity during Pliocene and Quaternary (Fytikas
et al., 1976; Bellon et al., 1979; Papadopoulos, 1982, 1989; Pe-Piper
and Piper, 1989, 2002).

In earlier studies (e.g. Fytikas et al., 1976; Bellon et al., 1979), it has
been suggested that the Plio-Quaternary volcanism on the central-east
Greek mainland and the island of Evia belongs to the inner part of the
South Aegean volcanic arc. The associated seismicity occurring at in-
termediate depths of around 150 km results from the subduction of the
Ionian oceanic lithosphere below the Hellenic arc. The origin of this
volcanism was disputed by Papadopoulos (1982, 1989), because the
volcanism in central-east Greece has different geophysical and
geochemical features from that of the South Aegean Sea. In fact, in the
South Aegean volcanic arc the geochemical characteristic of the lava is
typically calc-alkaline. On the central-east Greek mainland, the
chemistry of the lava ranges from calc-alkaline, to weak calc-alkaline,
to weak alkaline. The argument is still under debate. Recently
Papoulia et al. (2006) presented new geophysical data supporting the
hypothesis that the volcanic activity of the area is connected to the
present day volcanic arc while Innocenti et al. (2010) published new
petrological data against it.

2.2. Sampling and analytical methods

Free bubbling gas samples were collected with an inverted
funnel and stored in Pyrex bottles with two vacuum stopcocks.
Samples for dissolved gas analyses were collected in glass vials
sealed underwater.

All samples were analysed by gas chromatography using Carboxen
1000 columns, two detectors (HWD and FID) and argon as the carrier
gas. The measurement precision was better than +10%. Dissolved gases
were determined using the analytical method proposed by Liotta and
Martelli (2012), which is based on the equilibrium partition of gases
between a liquid and a gas phase after introducing a known amount of
carrier gas into the sampling vial.

The He-isotope ratio in free gas samples was analysed directly
from the sample bottles after purification in the high-vacuum inlet
line of the mass spectrometer. The isotope composition of dissolved
He was analysed by headspace equilibration, following the method
proposed by Inguaggiato and Rizzo (2004). He and Ne were then
cryogenically separated and admitted into mass spectrometers. The
3He/*He ratio and 2°Ne content were analysed by a GVI Helix SFT

mass spectrometer. Helium isotope compositions are given as R/Ra,
namely >He/*He of the sample versus the atmospheric >He/*He
(Ra = 1.386 x 107%). Measured values were corrected for the at-
mospheric contamination of the sample (Rc/Ra) on the basis of its
4He/?°Ne ratio (Sano and Wakita, 1985).

Carbon isotopes of CO, were analysed with a mass spectrometer
(Finnigan MAT Delta S) after purifying the CO, under vacuum. §'3C
values of total dissolved inorganic carbon (TDIC) were determined
by acid extraction following the method proposed by Capasso et al.
(2005). 13C/12C ratios are reported here as 3'3C values (+0.1%,) with
respect to the V-PDB standard. The isotopic composition of CH4—C
was measured using a Thermo TRACE GC and a Thermo GC/C III
interfaced to a Delta Plus XP gas source mass spectrometer (+0.29%,
vs. V-PDB). The isotopic composition of N, was measured using a
GV Instruments ARGUS mass spectrometer (3°N + 0.15%, vs. Air).

Hydrogen Sulfide concentrations were estimated in the field
with Drdger tubes.

During the period Dec. 2004—Nov. 2012, 80 water samples were
collected in the area (Table 1). Sixty-nine samples were taken from
the thermal springs and eleven from the cold aquifers.

The water temperature, pH, Eh and electric conductivity were
measured in the field with portable instruments. Total alkalinity
was determined by titration with 0.1 M HCl on unfiltered samples.
Major anions (F~, CI-, NO3 and SO3~) were determined by ionic
chromatography on filtered samples while major cations (Na*, K,
Mg?* and Ca’?*) were determined by ionic chromatography on
filtered and acidified (0.2% HNO3) samples.

For trace element analysis, water samples were filtered with
0.45 pm Millipore MF filters and stored in 50 ml PP (polypropylene)
bottles, and acidified to a pH of ~2 with ultrapure concentrated
HNOs. Some trace elements (Li, B, Mn, Fe, As, Rb, Sr and Ba) were
analysed by inductively coupled plasma mass spectrometry (ICP-
MS) using an Agilent 7500ce instrument. Calibration solutions for
all of the investigated elements were prepared daily using an
appropriate dilution of 100 mg 1! and 1000 mg I~ ! of stock stan-
dard solutions (Merck) with 0.14 mol 1! high-purity nitric acid. The
accuracy of the method was checked analysing certified reference
materials of natural waters (Nist 1643e, Environment Canada TM-
24.3 and TM-61.2, Spectrapure Standards SW1 and SW2) at regu-
lar intervals during sample analysis. The experimental concentra-
tions determined in this study were in accordance with these
certified values (within £5%). Matrix induced signal suppressions
and instrumental drift were corrected by internal standardization.
Indium was used for elements up to a mass of 138 (*®Ba), and
rhenium was used for heavier elements.

Silica content was determined with ICP-OES (Yobin Ultima) as
well as B, Mn and Fe in saline waters.

Oxygen and hydrogen isotopic compositions of the water were
determined by mass-spectrometry on unfiltered samples and
expressed in %, with respect to the international standard V-SMOW
(Vienna Standard Mean Ocean Water). The uncertainties are £0.1%,
for 5'80 and +1%, for 8D (£1 o).

All chemical and isotopic analyses of the gas and water samples
were carried out at the laboratories of the INGV-Palermo.

3. Results and discussion
3.1. Geochemistry of the waters

The sampled thermal manifestations display a rather large range
both for their physical-chemical parameters and their water
composition (Table 1). They can be roughly subdivided into low-
salinity waters (TDS < 0.5 g/l; Amplas, Platystomo and Archani)
and high-salinity waters with a Sodium-Chloride composition (TDS
9 — 35 g/l; the remaining manifestations) (Fig. 2). With the



Table 1

Chemical and isotopic composition of the waters sampled in the study area.

Sample Date T°C pH Cond Na K Mg Ca F a NO; SOs Alk SO, Li B Mn  Fe As Rb Sr Ba 9% oD
uSfem  mg/l  mg/l mg/l mg/l mg/l mg/ll mg/l mg/l mg/l mg/l ug/ll pgl  ugll pgl  pgll pgl gl wgl %, Y%
Amplas Amplas pond 6-02-2005 18.9" 9.51 445 88.7 117 231 13.6 3.80 340 062 322 189 721 543 5540 425 39.1 481 206 77.6 895 -9.80 -63.5
Amplas pond 28-03-2008 19.5" 8.30 343 77.7 156 134 86 4.01 28.0 062 23.0 153 548 724 6380 517 721 028 254 532 6.46 —-8.55 -54.2
Amplas pond 12-10-2008 18.5° 8.70 433 90.1 227 297 201 344 306 151 485 183 50.1 107 6760 355 73.6 200 3.08 161 124 -878 -58.7
Amplas well 26-06-2009 24.0 9.72 383 93.1 078 036 16 456 347 0.00 254 171 599 836 8300 nd. 129 020 202 307 413 -990 -63.0
Platystomo Platystomo 6-02-2005  26.0 733 436 239 039 17.7 515 019 16.0 0.00 4.80 281 488 594 314 696 184 214 072 332 108 -850 -53.0
Platystomo 28-03-2008 26.3  7.37 434 246 078 175 497 023 199 000 125 256 433 867 400 628 148 nd. 075 329 853 -848 -53.7
Platystomo 26-06-2009 25.1 741 400 292 039 168 403 038 20.2 000 173 241 421 918 643 729 095 <0.1 0.78 379 106 -830 -52.0
Platystomo 2 28-03-2008 23.7 744 392 28.0 0.78 17.1 40.7 029 17.7 000 816 244 46.0 942 506 721 549 nd. 074 358 800 -840 -53.8
Archani Archani 28-03-2008 27.5 112 570 228 0.78 0.12 359 0.02 14.5 000 048 146 58 032 526 nd. 096 nd. 063 50.5 3.68 -855 —604
Archani 26-06-2009 27.6 11.3 538 232 078 0.12 357 nd. 174 0.00 096 153 53 029 69.0 nd. 019 <0.1 0.63 52.7 641 -892 -58.0
Ipatis Ipatis 6-02-2005 298 636 13,860 1990 172 259 934 nd. 4200 000 470 2540 37.9 4310 6360 146 292 259 566 26,900 1650 -7.50 —53.0
Ipatis 14-09-2006 30.5 6.40 12,400 2020 171 275 771 150 4300 0.00 52.8 1940 313 4160 6160 24.1 495 578 727 30,800 1940 -7.36 -53.0
Ipatis 28-03-2008 30.0 6.05 14450 2010 172 297 971 143 4230 0.00 46.6 2510 37.7 3470 5530 18.0 365 542 627 27,600 1870 -7.66 -52.2
Ipatis 11-10-2008 30.3 6.38 14,410 2040 176 285 1030 0.87 4350 0.00 504 2630 27.5 3980 6130 17.6 105 261 616 28,800 1810 -7.67 -53.7
Ipatis 26-06-2009 31.0 634 12,720 2270 188 313 780 nd. 4680 0.00 129 2550 29.8 4010 5910 195 826 546 645 28,900 1900 -7.67 —49.0
Loutra Ipatis 11-10-2008 32.3 6.33 13,460 1990 176 285 486 0.87 4240 0.00 57.3 1050 294 3920 6020 31.3 50.7 470 592 28,000 1850 -7.90 -54.0
Psoroneria Psoroneria 1 12-12-2004 325 6.18 34,300 8700 273 690 1190 nd. 16,100 0.00 1910 933 189 nd. nd. nd. nd. nd. nd. nd n.d. 116 -11.0
Psoroneria 1 27-03-2008 32.3 6.04 34,000 6810 246 500 888 236 11900 0.00 1350 799 204 471 2980 135 976 159 188 9970 885 -3.03 -204
Psoroneria 2 12-12-2004 33.2 6.30 29,200 4090 140 363 669 nd. 7720 459 965 689 190 nd. nd. nd. nd. nd. nd nd nd. -499 -33.0
Psoroneria 2 14-09-2006 31.0 6.30 17,300 4450 152 386 728 1.75 8010 184 1010 671 214 382 2260 440 322 461 143 7380 946 —522 -350
Psoroneria 2 12-02-2008 31.6 6.71 20,600 4130 147 397 697 154 7590 127 869 705 234 457 2710 559 283 938 155 8270 986 —4.85 -25.8
Psoroneria 2 27-03-2008 34.7 6.10 33,000 6860 239 498 914 2.19 12300 0.00 1440 802 233 478 3060 99.5 733 112 188 9800 902 -296 -21.2
Psoroneria 2 28-06-2009 33.4 6.13 26,000 5700 187 479 828 nd. 7370 1.12 912 659 27.2 449 2720 769 470 12.0 167 9080 -5.30 -30.0
Psoroneria 7-11-2012 333 622 25000 3730 137 307 584 3.04 6770 0.00 875 720 nd. nd nd nd. nd. nd. nd. nd nd. nd.
Thermopiles Thermopiles 2-12-2004 403  6.01 14,000 2390 104 208 596 3.61 4540 000 419 979 341 nd. nd nd. nd. nd. nd nd —6.74 —40.0
Thermopiles 10-02-2005 40.0 6.06 14430 2500 111 204 545 1.69 4690 126 454 1000 41.5 1320 3980 1.30 423 211 216 11,400 -6.96 -42.0
Thermopiles 10-11-2005 40.2 636 14,690 2580 114 208 585 3.00 4850 000 439 967 36.7 nd. nd. nd. nd. nd. nd nd -6.69 -41.0
Thermopiles 14-09-2006 40.5 6.12 n.m. 2740 120 230 647 274 5170 0.00 478 1010 36.1 1440 4300 3.11 188 84.8 278 13,200 -6.70 —42.0
Thermopiles 12-02-2008 41.2 6.59 13,600 2670 123 226 603 4.15 4990 0.00 441 991 387 1490 4280 1.56 208 302 275 13,300 —6.60 —36.8
Thermopiles 28-03-2008 41.1 6.06 18,200 2640 121 221 573 236 5080 0.00 447 946 38.1 1250 3990 1.72 17.6 72.1 258 12,500 —6.38 —40.5
Thermopiles 28-06-2008 41.0 6.90 15230 2710 124 224 585 1.64 5410 0.00 448 976 395 1470 4400 2.01 341 340 252 13,400 —6.64 —41.2
Thermopiles 12-10-2008 40.8 6.13 18,400 2680 122 224 577 1.88 5190 0.00 480 915 292 1360 5670 24.5 293 331 237 13,100 -6.49 -42.1
Thermopiles 28-06-2009 41.6 6.03 13,460 2530 114 213 559 1.52 4610 0.00 443 946 358 1280 3790 239 53.6 134 241 12,200 —6.86 —39.0
Thermopiles 17-06-2011 39.0 6.10 n.m. 1630 73 131 430 1.22 3050 000 310 830 224 794 2340 3.07 976 325 192 8670 —7.15 —44.0
Thermopiles 7-11-2012  40.0 6.05 11,600 2240 104 171 524 228 4170 000 400 872 nd. nd. nd nd. nd. nd. nd. nd n.d. n.d.
Kammena Kammena 2-12-2004 353 6.25 21,200 4040 133 299 721 nd. 7510 0.00 734 644 51.1 544 2510 875 1790 nd. nd. 5930 -512 -28.0
Vourla Vourla
Kammena 10-11-2005 35.1 6.66 19,420 3780 130 265 685 nd. 6830 000 676 726 512 nd. nd. nd. nd. nd. nd. nd nd. -544 -33.0
Vourla
Kammena 14-09-2006 393 623 18,400 5090 169 359 864 2.09 8980 0.00 1020 921 475 685 5780 1190 2470 640 138 7640 137 493 -30.0
Vourla
Kammena 12-02-2008 37.8 6.71 18500 3790 136 264 614 159 7210 0.00 689 698 460 608 5090 961 2020 553 111 6100 115 -522 -282
Vourla
Kammena 27-03-2008 37.9 6.19 23,300 4080 147 274 642 219 7510 0.00 705 671 455 502 4790 925 1490 50.1 104 5630 106 —5.01 -31.8
Vourla
Kammena 12-10-2008 39.1 6.30 27,300 4540 161 329 787 122 8550 0.00 828 671 243 565 6350 1090 2320 765 108 6690 111 -4.82 -303
Vourla
Kammena 7-11-2012  36.8 6.26 20,000 4460 158 287 701 3.61 8090 000 786 702 nd. nd. nd nd. nd. nd. nd nd nd. nd n.d.
Vourla
Kammena 2-12-2004 413 6.10 24,600 4710 159 320 833 nd. 8730 000 856 711 364 629 3960 548 2640 747 nd. 6580 979 -—455 -26.0
Vourla 2
Kammena 2-12-2004 38.6 6.13 23,000 4440 147 303 794 3.12 8310 000 810 708 325 nd. nd nd. nd. nd. nd nd n.d. 467 -27.0
Vourla 3
Kammena 10-02-2005 40.5 6.18 23,500 4970 172 327 809 nd. 9050 0.00 899 1080 629 676 4140 115 558 343 nd. 6780 838 -450 -280

Vourla 4
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Table 1 (continued )

Sample Date T°C pH Cond Na K Mg Ca F Cl NO; SO, Alk SiO, Li B Mn Fe As Rb Sr Ba a'%0  aD
uSfem mg/l  mg/l mg/l mg/l mg/l mgll  mg/l mg/l mg/l mg/l ng/l pg/l  pgll pgl pgll pgll pgll pgl %, Y%
Koniavitou 1 2-12-2004 324 6.22 16,000 2940 97.8 203 564 nd. 5370 000 507 747 249 413 1710 532 nd. nd. nd. 4150 695 -590 -34.0
Koniavitou 1 26-06-2009 33.1 6.23 15900 3290 107 210 597 nd. 6270 0.00 600 647 253 511 3480 240 100 3.58 107 5120 975 -584 -32.0
Koniavitou 2 2-12-2004 350 6.13 22,000 4040 136 263 775 nd. 7590 000 702 702 318 nd. nd nd. nd. nd. nd nd nd. -518 -30.0
Kyriakou 2-12-2004 33.2 6.10 18,000 3340 110 232 654 nd. 6300 000 597 692 250 496 2120 nd. 83 797 nd. 5020 727 -560 -31.0
Gialtra Gialtra 15-09-2006 44.0 6.43 39,500 10,300 331 632 1690 nd. 19,800 0.00 2550 275 234 647 4810 28.6 652 490 160 15300 87.8 -027 -2.0
Gialtra 29-03-2008 43.5 6.58 56,700 10,200 334 637 1640 1.63 19,100 0.00 2340 262 24.8 577 4630 26.1 555 451 147 14300 83.8 004 -1.7
Gialtra 27-06-2009 43.7 633 41,500 10,300 324 629 1640 nd. 18800 0.00 2430 271 194 658 5240 244 606 50.8 148 14800 935 027 -20
Gialtra 2 29-03-2008 44.0 6.70 56,000 10,200 332 619 1630 1.90 18900 0.00 2400 256 252 538 4310 249 368 389 140 13,500 798 0.00 -1.6
Edipsos Damaria 12-12-2004 74.0 6.14 43,900 9850 332 316 1630 7.22 18,800 0.00 1090 595 579 nd. nd. nd. nd. nd. nd. nd nd. 025 4.0
Damaria 29-03-2008 72.0 6.00 56,000 9800 339 316 1620 523 18500 0.00 1040 610 629 1150 8860 744 2750 31.0 229 14,700 279 -0.01 -43
Damaria 27-06-2009 71.1 592 43,000 10,100 331 310 1560 nd. 18300 0.00 1090 650 53.0 1480 9880 762 3420 30.5 237 15800 272 -035 —4.0
Damaria 9-11-2005 654 6.02 46,500 10,400 353 330 1780 nd. 19400 0.00 1120 662 583 nd. nd. nd. nd. nd. nd. nd nd. 029 -20
Damaria 9-11-2005 82.2 6.26 46,300 10,000 338 317 1700 nd. 18900 0.00 1100 662 56.2 nd. n.d. nd. nd. nd. nd. nd nd. 008 -20
Papaioannou 9-11-2005 52.2 6.31 44,200 9680 331 302 1480 nd. 17,600 0.00 1030 482 658 nd. nd. nd. nd. nd. nd nd nd. -026 -6.0
Platania 27-08-2009 66.0 6.70 38,000 10,500 335 338 1650 nd. 19,700 0.00 1140 348 54.0 1560 12,500 70.8 832 82.1 248 13,300 328 nd. n.d.
Sylla 9-11-2005 59.0 6.24 41200 9140 310 301 1490 nd. 16,400 0.00 1000 522 533 nd. nd. nd. nd. nd. nd. nd nd. -090 -9.0
Termopotamos  9-11-2005 82.1 630 46,200 10,200 344 325 1760 nd. 18900 0.00 1090 650 57.7 nd. nd. nd. nd. nd. nd nd nd. 004 -30
Termopotamos  15-09-2006 73.0  6.08 40,800 10,600 360 343 1800 526 20,200 0.00 1160 641 56.0 1570 10,200 49.0 1170 13.5 264 16,000 335 0.01 -50
Edipsos 2 10-02-2005 80.0 6.35 44,000 9850 319 284 1610 4.37 17,900 0.00 1100 692 779 1650 10900 63.6 913 563 221 15,100 282 -0.22 -3.0
Ilion Ilion 10-02-2005 63.5 6.00 30,800 6060 181 203 1470 nd. 11,900 0.00 751 674 136 3430 12,000 486 12,600 658 263 26900 211 -3.59 -25.0
Ilion 15-09-2006 64.0 6.13 28,800 6570 206 239 1550 3.61 12,700 0.00 802 644 115 3150 11,000 565 17,800 188 311 28,600 236 —3.51 -26.0
Ilion 29-03-2008 63.0 6.00 46,000 6340 204 234 1530 4.20 12,600 0.00 711 573 127 2590 9870 530 14,600 176 280 26,700 227 -3.08 -24.3
Ilion 27-06-2009 63.8 597 31,500 6510 192 247 1500 nd. 12,200 000 802 644 117 3140 10,900 545 17,700 190 287 28,400 228 -3.60 -24.0
Ilion 27-08-2009 63.0 6.28 27,200 6380 186 239 1580 532 12,500 0.00 747 671 111 3200 11,100 545 18,000 204 298 25900 234 nd. n.d.
Cold Cloni 1 6-02-2005 6.5 7.55 245 1.15 039 243 557 0.06 1.77 081 288 174 7.1 079 719 027 426 195 0.13 933 272 -985 -61.0
groundwaters Cloni 2 6-02-2005 8.4 7.24 839 124 274 254 623 323 106 000 178 601 30.6 503 1550 46.7 126 19.2 1.83 702 323 -9.10 -59.0
Cloni 3 6-02-2005 14.5 7.34 768 59.5 352 315 87.0 057 6.74 000 79.2 470 321 372 477 784 228 10.8 2.75 4750 177 -893 -55.0
Bitoli 6-02-2005 79 7.50 429 41.2 078 182 369 112 117 0.00 7.68 287 443 6.74 1504 154 981 153 0.51 429 9.8 —9.00 -58.0
Krio T. 9-11-2005 223 7.55 2220 281 11.3 407 156 nd. 511 310 547 451 230 nd. nd nd. nd. nd. nd nd nd. -874 -50.0
Gialtra 1 29-03-2008 16.0 745 1130 874 31.7 388 117 015 115 192 720 360 344 7.80 339 nd. 270 354 164 212 136 —-8.00 -482
Gialtra 2 29-03-2008 15.5 7.14 1139  86.7 289 442 116 017 114 208 71.0 360 33.6 878 386 0.09 2386 499 1.27 229 138 -8.00 -489
Achilea 11-10-2008 146 7.44 693 135 002 399 112 005 106 049 270 360 196 144 168 252 115 0.18 023 134 282 -9.06 -59.2
Asproneri 29-06-2009 214  7.55 995 110 430 385 772 nd. 200 000 288 346 147 143 108 002 3.10 531 377 262 271 -8.10 -49.0
Pedopoli 27-08-2009 20.0 722 516 9.66 039 253 731 019 156 186 134 329 92 133 171 0.53 495 036 033 633 171 -930 -55.0
Panagia Dinious 27-08-2009 14.0 7.13 682 221 0.78 296 99.0 0.19 333 3.10 202 427 204 339 16.1 052 215 171 034 106 716 -790 -46.0
Ag. Eleni 27-08-2009 17.0 725 635 278 469 429 629 021 280 174 6.72 430 263 348 387 11.0 4.86 257 0.78 244 427 -720 -440

2 temperature measurement unreliable because of the strong influence of the air temperature on the slow flowing water in the sampled pond.

n.d. = not determined.
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Figure 2. Piper diagram showing the composition of the major ions in the sampled
waters. The composition of seawater is evidenced with the star symbol. The most
saline waters are crowded close to seawater and are shown with only one point for
each site. The rhomb on the right is an enlargement showing all the collected samples
of the high-saline waters.

exception of Amplas, which shows a Sodium-bicarbonate compo-
sition, the low salinity waters display water compositions that are
very close to that of the Calcium-bicarbonate cold groundwater of
the area (Fig. 2). In the dD-3'%0 diagram (Fig. 3a), the cold
groundwater falls between the Global Meteoric Water Line (GMWL
— Craig, 1961) and the Eastern Mediterranean Meteoric Water Line
(EMMWL — Gat and Carmi, 1970), which is typical of the area’s
meteoric water recharge (Dotsika et al., 2010). The isotopic
composition of this groundwater is compatible with the prevailing
recharge along the nearby mountain ranges that reach altitudes of
over 2000 m. In the 3D-3'30 and C1-3'80 graphs (Fig. 3), the high
salinity water plot along the mixing line between the Aegean
seawater and the average meteoric recharge of the area repre-
sented by the cold groundwater. In these graphs, no isotopic shift
could be identified, excluding isotopic exchange with rocks in the
hydrothermal aquifers. The low salinity waters collected at Amplas,
Platystomo and Archani display isotope and chloride values falling
in the same range as the local cold groundwater.

The seawater — meteoric water mixing trend can also be seen on
the Na—Cl plot (Fig. 4a), further supporting the hypothesis of a
contamination of the hydrothermal systems by the Aegean seawater.
However, considering that chloride is a conservative element, other
binary plots show significant modifications of the seawater-
contaminated waters due to gas—water—rock interactions within the
hydrothermal circuit. Alkalinity (Fig. 4b) s strongly enriched, likely due
to the dissolution of the abundant CO»-rich gas phase. Calcium (Fig. 4c),
B (Fig. 4d),F, Li, Rb, Srand Ba (not shown) are also enriched with respect
to chloride. On the contrary, Mg and SO4 are depleted (Fig. 4e—f), the
former being incorporated in secondary minerals and second either
reduced to H,S or precipitated as anhydrite.

Although the chemical composition of the high-salinity waters
can be entirely explained by a variable mixture of modified
seawater with a meteoric water component, the composition of the
low-salinity waters cannot be produced by these processes.

104
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Figure 3. 3D-5'80 (a) and CI-3'%0 (b) binary plots. The Global Meteoric Water Line
(GMWL — Craig, 1961) and the Eastern Mediterranean Meteoric Water Line (EMMWL —
Gat and Carmi, 1970) and Aegean Sea Water point are also shown. Mixing between
Seawater and meteoric water is evidenced with green dashed lines. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Platystomo’s waters show chemical features consistent with those
of the cold groundwater of the area, indicating an evolution similar
to that of local meteoric water. On the contrary, Amplas’s waters
have lower Ca and Mg contents, indicating a removal through
carbonate phase deposition and very high B contents. Archani
waters show very high pH values, low sulphate content and very
low Mg concentrations, which is typical of waters that circulate
deeply in ophiolithic rocks (Cipolli et al., 2004). On the contrary, Mg
enrichment of cold groundwater is typical of the first weathering
stages of ophiolithic rocks (Cipolli et al., 2004) while excess SO4
could be inherited from the meteoric recharge which generally has
much higher SO4/Cl ratios than seawater due to anthropogenic
derived S compounds (D’Alessandro et al., 2013).

As shown by the triangular graph of Giggenbach (Fig. 5), most of
the waters are immature and therefore unsuitable for geo-
thermometric estimations. Only those from the easternmost sites
(Gialtra, Ilion and Edipsos) demonstrate having attained a partial
chemical equilibrium at a temperature range of 150—170 °C. Silica
geothermometers (quartz — Fournier, 1977) only give similar esti-
mations (142—154 °C) for Ilion, while estimated values for Gialtra
(61—71 °C) are strongly influenced by shallow mixing processes.
Precipitation of colloidal silica probably lowers the estimated
temperatures at Edipsos (104—123 °C). The emerging waters have,
in fact, a milky appearance due to the precipitating phases.

3.2. Geochemistry of the gases

The gas samples display a very large variability in chemical
composition (Table 2). They show CH4-dominated (Amplas), CO,-
dominated (Ipatis, Thermopiles, Edipsos and Ilion), N,-dominated
(Platystomo, Archani and Gialtra) or mixed N,—CO; (Psoroneria
and Kamena Vourla) compositions. Methane diminishes rapidly,
going from west to east from about 900,000 pmol/mol at Amplas to
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Figure 4. Ion-Chloride binary plots. The plotted ions are respectively Sodium (a), Alkalinity (b), Calcium (c), Boron (d), Magnesium (e) and Sulphate (f). The red line represents the
respective lon-Chloride ratio in seawater. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

about 1000 pmol/mol in all of the sites east of Psoroneria (Fig. 6).
Helium ranges from 0.3 up to 1140 pmol/mol and shows a fairly
positive correlation with Ny (Fig. 7). The He/N; ratios are of orders
of magnitudes higher than those of the atmospheric ones, indi-
cating enrichment in crustal or/and mantle He. On the contrary, No/
Ar ratios generally fall between the values of the atmosphere and
that of air-saturated water. Assuming that the N, is completely
derived from the atmosphere through meteoric recharge, the ex-
pected N/Ar ratio for these gases should coincide with that of ASW.
The slight difference between the measured N,/Ar ratios and that of
ASW suggest an additional source. A few measured 3'>N(N,) values
ranging from 0.5 to 2.5%, argue in favour of a crustal source. Only a
few samples have detectable H, (>2 pmol/mol) concentrations
with values that are always lower than 50 pmol/mol.

The very low dissolved CO;, concentrations in the samples from
Archani (measured pCO, values of 2—3 x 10~ atm, lower than the
atmospheric value of 4 x 10~ atm), are typical of hyperalkaline
waters derived from ophiolythic aquifers (Etiope et al., 2011). The
low temperature serpentinisation process of the ultrabasic rocks
within such aquifers results in very reducing conditions and the
consequently high H, concentrations favour the reduction of CO; to
CH4 (Etiope et al., 2011).

The 0,—N,—CO,, triangular plot (Fig. 8) reveals N/O; ratios that are
generally much higher than those in the atmosphere. This indicates
that the atmospheric component, derived from meteoric recharge, has
been modified by organic and inorganic redox reactions in the subsoil

and possibly also by the addition of crustal N;. No sample plots close to
the point representing atmospheric air, thus the possibility of strong air
contamination during sampling can be excluded.

3.3. Helium isotopes

Helium isotopic values in the study area vary from 0.02 to
0.85 Rc/Ra (Table 2). The few published data available (Shimizu
et al., 2005; University of Cambridge He database, 1994 in Pik and
Marty, 2009) agree with our data.

Assuming that the helium in the gas samples is composed of
three components, we can calculate their relative contribution
using the following equations:

(*He/*He) = (*He/*He)y; x M + (3He/*He). x C
+ (*He/*He), x A

1/(*He/*°Ne) = M/(*He/?°Ne)y + C/(*He/*°Ne)
+A/(*He/?°Ne),
M+C+A=1

where M, C and A represent the fraction of mantle, continental crust
and atmospheric helium (“He) contribution, respectively, and the
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Figure 5. Na—K—Mg ternary diagram. The diagram provides at-a-glance information
on the degree of water—rock equilibrium for low-temperature geothermal systems
(Giggenbach and Corrales, 1992). Although most of the sampled waters fall close to the
Mg vertex, the plot allows for a clear distinction of the partially equilibrated thermal
waters and the immature cold waters into well separated groups. Bold line indicates
the full equilibrium line; the thin line indicates the boundary between immature and
partially equilibrated waters.

subscripts m, ¢ and a denote mantle, continental crust and atmo-
spheric values, respectively. The end-members used in the present
calculation were:

(*He/*He)y; = 6.3 Ra; (*He/?°Ne),, = 1000;
(*He/*He)c = 0.02R,; (*He/?°Ne)c. = 1000;

(*He/*He), = 1Ra; (*He/?°Ne), = 0.318.

Instead of the generally used MORB-type mantle, we used a
SCLM-type mantle as our end-member. There is a great deal of
evidence supporting such an end-member in the European and
Mediterranean area (Dunai and Baur, 1995; Gautheron et al., 2005;
Torfstein et al., 2013). The end-member value used in the calcula-
tions (6.3 Rp) is that estimated for the European SCLM by Gautheron
et al. (2005), which is almost the same as that estimated by Shimizu
et al. (2005) for the Aegean region based on the highest values
measured in gas manifestations (6.2 Ra).

The relative contributions of the three components found in the
present study are shown in Table 2. Air contamination is generally
very limited and most of the samples display He/Ne values higher
than 10 (Fig. 9). This is reflected in the atmospheric contributions,
which are lower than about 3% and mostly below 1% (Table 2). Only
three samples have He/Ne values around 2.5, and these needed to
be corrected significantly due to atmospheric contributions be-
tween 11 and 14%. The sample taken at Archani displays a He/Ne
value as low as 0.76, indicating a high atmospheric contamination
(~37%). Although the resulting Rc/Ra value (0.02) is affected by
high incertitude, it has been retained as it is the only one for this
location until now.

The highest contribution to the helium in the sampled gases
comes from the crust, and is higher than 90% in almost all of the
samples. A small but significant mantle contribution (2—11%) can

be seen in all of the samples collected in the eastern part of the
study area from Thermopiles to Ilion (Fig. 9).

3.4. Carbon isotopes

A few samples were analysed for their 3'>C(CH,4) composition
(Table 2), displaying a wide range of values (from —50.2 to + 2.5%,,).
The samples from Amplas and Platystomo (3'3C from —50.2
to —37.59,) probably reflect thermogenic gas generation from the
burial of the organic-rich flysch of the Pindos zone, which is
widespread close to the two localities. The value measured at
Archani (-25.49%,) falls in the range typical of abiogenic gas
generated by serpentinisation processes in ophiolithic complexes
(Etiope et al., 2011, 2013). The values measured in the easternmost
samples (3'3C from —24.1 to +2.5%,) could also be generated by
abiogenic processes within the hydrothermal systems (Fiebig et al.,
2009; Tassi et al., 2012) although the most positive values might
have been significantly affected by methanotrophic consumption.
Thick microbial mats, which could explain the biologic oxidation of
methane, can be clearly seen at Thermopiles. Methanotrophic
consumption cannot be completely ruled out for the other thermal
springs as well, but if this is the case changes in their isotopic
composition would be more limited due to their higher CH4 con-
tents. Further measurements, including hydrogen isotopes and
C, + C3 hydrocarbon contents, are necessary to better constrain the
origin of methane in all of these sites.

The isotopic composition of CO,—C displays a smaller range
(from —10.7 to —2.4%,) in respect to that of CH4—C. The measured
range overlaps the typical magmatic CO; (—4 to —89%,; Macpherson
and Mattey, 1994 and references therein). However, due to the fact
that volcanic CO; in the Mediterranean region tends to be charac-
terized by relatively elevated 8'3C compositions, the most positive
values measured in the study area can also be related to the recent
volcanic activity (Parks et al., 2013). The similarities in 8'3C com-
positions from various Mediterranean volcanoes suggest that this is
a regional effect. Carbonate basement is found beneath most of
these volcanoes, so it is possible that their unusual 3'3C(CO,)
compositions result from a mixed magmatic-crustal limestone
source (e.g., Tassi et al, 2013 and references therein) although
contamination of the mantle at depth has also been suggested (e.g.,
Parello et al., 2000).

The CO, vs. 3!3C plot of the samples with CO, concentrations
above 100,000 pmol/mol (Fig. 10a) shows a positive relationship
between the two variables, suggesting the loss of CO, through
dissolution. Due to the preferential uptake of the heavy carbon in
the dissolved phase, the progressive dissolution of CO, in the water
will therefore progressively reduce the CO, concentration and
lower the 3'3C(CO,) in the gas phase. This dissolution process can
also be made evident by the relative enrichment in the gas phase of
less soluble gases such as N, and He (Fig. 10b and c). However, the
alignment of samples collected at Edipsos shows another process.
The waters at the emerging point are sometimes vigorously
bubbling, indicating a high gas pressure within the reservoir. The
gas phase in this area probably begins to separate at depth, leaving
a dissolved gas phase that is progressively depleted in the less
soluble gases (i.e. He and Ny). This residual phase is finally sepa-
rated from the water at shallow depth or at the emerging point
where it has been sampled. This can be seen in Figure 10b and c,
where the samples collected at Edipsos are progressively enriched
in more soluble CO,. Both processes can be modelled as open sys-
tem Rayleigh-type process (Fig. 10d) where the starting gas
composition looses either He (Edipsos) or CO, (Ipatis, Psoroneria,
Thermopiles, Kamena Vourla, Gialtra and Ilion).

Basing on the above considerations, the most representative
composition of the gases not affected by shallow processes should



Table 2

Chemical and isotopic composition of the gas sampled in the study area.

Sample Date He H, O, N, CH,4 COo, H,S Ar  9'3C(CO3) %, 8'>C(CH4)%, 8'°N(Na)%, R/Rn He/Ne Rc/Ran Error  CO,/*He %Atm %Rad %Mag
ppm  ppm ppm  ppm ppm ppm ppm ppm (vs PDB) (vs PDB) (vs air)
Amplas Amplas 07/02/2005 52 <5 1400 116,000 884,000 7000 nd. nd. -73 -37.5 n.d. nd. nd. na. na. na. na. na. na
Amplas 28/03/2008 57 24 600 81,600 915,000 100 nd. nd. nd -50.2 n.d. 0.048 558 0.04 0.001 262x10" 05 99.0 0.5
Amplas 12/10/2008 114 29 <200 161,000 829,000 3500 n.d. 2500 n. n.d. n.d. nd. nd. na. na. na. na. na. na
Platystomo Platystomo® 26/06/2009 103 34 425 852,000 135,000 11,400 nd. nd. n —44.7 n.d. 0.102 157 009 0002 773 x10° 18 971 1.1
Archani Archani® 28/03/2008 25 <5 4500 969,000 26,700 10 nd. nd. n nd. n.d. nd. nd. na. na na. na. na. na.
Archani® 26/06/2009 60 <5 16,600 946,000 37,700 17 nd. nd. nd -254 n.d. 0374 0.75 002 0005 556x10° 373 627 0.0
Ipatis Ipatis drilling ~ 14/09/2006 74 <5 8400 52400 4600 929000 1400 n.d. n.d. n.d. n.d. nd. nd. na. na. na. na. na. na
Ipatis spa 14/09/2006 139 <5 200 25,400 5400 958,000 2500 nd. -52 nd. nd. 0064 974 006 0001 7.67 =10 00 992 08
Psoroneria Psoroneria 1 12/12/2004 1000 <5 4400 442,000 474 556,000 nd. nd. -62 nd. n.d. nd. nd. na. na n.a. na. na. na.
Psoroneria 1 27/03/2008 827 <5 4000 407,000 612 588,000 nd. nd. -6.0 n.d. 18 0.074 455 0.07 0.003 687 x 10° 0.0 99.0 1.0
Psoroneria 1 28/06/2009 763 <5 716 387,000 682 598,000 nd. nd. -58 n.d. n.d. 0.073 303 0.07 0.003 7.66x 10° 0.1 99.0 1.0
Psoroneria 1 07/11/2012 908 <5 5700 448,000 919 538,000 nd. nd. nd. n.d. n.d. 0.076 316 0.07 0.0004 5.60 x 10° 0.1 989 1.0
Psoroneria 2 12/12/2004 991 <5 2900 461,000 769 532,000 nd. nd. -59 n.d. n.d. nd. nd. na. na. na. na. na. na
Psoroneria 2 14/09/2006 526 <5 <200 311,000 742 674,000 nd. nd. -6.1 n.d. n.d. 0.077 136 0.07 0002 1.19x 10" 02 988 1.0
Psoroneria 2 27/10/2007 835 <5 1900 422,000 1090 563,000 nd. 3650 -5.8 n.d. n.d. 0069 423 006 0002 7.01x10° 0.7 985 0.8
Psoroneria 2 12/02/2008 931 <5 800 442,000 809 546,000 nd. nd. -59 n.d. n.d. nd. nd. na. na. na. na. na. na
Psoroneria 2 27/03/2008 890 <5 <200 367,000 643 624,000 nd. 5740 —53 n.d. 18 0.077 660 0.08 0.003 648 x10° 0.0 99.0 1.0
Psoroneria 3 27/03/2008 763 <5 58,700 348,000 513 570,000 nd. nd. -58 n.d. n.d. nd. nd. na. na. na. na. na. na
Thermopiles Thermopiles 02/12/2004 237 <5 1500 183,000 846 824,000 nd. nd. -52 n.d. n.d. 0.176 347 0.18 0.001 1.41x 10" 0.1 974 26
Thermopiles 10/02/2005 226 <5 <400 141,000 795 853,000 900 n.d. 5.1 n.d. n.d. 0.137 144 0.14 0.003 196 x 10'° 02 979 19
Thermopiles 09/04/2005 207 <5 2800 152,000 799 847,000 nd. nd. -55 n.d. n.d. 0.210 204 021 0002 139 x 10" 0.1 968 3.1
Thermopiles 10/11/2005 210 11 <400 145,000 790 843,000 1700 2670 —-5.4 n.d. n.d. 0.213 269 021 0001 135x 10" 0.1 96.8 3.1
Thermopiles ~ 30/01/2006 246 <5 2300 167,000 868 830,000 nd. nd. -59 n.d. n.d. nd. nd na na n.a. na. na. na
Thermopiles 25/06/2006 253 <5 <400 150,000 807 850,000 nd. nd. -5.0 n.d. n.d. 0.224 161 022 0004 1.07 %10 02 966 3.3
Thermopiles 17/07/2006 221 <5 1300 135,000 750 848,000 nd. nd. -5.1 n.d. n.d. 0.210 79 021 0.003 1.31x 10'° 04 96.6 3.0
Thermopiles 14/09/2006 168 <5 <400 127,000 710 873,000 nd. nd. -54 n.d. n.d. 0.233 47 023 0.004 1.59 x 10'° 0.6 960 3.3
Thermopiles 21/07/2007 156 <5 <400 125,000 695 871,000 nd. 1270 -5.7 n.d. n.d. 0.198 131 020 0.003 201x10' 02 969 29
Thermopiles ~ 27/10/2007 207 <5 21,100 204000 738 773,000 nd. nd. -57 nd. nd. 0.202 78 020 0004 1.32x10° 04 967 29
Thermopiles 12/02/2008 260 <5 3200 169,000 828 808,000 nd. nd. -60 n.d. n.d. 0.212 259 021 0.004 1.05x 10" 0.1 96.8 3.1
Thermopiles 28/03/2008 213 <5 <400 133,000 745 855,000 nd. 1870 -5.8 n.d. n.d. 0.170 544 0.17 0010 1.69 x 10'° 0.0 975 25
Thermopiles 28/06/2008 198 <5 2800 156,000 673 835000 nd. nd. -6.1 n.d. n.d. 0.197 943 020 0.004 153 x10'° 0.0 97.1 29
Thermopiles 12/10/2008 199 <5 <400 140,000 942 864,000 nd. nd. -56 n.d. n.d. 0.197 282 020 0010 157 x 10" 0.1 970 29
Thermopiles 28/06/2009 216 159 124,000 694 880,000 nd. nd. -55 n.d. n.d. 0.199 126 020 0.005 147 x10'° 02 969 29
Thermopiles 01/03/2010 235 <5 <400 144,000 741 826,000 nd. nd. -57 n.d. n.d. 0245 10 022 0.007 1.03x 10" 3.1 938 3.2
Thermopiles 26/04/2010 268 <5 <400 200,000 858 774,000 nd. n.d. 5.8 n.d. n.d. nd. nd na. na. n.a. na. na. na
Thermopiles 21/09/2010 234 1400 159,000 787 812,000 nd. nd. -59 -1.5 n.d. 0.216 109 021 0003 1.15x 10" 03 966 3.1
Thermopiles 17/06/2011 456 38 <400 287,000 990 687,000 nd. nd. -50 n.d. n.d. 0.233 97 023 0.008 4.62x10° 03 963 34
Thermopiles ~ 17/02/2012 211 <5 996 140,000 717 835000 nd. nd. -56 nd. nd. 0212 95 021 0001 1.33x10° 03 966 3.1
Thermopiles 07/11/2012 256 2300 160,000 786 815,000 nd. nd. -59 n.d. n.d. 0.225 266 022 0001 1.01x 10" 0.1 966 3.3
Kammena Vourla Kammena 02/12/2004 1140 <5 5300 753,000 890 252,000 nd. nd. -84 n.d. n.d. 0490 48.1 048 0003 3.22x10° 06 921 73
Vourla
Kammena 27/03/2008 861 <5 5100 762,000 1780 232,000 nd. nd. -94 n.d. n.d. 0.485 222 048 0010 397 x 10° 0.1 926 73
Vourla
Kammena 28/10/2008 500 <5 31,500 679,000 211 291,000 nd. 6781 -8.8 n.d. n.d. nd. nd. na. na na. na. na. na.
Vourla
Kammena 25/06/2009 797 <5 1700 693,000 10,000 299,000 nd. 6180 n.d. n.d. 13 0515 964 051 0.006 520 x 10° 03 919 7.8
Vourla
Kammena 02/12/2004 775 <5 5600 636,000 1070 364,000 nd. nd. -69 n.d. n.d. nd. nd na. na. na. na. na.  na.
Vourla 2
Gialtra Gialtra (*) 15/09/2006 248 <5 33,100 873,000 262 93300 nd. nd nd n.d. n.d. 0399 161 039 0007 6.75x 10° 1.7 925 5.7
Gialtra 29/03/2008 397 <5 39,000 864,000 954 130,000 nd. nd. -10.7 n.d. n.d. 0442 806 044 0014 529 x10° 04 930 6.6
Gialtra 27/06/2009 395 <5 14,600 888,000 1322 100,000 nd. 9811 n.d. -9.8 0.5 0425 413 042 0013 427 x 10° 07 930 6.3
Edispos Damaria 12/12/2004 <5 <5 4200 15,200 251 973,000 nd. nd. -3.1 n.d. n.d. nd. nd. na. na. na. na. na. na
Damaria 09/11/2005 17 <5 800 17,900 4910 981,000 250 331 -26 n.d. n.d. 0.385 195 038 0002 1.07 x 10" 0.1 941 58

(continued on next page)
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Table 2 (continued )
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2 Dissolved gases. n.d. = not determined; n.a. = not applied; %Atm, %Rad and %Mag refer to the source contribution of the atmosphere, crustal radiogenic and mantle to the helium content of the sample (see text for

calculation).
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Figure 6. Variations along the study area of the concentrations of the main gases. Only
the median values of Nitrogen, Methane and Carbon Dioxide are shown.

have a 3'3C of about —2.5 + 0.59%, He concentrations of 10—
30 pmol/mol and a CO,/*He ratio of 0.8—30 x 10'°. Taking into
account the compositions suggested by Sano and Marty (1995) for
sediments (S), MORB-like mantle (M), and limestones (L) end-
members (33C(CO;) = -30%, -5% and 0%; and
COz/’He =1 x10'3,2 x 10%and 1 x 103, for S, M and L respectively),
the obtained values correspond to mantle contributions of 1—19%,
limestone contributions of 75—93% and sediment contributions of
3—10%. These values are in line with the proportions of the mantle
and crustal contributions obtained from the He isotopic
composition.

The obtained composition of the deep end-member of CO, in
the study area falls within the range of values (3'3C —3.5 — +0.5%,;
CO/3He 0.3—90 10'%) measured along the SAAVA (D’Alessandro
et al, 2010; Parks et al, 2013 and references therein). These
values were explained by decarbonation of marine limestone
within the crust (Parks et al., 2013). Limestone is also widespread in
the sedimentary sequences of the studied area, indicating that the
CO; has a similar origin. Assuming a minimum temperature of
400 °C for the metamorphic decarbonation reactions that liberate
CO; (Ferry, 1991) and a thermal gradient of >50 °C/km (Metaxas
et al., 2010; Karastathis et al., 2011), the CO, should originate at a
depth <8 km.

3.5. Variations in fluid geochemistry along the graben

The graphs in Figures 6 and 11 reveal clear geographical trends
in the measured parameters. The increase of water salinity (Fig. 11c)
is due to the seawater contamination of the hydrothermal system.
The sites of Kammena Vourla, Gialtra, Edipsos and Ilion lie within
about 100 m from the coast, thereby explaining the seawater
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Figure 7. He—N, binary plot of the gas samples collected in the study area. In red the
He/N; ratio in the atmosphere. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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Figure 8. 0,—N,—CO, triangular plot. The dashed line represents the O,/N, ratio in
atmospheric air.

contamination. The sites of Ipatis, Psoroneria and Thermopiles are
presently at greater distances from the coast (23, 6 and 5 km
respectively). But they were much closer to the sea in the recent
geological past due to variations in sea level as well as the pro-
gradation of the Sperchios river delta. Paleogeographical informa-
tion indicates that Ipatis was located less than 10 km from the sea
4500 years BP, and historical accounts tell us that until the begin-
ning of the 19th century the coast close to Psoroneria and Termo-
piles corresponded to that existing in 480 BC when the spring

10

15
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Figure 9. Helium isotope signature of the collected samples. Data are superimposed
on mixing curves (in red) of three end-member components (MORB-type mantle R/
Ra = 8 and “He/*?Ne > 1000, crust R/Ra = 0.02 and “He/?’Ne > 1000, and air R/Rp = 1
and “He/*?Ne = 3). Further mixing curves between air and deep fluids with 1, 5,10 and
20% mantle contribution have also been added. The mantle contribution has been
calculated considering the European SCLM-type mantle with R/Ry = 6.3 (black line).
Literature data of samples collected along the entire Greek territory has also been
displayed for comparison (Shimizu et al., 2005; Pik and Marty, 2009; D'Alessandro
et al., 2008, 2010; INGV-Pa unpublished database). These samples has been sub-
divided in a first subgroup collected along the South Aegean Active Volcanic Arc
(SAAVA) and second subgroup collected along the remaining Greek territory. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

1000+ B A
g 800 e
:o d
£ 600 )SSs
E 400 S
8N ‘4 @ | W Ipatis B Gialtra
200 ( a). - A Psoroneria A Edipsos
0 ¢ Termopiles ¢ Ilion
10 @ K. Vourla
A¢ residual
102 A gas phase
A
~ ] A
Z, 10' a _~ o
o RZ
© 10“ (‘0%‘oss A‘
C
i 99
104
residual A
10" <SS gas phaseAAT L
=
=}
@]
10° ] deep gas
«a o p ga
108 (C) composition
-12 -9 -6 -3 0
8°C(CO,) (%s)
m%x{
1 A
10" A
® . “; HeloNA A—
-E 0 N B CO, loss
LO: 1 010; ’@‘;
109; deep
E| gas | |
10° 1(d) composition .Q

0.1 1 10 100 1000
He (umol/mol)

10000

Figure 10. (a) CO,—3'3C(CO,), (b) CO,/N,—5"3C(CO,), (c) CO,/*He—3'3C(CO,) and (d)
CO,/*He—He plots. In a, b and ¢ the black arrows evidence the CO, loss due to disso-
lution in the liquid phase, while the red arrows show the evolution of the residual gas
phase due to gas exsolution. In ¢ the end-member compositions for sediments (S),
MORB-like mantle (M) and limestones (L) are 3'>C(CO,) = —30%,, —5%, and 0%,; and

CO,/’He =1 x 10", 2 x 10° and 1 x 103, respectively (Sano and Marty, 1995) and the
dashed lines represent the mixing paths between the end-members. In ¢ and d the
yellow area shows the extrapolated compositional range of the gas not modified by
shallow processes. In d the red arrow shows the gas evolution due to He loss while the
green arrows that due to CO, loss both along open system Rayleigh-type paths. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

discharged a few tens of metres from the sea (Kraft et al., 1987),
thereby accounting for the seawater intrusion that also exists at
these sites.

The temperature of the hydrothermal manifestations increases
from <30 °C in the west up to >60 °C in the east (Fig. 11b) indi-
cating a progressively higher heat flux going east along the graben.

The helium isotopic compositions distinguish the westernmost
sites where the helium shows an almost pure crustal origin from
the easternmost sites with a small but significant mantle contri-
bution (Fig. 11a). This contribution could have been the direct result
of tectonic structures that cut the whole crust and reached the
mantle, as has been demonstrated for continental strike-slip faults
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Figure 11. Variations along the study area of the concentrations of the R/R, values (a),
the water temperature (b) and the (TDS) total dissolved solids (c) in the collected
waters. The red line evidences the variation of the median value along the basin. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

like that of the San Andreas fault (Kulongoski et al., 2013) and the
North Anatolian fault (NAF; Giilec et al., 2002), contributing to the
fluids discharged at a distance up to about 30 km from the fault. The
tectonic structures bordering the studied area do not have these
characteristics and do not provide this kind of pathway for mantle
fluids. The above-mentioned NAF, whose westernmost termination
is thought to reach the rift in the Maliakos bay area through the
Orei channel (Fig. 1), could represent the connection to the mantle.
The sites with a distinct mantle contribution are all found at a
distance of less than 10 km from tectonic structures related to the
western termination of the NAF system. Until now, no study has
demonstrated that the NAF reaches the base of the crust in the
study area therefore this hypothesis is speculative at this point.
However, the NAF and the other extensive fault systems of the area
have facilitated the upraise of magma batches that have sometimes
erupted at the surface during the recent past. Karastathis et al.
(2011) found a large area below the North Evian Gulf with tem-
peratures above the Curie point (>560 °C) at a depth of 7—8 km in
correspondence with low seismic P-wave velocity values and high
Poisson ratios, attributing them to the presence of molten magma.
The latter could be the source of both the heat that sustains the
hydrothermal systems and the mantle component of He and CO, in
the emitted gases.

Pik and Marty (2009) have shown that both the Corinth graben
and the Sprechios basin — Northern Evoikos Gulf graben share
similar pattern of He origin along with an analogous tectonic
regime. In both areas in the western part, excluding atmospheric
contributions, He has an almost exclusively crustal origin while in
the eastern part a mantle contribution is evident. Although the data
used by Pik and Marty (2009) for the Sprechios basin — Northern
Evoikos Gulf graben taken from the previously unpublished Uni-
versity of Cambridge He database were incomplete and sometimes
wrong, the present study confirms this pattern. The authors
attributed the mantle contribution in the eastern part of both
grabens to the “magmatic signature of the arc fluids” (Pik and
Marty, 2009) and indeed the highest values are always closely
related to recent (Quaternary) or even active volcanic systems.

4. Conclusions

The complex geodynamic setting of the studied area is clearly
reflected in the wide compositional range of both the waters and
the gases collected from the thermal manifestations showing
contributions from various sources. On the basis of their water
composition, they can be roughly subdivided into low-salinity
waters (TDS < 0.5 g/l; the three westernmost manifestations) and
high-salinity waters (TDS 9 — 35 g/1; the remaining manifestations).
The Sodium-Chloride composition of the high-salinity waters can
be explained by the mixing of a meteoric low-salinity end-member
with seawater. The latter has been partially modified within the
hydrothermal systems, sometimes attaining water—rock interac-
tion conditions close to equilibrium. The highest estimated tem-
peratures in the reservoirs fall within a range of 150—170 °C.

The low-salinity waters display a wider compositional range
then waters close to the local cold groundwater (Platystomo),
which has sometimes been modified by solid phase precipitation
(Amplas). The most peculiar low-salinity water is that collected at
Archani; regarding CO, (high pH, very low Mg and TDC), it shows
features typical of water that has been equilibrated in an ophiolithic
aquifer in closed conditions.

The gas composition is more complicated than the water
composition, and does not allow a simple subdivision of the man-
ifestations to be made. Instead, it reveals multiple sources (atmo-
sphere, crust, mantle and hydrothermal systems). The dominating
gases are CH4 (Amplas), Ny (Platystomo, Archani, Psoroneria,
Kamena Vourla and Gialtra) and CO, (Ipatis, Thermopiles, Edipsos
and Ilion). The isotope composition of CH4 indicates a thermogenic
origin in the westernmost sites and a hydrothermal origin (possibly
abiogenic) in the easternmost ones. Methane at Archani indicates
an abiogenic origin typical of ophiolithe-related hyperalkaline
waters.

As shown by the Ny/Ar ratios, N has a prevailing atmospheric
origin although a contribution of crustal nitrogen is indicated by
slightly positive 3°N (+0.5 to +2.5%,).

The concentrations and isotope composition of CO, in the
manifestations are strongly affected by dissolution processes and
the 3'3C of the deep end-member has been estimated to be
about —2.5%,. This value falls within the range measured in the
volcanic systems of the South Aegean Active Volcanic Arc and can
be similarly interpreted as a mixing between CO, of mantle origin
with CO, deriving from marine carbonate thermal metamorphism.

In contrast to the main chemical composition of the gases, the
manifestations can be clearly subdivided according to the He iso-
topic composition, with the westernmost ones showing an almost
pure crustal origin (<0.1 Rc/Ra) and the easternmost ones having a
low but significant mantle contribution (up to 0.85 Rc/Ra). This
mantle contribution could be attributed to the upraise from the
mantle through a continental strike slip fault like the North
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Anatolian fault whose western termination reaches the studied
area. Alternatively, it could have been derived from magma batches
that have been detected at shallow depths (~8 km) within the
crust in the Northern Evoikos Gulf, which could also provide the
necessary heat to sustain the hydrothermal systems of the area.
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Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.marpetgeo.2013.12.011.

Appendix A
Brief description of the thermal manifestations

Going from west to east 10 groups of thermal manifestations can
be recognised along the graben: Amplas, Platystomo, Archani,
Ipatis, Psoroneria, Thermopiles, Kamena Vourla, Gialtra, Edipsos
and Ilion (Fig. 1). All of these manifestations emerge in close
connection to one of the tectonic structures that border the graben.

Amplas, also known as Paleovracha, is a low flow spring (~1 1/s)
forming a small pond in which gases are gently bubbling. The
waters, pumped from a shallow well, are exploited by a small
thermal bath.

At Platystomo at least three groups of springs emerge at dis-
tances of about 100 m from each other. Two of them are free
flowing being close to abandoned thermal baths while the third
one is exploited by a spa. The total water yield is about 10 1/s. No
free gases were found during our campaigns but Minissale et al.
(1989) published the analysis of a free gas sample.

Archani is a small spring with a low water flux (~2 1/s) issuing
along a creek in an area of serpentinised ophiolites. The spring was
once exploited by a small thermal bath which is nowadays aban-
doned. No bubbling gases are present.

Ipatis is a small village built around its thermal spring, which is
exploited by a big thermal bath. The water yield is about 10 I/s and
at the water outlet gas is vigorously bubbling. At about 500 m from
the main spring in SW direction a drilling reached at unknown
depth the thermal aquifer. Local people use the low artesian flow
(<1 1/s) for bathing their feet. Sometimes during wet periods, gases
are bubbling in the ponds that form around the well.

Psoroneria, also known as Damasta, is a 400 m wide area with
three main groups of thermal springs with a total yield of >30 I/s.
The springs form wide pools were abundant gases are bubbling.
The sites were rudimentarily equipped with stairs and handrails
and are widely used for free open-air bathing.

Thermopiles is a spring that forms a large pool (10 m diameter)
with abundant gas bubbling whose outlet is drained by a channel
that brings the water to the seashore. Active travertine deposition
takes place along the channel (Kanellopoulos, 2012). The nearby
thermal baths are nowadays abandoned but people used to take a
bath both in the pool at the spring and in another pool that forms
after a small waterfall along the channel.

Kamena Vourla is an important tourist destination on the
Northern Evoikos Gulf coast and the thermal springs are one of its
main attractions. Two groups of thermal springs are recognisable,
one within the small town and the other, also known as Koniavitou,
at its north-western outskirts. Only in the first group gases are
sometimes sluggishly bubbling.

Gialtra is a small thermal area where two spring with low yields
(<1 1/s) issue a few tens of metres from the sea-shore. The water is
used by a small thermal bath and at the spring outlets gases bubble
sluggishly.

Loutra Edipsos is one of the major spa towns in Greece. Up to 65
springs has been recognised over an area of about 0.3 km?, clus-
tering in 13 main groups with temperatures ranging from 35 to
83 °C (Margomenou-Leonidopoulou, 1976). Most of the springs are
exploited by numerous thermal bath facilities. The total yield has
been estimated in 100 I/s. At most of the springs, gases are vigor-
ously bubbling in the water and there is widespread active trav-
ertine deposition (Kanellopoulos, 2012). Travertine outcrops form
often thick deposits sometimes exploited as building material.

[lion is a thermal spring issuing less 10 m from the sea-shore
with a yield of about 5 I/s and abundant bubbling gases. It is used
for open-air bathing at the sea-shore where the thermal water
mixes with sea-water.
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