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Abstract

The Sani-Afytos area in the Kassandra Peninsula (Chalkidiki) was the area of
systeinatic geothermal exploration. Based on deep oil borehole data, the Paleogene,
Neogene and Quaternary sediments show significant thickness reaching 3600 m and
cover the metamorphosed Mesozoic, mainly carbonate, basement. The detailed
water temperature investigation proved the presence of sub-thermal waters (20-
28°C) at depths up to 300 m and the spatial distribution of the isothermal curves at
depths of 150 and 200 m according to the main NW-SE and SE-NW tectonic
structures of the area. Through the construction of geothermal exploration and
production wells at depths of 422-383 m, thermal waters of 31.7-36°C were detected
within the Upper Miocene sediments. The average value of the geothermal gradient
was calculated to be 3-4°C/100 m. One production well of 520 m depth provides
waters of 34°C while its potential flow rate is approximately 50 m'/h. The
geothermal waters were classified in Na-HCO; and Na-CI types of waters with
T.D.S 0.89-2.03 g/l. With the aid of chemical geothermometers the deep temperature
was estimated to be 80-100°C. In one exploration well, the presence of gas phase
(77% viv CHy, 21.8% viv N,) was detected. The geoihiermal exploration resulted in
the characterization of the area as the “geothermal field of Sani-Afytos” and in the
prospective development using the geothermal fluids in the tourism and other
activities.
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MepiAnyn

H rmeproyn Ziovne — Agirov g Xepoovijoov Kaooavopog (Xaixidwn) amerélece
TEPLOYN OLOTHUOTIKNG YewBepuirie Epevvas. Amd v alloldynon 1wy Jeoouévwy
Pabidy vewtpiicewv épguvag vdpoyovavBpixwy SamoTtdOnKe 1 HUAVTIKG T 0¢
(uéxpr mepizov 3600 m) wwv Holaroyevav, Neoyevdv kot Tetaptoyevayy ilnudrawv
OV KAAOTTOLY TO UETAUOPPWUEVO Mecolwind (kupicg avBpoxixd) vrofabdpo e
mepioyie. H ovotnuatixy Gepuopetpiksy Epsvva kaTéoeile v mapovaio vrodepumv
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veparv (20-28°C) oe Pabn péxpr 300 m xar ™y ywpixs xatavour] s Bepuoxpaciac oe
pabn 150 xar 200 m cbupwva pe g kipies textoviés doués BA-NA xar BA-NA
d1evBvvong e meproyic. Me v avépuln yewBeppik v YewTpioemy (epeovnTiKdy
kar mapaywyhg) Pabovg 422-5383 m eviomioOnkav vepa 31,7-36°C ota Avw-
Meroxovika ilnuare. H péon tiun tne yewBepuixne fobuidas vmoloyiotnke oe 3-
4°C/100 m. Hapaywyit ysdstpnan fabovg 520 m diver vepa 34°C ue dvvarétna
rapoync mepimov S0 m’/h. To yewbBepuaxd vepd etvar Na-HCO; xar Na-CI ye Z.4.4.
0,89-2,03 g/l. Me p forbera ynuixav yewbepuouétpov extipdral 6t n Gepporpacia
100 flabiod yewbeprarod pevatod eivar g 1oéne v 80-100°C. H mapovaia aéprag
paons (77% k.6. CHy 21,8% k.6. N;) damotdbnke oe pia aré Ti¢ epevVRTIKES
VEQWTPHOEIS. AToTEAET1G TG YeWOSHHIKIG EPEvvag HTaAY O YOPaKTNPIOHGS THC
TEPLOYNC WC «yewBepuixd medio v — Apvtovy (D.E.K. 1012/1.8/19-7-2005) xai
01 TPOOTTIKES AVATTUENS HE YPNOH TV YEWBEPUIKWY PEVGTAV GTOV TOVPICHO Kal O€
aidec dpactapioTyTEs.

Aé&eic KAerdra: vewtproeig, medio, cbotiua yauning evBairiag, Bepud vepd, mopor.

1. Introduction

This paper presents the results of the geothermal investigation in the Sani-Afytos-Kassandria area
performed by the Institute of Geology and Mineral Exploration (I.G.M.E.). This area constitutes
the northern part of the Kassandra Peninsula, which is located at the western part of the wider
Chalkidiki Peninsnla, in Northern Greece (Macedonia). The interest of systematic geothermal
exploration was drawn due to the known thermal springs of Agios Nikolaos -Agia Paraskevi in the
southern part of the Kassandra Peninsula with water temperature of 39°C. This project was
supported by the 2 E.U. Framework Programme (Programme “Energy”).

2. Geological and tectonic settings in the area

The western part of the Chalkidiki Peninsula belongs to the tectonic zone of Axios. Between
Thessaloniki and Toronaeos Gulf, the Axios Zone is built up of Mesozoic metamorphic rocks
(epigneisses, schists, phyllites, metadiabases, quartzites, marbles), ophiolites, granitoids,
limestones, sandstones and conglomerates (Mountrakis 1985). These rocks are covered with
Paleogene, Neogene and Quaternary deposits of a total thickness reaching the 3500 m or even
more. The Paleogene (Oligocene-Eocene) molassic sediments are exposed to the southern part of
the Kassandra Peninsula but their thickness is important [700-1000 m or more (up to 2600 m)]
according to the data derived from deep oil boreholes (P.P.C. 988).

The Neogene-Quaternary sediments of Western Chalkidiki are composed of clastic sediments from
various depositional palaeoenviroments (continental, fluviodeltaic, lacustrine, lacustrine-deltaic).
These sediments can be separated (Syrides 1990) in the following formations (Fig. 1): (a)
Antonios Formation [Lower (?)-Middie Miocene and Upper Miocene] consisting of alternating
lens-shaped beds and lenses of sands and unconsolidated conglomerates (fluvial sediments), (b)
Triglia Formation [Upper Miocene (Vallesian-Lowermost Turolian)] composed of continental
sediments and red-beds, (¢) Trilophos Formation [Uppermost Miocene (Pontian Turolian)]
composed of sands, silts, sandstones and limestones (well stratified and bedded brackish-lacustrine
[ossiliferous sediments), (d) Gonia Formation [Pliocene (Ruscinian)] consisting of lenses and beds
of sands, clays, sandstones, marls and massive marly limestones (fluvio-lacustrine sediments) and
(e) Moudania Formation [Villafranchian and later] composed of red-beds (continental sediments).
In the Kassandra Peninsula the sediments are inclined up to 5° NN'W (Mountrakis e al. 1993). In
general, the Neogene formations are dominated by clayey sediments with low permeability and
capacity.

The Western Chalkidiki constitutes a weak deformed block bounded by great structures i.e. the
North Aegean Trough (ENE-WSW trending dextral strike-slip faults), the NW-SE Thermaikos
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Figure 1 - Above: Geological map of the Sani-Afytos-Kassandria area (Syrides 1990) with
the addition of some main and probable faults by Mountrakis ez al (1993).
Below: Lithostratigraphic column and two geological cross-sections through the
Kassandra Peninsula in the research area (Syrides 1990)
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major faults, the important active fault of Anthemountas (N of the Kassandra Peninsula), the
Olynthos dextral strike-slip fault (NNE-SSW) and the smaller fault zone in the Toronaeos Gulf. A
NE-SW extension affecting pro-Neogene and late Miocene-Pliocene sediments (post-Oligocene? -
Pliocene) has been weakly detected using fault slip and joints data. The middle Pleistocene (?) -
active exlension trending N-S affects the morphology, while this phase is accompanied by
significant strike-slip movements (Mountrakis ef al. 1993). Between Potidea and Kassandria, the
area has a gentle relief inclining about 5° SSW. The northern coast shows a steep dip to N. The
main and the probable faults that control the topography of this area are illustrated in the
geological map of Fig. 1. Two main fault systems trending NW-SE and NE-SW dominate in the
Sani-Afytos-Kassandria area affecting its morphology. A fault trending NNE-SSW, between Sani
and Potidea, constitutes the probable continuation of the Olynthos dextral strike-slip fault
southwards.

According to Pavlides ef al. (1990) the geometry of the studied faulits in the wider area of Central
Macedonia and Chalkidi is as followed: (a) The NW-SE trending megastructures acted as oblique-
slip faults, with a sinistral compouent, while E-W striking faults activated as pure dip-slip faults.
(b) The few and small NE-SW faults showed dextral strike-slip displacements. (c) The N-S
trending faults (N10°-20°) are old inherited structures, which show some recent reactivations
(mainly dextral strike-slip movements) not influencing the morphology. (¢) Many older reverse
faults were reactivated as normal faults.

3. Geothermal conditions in the wider area of the Kassandra
Peninsula based on deep oil boreholes data

Western Chalkidiki and the Kassandra Peninsula, constituting the eastern margin of the Paleogene
post-orogenic Thessaloniki-Thermaikos basin, show a geothermal interest. At the margins of this
basin and along the main tectonic structures, where the crystalline basement is uplifted, the heat
flow increases resulting to the presence of low enthalpy geothermal waters at depth <1000 m
(Kolios and Kavouridis 1988). Some of the geothermal manifestations like the coastal thermal
springs of Agios Nikolaos-Agia Paraskevi (T=39 °C) in the southern part of the Kassandra
Peninsula and the known geothermal fields of Eleochoria (T=33-42 °C) and Anthemountas, are
present in the wider area of Western Chalkidiki.

Four deep oil boreholes (KAS-1, KAS-2, KAS-3, KAS-4) were drilled in the Sani-Afytos-
Kassandria area by the Power Petroleum Corporation (P.P.C.). Well KAS-2 drilled on the NW of
the Afytos village (Fig.2) has a depth of 1785 m. The stratigraphic column of this borehole is: 350-
1025 m Miocene sediments, 1025-1092 m Upper Eocene sediments and 1092-1720 m Middle
Eocene formations. The Miocene sediments consist of sands, sandstones, micro-conglomerates,
clays, conglomerates and siltstones. The Eocene formations are composed of siltstones, micro-
conglomerates, clays and conglomerates. In KAS-2 the porosity within the upper 1000 m was
estimated to vary from 14 to 27 % with good permeability. In addition, the temperatures of 56 and
70 °C were measured at depths of 1282 and 1785 m respectively in this borehole. Up to the depth
of 1500 m strata with geothermal interest were detected at 385-433 and 840-1025 m in sands and
micro-conglomerates [porosity: 24 and 15 %, permeability: very good and good] with
temperatures of 31 and 46 °C correspondingly (P.P.C. 1988).

In borehole KAS-3 (Fig. 2), the temperatures of 68 and 75 °C were measured at depths of 1653
and 1975 m respectively. East of the Kassandria village (Fig. 2), the lemperatures of 40.5, 68 and
75 °C were recorded at 352, 1509 and 1904 m correspondingly in well KAS-1 (P.P.C. 1988). The
average values of the geothermal gradient for boreholes KAS-2, KAS-3 and KAS-1 (for the total
depth) are calculated to be 3.0, 2.97 and 3.08 °C/100 m respectively based on the Kassandria’s
meteorological station data and the mean annual air-surface temperature of 16.3°C. These values
are equal to the normal geothermal gradient.
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Another deep oil borehole (POS-1) of 4120 m depth was drilled close to the Kalandra on the south
of the research area. Miocene (0-1010 m) and Oligocene-Eocene (1010-3610 m) formations were
drilled. No permeable strata were detected below 1010 m. The temperatures of 55, 103, 136 and
156°C were measured at depths of 1197, 2394, 3468 and 4120 m respectively (P.P.C. 1988) and
the average geothermal gradient is calculated to be 3.39°C/100 m for the total borehole depth.

Based on the stratigraphic data derived from the deep oil boreholes, a tectonic uplift of the
basement by 160 m was recognized between Afytos and Kryopigi. In the area between Kryopigi
and Posidi the basement is plunged from 2560 to 3160 m while the thickness of the Paleogene
tformations increases. Furthermore, the basement is plunged at greater depths in the center of the
Thermaikos Gulf. The uplift of the basement and the main tectonic structures are associated with
the rise of the isothermal curves.

The basement in the Kassandra Peninsula and in the wider area of Western Chalkidiki is made up
mainly of Upper Jurassic carbonate formation (limestone), which is karstified and fractured. The
thermoaquifer system of this formation seems to be continuous in most of the area but with
considerable displacements along normal faults. Breaks are due to the ophiolites and granitoids
(Shterev and Meladiotis 1993).

In the western part of the Chalkidiki Peninsula the estimated heat flow density fluctuates between
50 and 70 mW/m’ (Shterev and Meladiotis 1993). The geothermal interest in the Kassandra
Peninsula is focalized into the Miocene formations at depths >500 m and up to 1000 m (the Plio-
Miocene sediments of the area have a thickness of about 1000 m). In borehole KAS-2 the average
geothermal gradient was calculated to be 2.97 °C/100 m for the upper 1000 m (Miocene
sediments). Convective transport of heat is occurring into the Paleogene molassic sediments. Such
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Figure 2 - Location map showing the sites of (a) the measured irrigation and water
supply wells, (b) the deep oil boreholes and (c) the geothermal wells
[Legend: (1) irrigation and water supply wells, (2) geothermal (exploration and production)
wells drilled by IGME, (3) deep oil boreholes, (4) road, (5) village]
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hydrothermal systems are developed within the lower Eocene formations at depths >2000 m with
temperatures of about 100 °C. Into the Neogene sediments, thermal aquifers (with temperature up
to 50 °C) were detected within conglomerates at 400-1000 m of total thickness >200 m.

Table 1 — The results of thermometric survey in irrigation and water supply wells

Depth of | Temperature (°C) Well/ | Depth of Temperature (°C)
well | thewell ¢ q 0 [ Agthe | Spring | thewell T g0 At the
o) wellhead | bottom k) wellhead bottom
K-1 150 -—- 20.2 K-30 170 21.1 -
K-2 190 22.9 K-31 160 19.0 ---
K-3 200 24.4 -—- K-32 170 20.5 —
K-4 170 24.7 - K-33 128 20.7 ---
K-5 204 22.8 -—- K-34 190 - 18.8
K-6 174 21.7 -—- K-35 160 18.4 ---
K-7 197.5 25.7 K-36 156 18.5 -
K-8 170 21.2 - K-37 210 19.2 21.8
K-9 200 21.5 — K-38 260 -~ 25.5
K-10 200 20.5 --- K-39 50 18.2
K-11 165 -—- 21.2 K-40 200 19.8 ---
K-12 144 18.4 - K-41 200 19.5 ---
K-13 150 19.9 --- K-42 114 18.3 ---
K-14 220 24.2 25.1 K-43 120 17.9 e
K-15 160 18.4 =5 K-44 110 --- 1%.5
K-16 181 24.5 == K-45 200 19.8 ---
K-17 100 19.1 - K-46 140 19.9 -
K-19 230 -—- 24.5 K-47 180 20.3 ---
K-21 194 19.9 - K-48 Spring 16.7 -
K-22 230 --- 24.9 K-49 220 21.9 ---
K-23 160 21.0 -~ K-51 220 22.9 ---
K-24 220 --- 24.6 K-52 270 --- 19.7
K-25 080 -—- 23.7 K-53 190 - 224
K-26 200 253 --- K-54 170 - 20.0
K-27 308 --- 28.2 K-55 256 25.7 24.1 (150 m)
K-28 | 190-200 20.6 ---
K-29 170 20.3 -—-
Some information on the screens placed in the following wells:
K-4: at depths of 39-45.7, 49.7-56.3, 91.9-103.5, 138.8-158, 164-170 m
K-6: at depths of 25.5-31.6, 37.8-45, 73.6-78.3, 109.6-116.4, 119.4-122.5, 137.2-144.4 m
K-7: at depths of 27.5-33.5,42.5-57.3, 153-156, 159-163 .2, 165.2-174.2, 176.7-182.7, 186.7-195.5 m
K-8: at depths of 26-32.8,39.4-45.1, 85-91.5 m -- K-9: at depths of 47-53.5, 121-129 m
K-24: at depths of 90-114, 132-150, 168-180, 186-204, 210-220 m
K-27: at 72-84, 108-114, 120-127, 132-136, 144-156, 168-180, 198-222, 240-276, 248-300 m
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4, Water temperature measurements in the Sani - Afytos area

A systematic and detailed thermometric survey was undertaken in the Sani-Afytos-Kassandria
area. The water temperatures were measured either at the head (during their pumping) or at the
bottomn (lowering a temperature sensor) in irrigation and water supply wells. The results of this
thermometric investigation are presented in Table 1 and the location map with the sites of these
wells is shown in Fig. 2, where are also marked the positions of the deep oil boreholes and the
geothermal wells drilled by LG.M.E

The depths of the irrigation and water supply wells range from 50 to 308 m. All these boreholes
are in the Quaternary and Neogene sediments of the area. Between Sani and Nea Fokea, the
existing wells having depths of 100-256 m produce waters with temperatures of 18.4-25.7 °C.
South and southeast of the Nea Fokea village the waters at the boreholes heads have temperatures
up to 25.3 °C (well K-26). Moreover, around the Siviri village the provided waters out of the
existing wells have temperatures of 17.9-19.8 °C.

Fig. 3 shows temperature-

depth curves for various [ Temperature (°C) |
irigation and water supply 12 14 6 18 20 22 24 26 28
wells. The maximum
temperature of 282 °C was

measured at the depth of 308 20
m in borehole  K-27.
Considering that the mean 4
annual surface temperature of

the area is 16.3 °C, the average Ly
geothermal gradient is

calculated to be 3.86 °C/100 m sy
(for the entire depth of well K-

27). The values of the average ~100+
geothermal gradient for wells

in the Sani-Afytos-Kassandria -1201
area were estimated (o

fluctuate between 1.09 and -140+
4.11 °C/100 m. Low values of

the geothermal gradient (1.09 - 160
and 2.18 °C/I00 m) were
determined  for  boreholes -180+
around the Siviri village. Other

wells with average geothermal 200 -
gradient less than the normal

one (i.e. <3 °C/100 m) are the 2204
followings: K-1 [(2.6 °C/100

m) SSE of Sani], K-34 [(1.32 2404
°C/100 m) between Kassandria

and Kallithea], K-52 [(126 |
°C/100 m) W of Afytos) and

K-37 [(2.62 °C/100 m) S of .
Kassandria]. High values of
geothermal  gradient  were _300_

estimated for wells K-25 [(4.11 : ] o
%C/100 m), NW of Nea Fokea] Figure 3 - Temperature vs. depth curves for the

and K-14 [(4.0 °C/100 m), NE irrigation and water supply wells in the Sani-Afytos-

of the Kassandra Prison]. For Kassandria area
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well K-35 (in Nea Fokea), the geothermal gradient was calculated for depth up to 150 m to be 5.2
°C/100 m. For the rest of the boreholes, the values of the average geothermal gradient range from 3
to 3.77 °C/100 m, that is slightly higher than normal.
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Figure 4 - Map of the isothermal curves at the depths of 150 m (above) and 200 m (below)
[Legend: (1) irrigation and water supply wells, (2) geothermal wells drilled by I[GME, (3) deep oil
boreholes, (4) probable isothermal curve]

Fig. 4 shows the distribution of the isothermal curves with T>20 °C at depths of 150 and 200 m in
the investigated area. The shape of these isothermal curves shows SW-NE and NW-SE distinct
directions and coincides with the main tectonic structures (Fig. 1) trending SW-NE (between Sani
and Fokea) and NW-SE (along the coast, between Nea Fokea and Kallithea).

5. Drilling exploration — Construction of geothermal exploration and
production wells in the Sani - Afytos area

Based on the results of the preliminary thermal - thermometric investigation, 4 new geothermal
wells were constructed by 1.G.M.E in the exploration area during the period June 1998 -
September 2000. Three of them (KG-2, KG-4 and KG-5) are exploratory and only one (KG-2P) is
productive. The sites of these wells are shown in the location map of Fig. 2.

Exploration well KG-2, with a depth of 542 m, has drilled sediments of the Upper Miocene. Clays

in various colors (reddish, light-colored, whitish, greenish) alternating with sands and gravels

dominate in the upper part of the sedimentary sequence and up to 316 m. At greater depths the
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material-is-venriched with sands, sandstones, gravels, conglomerates with a few clays and
alternations of clays. The first shallow aquifers are located into the sandy intercalations at depths
of 73, 109-116 and 119-122 m and the deeper ones at 316, 398-444 and 480-520 m. The casing of
the well has a diameter of 4” at 0-120 m and 2""at 120-542 m. The well has an artesian flow with
water temperature of 34°C.

Exploration well KG-4 was
PRODUCTION WELL KG-2P constructed at a distance of 1.6
Depth (m L?ﬁmlogy‘Dascripﬁon of the lithology | & Hole size - Casing specification km SE from KG-2. Its depth is

ROy 583 m. Sediments of the Upper
Miocene were drilled. Clayey-
sandy sediments alternating

%

u with  sands, gravels and
sandstones dominate. Deep
P aquifers are located at depths

be—t— 15 114”1

of 300-318 m and 392-498 m.
The casing of this well has a
diameter of 5" at 0-195 m and
2 Y% "at 195-583 m. The well
has an artesian flow with
pressure of 1.5-2 atm. The
water temperature into the
reservoir is 36 °C.

Aliernations of red clays,
recdish clays wath sands
and clays-cands-gravels P

e—10 24" —p]

Light-coloured clays Exploration well KG-5, placed

close to the Afytos village, has

|
|
i )
9
% Alernaled beds of rasnst ! a depth. of 422 m. Pleistocene
230 clays, clays-loams and sands| M 1 1986 m and Miocene sediments were
00 s e ‘,Jl 00 drilled The Pleistocene
<TEE > S00m .
q3° S 1 : ! sediments have a thickness of
ed Alternated beds of sandy 1 | -
. Eanlsriet iy i J ! about 350 m composed mainly
35 Conglomerales .. een] O i o Beginning of works of marly limestones,
1
K0 Altemalions of clays (ash- x 3 “: 29;{?51120024 sandstones and marls
. n " .
s greenish, ash-greyish, c | | e alternated with clays, sands
reddish) and sand-gravels : ! 29/08/2000 and sl The
. n nglomerates.
1 [ " s .
LI — E ' g5 || Diameter of driing {hole) Miocene sediments consist of
gravels wih ciays : ! E)?‘“l' U{;?Fm(h . clays with sands and gravels.
i | Diameter of dniing (hole oA | d below 375
................................... N | i 958 300-520m quifers are located below 375
Ahaﬂaironsoisanc?-gmvels J, : m and into the base of the
S Y . .
% Moyl it A E i ) Diameier of casing Pleistocene formations. The
3 4 w0
Co:g}on:jeratesdallzerne\ed L i LA ' '1)0 i;:ter 0f30'0.m water temperature was
with sandly sandstones, 1 Dl of casing o
gravels and afew cleys I G5 2ses20m measured 31.7 °C at depth of
b 52010 2 422 m. The water level was

found at 42.9 m. The casing of
the well has a diameter of 5™
at 0-200 m and 2 '2""at 200-
422 m.

Figure 5 - Geothermal production well KG-2P

Considering that the mean annual surface temperature of the area is 16.3°C, the values of the
average geothermal gradient for boreholes KG-2, KG-4 and KG-5 are calculated to be 3.27, 3.38
and 3.65°C/100 m respectively (for the entire depth). These values are slightly higher than the
nonnal geothermal gradient (3 °C/100 m) value.
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Exploration - production well KG-2P (Fig. 5) was constructed next to borehole KG-2. Its depth is
520 m. It has drilled Miocene sediments similar to the ones in KG-2. The casing of the well is 10
%' up to 300 m and 6 5/8°" from 286 to 520 m depth. Screens were placed at 482-520 m. The well
has an artesian flow (15 m’/h) with water temperature 33.7-34 °C.

Constant-rate and step-drawdown pumping tests were performed in well KG-2P. The constant-rate
pumping test was conducted for 24 hours with Q=70 m’/h. The final (after 24 h of pumping)
drawdown was measured at 51.4 m. On the basis of this pumping test data and assuming that the
aquifer thickness is 50 m, the following hydraulic parameters were calculated: transmissivity
=6.52 x 10™* m%/s, hydraulic conductivity K=1.30 x 10™ m/s and storativity $=4.40 x 10”*. During
this pumping test the water temperature was increased by 0.3 °C. When pumping stopped,
recovery measurements of the water level were made. Complete recovery was observed after 65
min. During its production and exploitation phase, well KG-2P may discharge 50-55 m’/h
geothermal waters with a constant temperature of 34 °C and prospective drawdown at 22-25 m.

6. Geochemical investigation in the Sani - Afytos area

The results of the chemical analyses of thermal and non-thermal (cold, sub-thermal) waters are
given in Table 2. All the samples were plotted on a trilinear diagram (Fig. 6) according to Piper
(1944).

The geochemical study
proved that the
geothermal waters KG-
2, KG-2P and KG-5 S &
with T.D.S. 0.89-1.4 g/l Q;/‘ #
are according to the % “"

Davis and DeWiest "‘ ‘S
ety RIS
the other hari]g the .‘ ’*“"’
g ORLY
water  sample rom ” . ”’
X

N

TDS. 203 gl is ’
B

borehole KG-4  with 5 “0 ‘:
ordered to the Na-Cl A ”"”
type. The non-thermal é5,7‘60 ) ". " ).

(cold or sub-thermal)
water  samples  with

AVAYAVAVAVA
AVAAVAYAVAYA q?

temperatures of 16.7- 2 TAVA A TAYAVAYA VA

282 °C and T.DS. MVLYAWAVAVAV#

046-157 g/l are \WAVAVAVAVAVAVA"

classified in various %> 2T e PPE
types: Na-HCOs, Cations Anions
Ca,Mg,Na-HCO;,

Ca,Mg-HCO;, CaMg- A Geothermal waters e Cold and sub-thermal waters

HCO,CL,  CaMgNa-  pigyre 6 - Presentation of the values of chemical analyses of the
HCO5CIL,  Ca-HCO,C, waters (cold, sub-thermal and geothermal) from the Afytos —

Ca,Na-HCO;Cl, Ca,Na- Sani area on a trilinear diagram according to Piper (1944)
HCOj) Ca—HCO3 and

Na-CI. Samples K-27 and K-38, with temperatures of 28.2 and 25.5 °C respectively and higher
values of salinity than the other sub-thermal waters, belong to the Na-CI type. Cold water samples
K-48 and K-43 with temperatures of 16.7 and 17.9 °C correspondingly are classified in Ca,Mg-
HCO; and Ca-HCO;CT (on the boundary line separating Ca-HCQ;CT waters from Ca-HCO; ones)
types.
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Table 2 - The results of chemical analyses of waters (cold, sub-thermal and geothermal) from the Sani-Atytos area (in mg/l)

= ST | =y 3 &, o & .__ * ts 2y S | ] 4y . o - S
FAND ag)®B | 2 2|5 | F| & | & | S| | E (S |g|g|g|=|E|=]|&a]|"
K2 | 229 | 4743 | 7.6 | 922 | 24 | 465 | 319 | — [ 0300 | — — | 0000 [ 922 | 3881 [00 | 19 | — [ 18 | — [150 | —
K-3 | 244 | 5457 | 7.83 | 1166 | 2.4 | 51.3 | 24.8 | 0465 | 0.000 | <001 | 060 | 0.000 | 762 | 4234 [ 00 | 120 | 0.08 | 248 [ 0.05 | 258 | 256
K4 | 247 | 5305 | 810 | 1612 |20 [ 172 | 107 | 0415 | 0000 | <001 | 040 | 0.000 | 851 | 4442 [ 0.0 | 00 | <00l | 0.62 | 0.85 | 224 | 120
K6 21.7 | 562.1 | 770 | 1582 | 1.6 | 27.3 | 14.8 | 0.023 0.000 0.00 0.32 0.000 106.4 435.0 0.0 12.0 0.26 3.10 | 0.19 | 225 2.0
K7 | 257 | 659.7 | 8.06 | 2389 | 1.6 | 9.6 | 3.4 | 0.046 | 0.000 | <0.01 | 020 | 0.000 | 1134 | 5443 |00 | 00 | <00l | 1.24 | 0.76 | 19.1 | 47
K-8 | 212 | 7416 | 7.35 | 520 | 1.2 | 151.1 | 481 | <0001 | 0.000 | 0.00 | 105 | 0.000 | 187.9 | 4460 | 0.0 | 322 | 023 | 2170 [ 0.22 | 258 | 1.5
X9 | 215 | 8118 | 772 | 756 | 0.8 | 1387 | 58.6 | 0.022 | 0.150 | 0.00 | 110 | 0.000 | 2269 | 4552 | 0.0 | 41.8 | 0.61 | 1860 | 0.25 | 241 | L5
K-10 20.5 | 6710 | 7.13 | 494 | 0.8 | 1435 | 343 — 0.000 — — 0.000 141.8 4424 0.0 34.1 - 17.38 —_ 33.0 =
K-12 | 184 | 7482 | 7.39 | 510 | 1.0 | 1563 | 36.5 | 0.016 | 0.023 | <0.10 | 077 | 0.001 | 177.3 | 4551 | 0.0 | 429 | 033 | 32.12 | 0.18 | 266 | 0.1
K-13 | 199 | 6267 | 737 | 43.0 | 1.0 | 1483 | 30.6 | 0.008 | 0.023 | <010 | 051 [ 0.000 | 1241 | 3733 | 0.0 | 438 | 0.17 | 2420 | 0.14 | 279 | 0.0
K-14 242 | 664.1 | 7.69 | 1600 | 2.0 | 47.3 | 30.1 | 0.019 0.032 | <0.10 0.74 0.000 1383 506.3 0.0 0.6 0.26 440 | 0.12 | 29.8 22
K-15 18.4 | 7962 | 7.16 | 103.2 | 0.8 | 1363 | 32.1 | 0.008 0.163 0.00 0.53 0.000 209.2 421.0 0.0 49.0 0.10 | 2230 | 019 | 323 33
K-17 19.1 | 7484 | 7.59 | 79.0 2.0 | 157.1 | 194 | 0.011 0.027 | <0.10 0.65 0.000 237.6 305.0 | 0.0 46.4 0.36 | 28.16 | 0.19 | 27.8 0.1
K21 |199 | 7537 | 791 | 752 | 1.2 | 1483 | 316 | — 0.000 | — — | 0.000 | 2233 | 4247 | 00 | 250 | — | 620 | — | 347 | -
K-22 249 | 8902 | 7.79 | 100.0 | 2.0 | 166.0 | 433 | 0.018 0.016 § <0.10 0.85 0.029 273.0 4270 | 0.0 47.7 0.64 | 1936 | 0.10 | 279 0.1
K-23 21.0 | 1005.5 [ 7.30 | 160.0 | 2.0 | 1419 | 49.} 0.064 0.061 <0.10 1.00 0.020 361.7 379.4 0.0 63.1 0.87 | 12.76 | 0.15 | 26.6 0.2
K-26 253 | 6080 ¢ 7.64 | 1389 | 24 51.7 ] 255 | 0.032 0.000 0.00 0.32 0.000 148.9 391.1 0.0 21.1 0.23 1.24 | 0.21 | 243 1.5
K-27 28.2 | 13243 | 7.66 | 3400 | 3.0 | 60.1 62.2 | 0.052 0.131 <0.10 1.40 0.068 609.9 4575 0.0 0.0 0.47 044 | 0.19 | 19.1 3.0
K-28 206 | 5434 [ 7.11 43.0 1.6 | 113.8 | 31.6 — 0.100 = — 0.100 85.1 445.4 0.0 12.0 — 4.30 — 32.5 —
K-29 263 | 5072 | 7.7 | 372 0.8 | 1186 | 18.0 — 0.250 = = 0.140 46.1 360.0 | 0.0 51.9 — 3100 | — 26.8 -
K-30 21.1 566.6 | 7.1) 43.7 2.0 | 101.0 | 44.3 or 0.000 — == 0.100 95:7 457.0 | 0.0 14.9 — 8.10 -— 33.0 =
K31 | 190 | 4593 | 729 | 33.6 | 12 | 1058 | 153 | — | 0.000 | - -~ | 0100 | 550 | 3344 |00 [ 279 | — [2420| — | 325 | -
K-32 20.5 | 5293 | 7.10 | 347 1.2 | 1114 | 33.6 — 0.000 — — 0.110 93,9 4026 | 0.0 12.9 —_ 13.00 —_ 313 -
K-35 184 | 621.7 | 7.22 | 400 | 2.0 | 138.7 | 27.7 | 0.605 0.004 <0.10 0.35 0.053 99.3 4575 0.0 36.4 0.40 | 27.72 | 0.11 | 245 0.3
K-36 18.5 | 664.1 | 7.15 | 32.0 3.0 | 1609 | 335 | 0.029 | <0.001 | <0.10 0.39 0.012 922 408.7 0.0 49.8 038 | 6556 | 0.14 | 24.6 0.3
K-38 255 | 1569.7 | 7.90 | 4500 | 4.0 | 56.1 68.0 | 0.056 0.007 <0.10 1.90 0.160 695.1 502.6 0.0 14.5 0.34 220 | 012 | 246 5.8
K39 | 182 | 7435 | 733 | 59.0 | 2.0 | 130.7 | 50.5 | 0.050 | 0106 | <0.10 | 044 [ 0102 | 922 | 5405 } 0.0 | 1185 | 0.58 | 6.60 | 0.10 [ 17.6 | 0.2
K-41 19.5 | 5286 | 7.54 | 38.0 | 2.0 922 | 43.3 | 0.030 0.001 <0.10 0.48 0.022 92.2 386.7 0.0 27.5 0.16 | 19.80 | 0.12 | 23.1 0.2
K42 183 | 5224 | 7.29 | 40.0 | 2.0 99.4 | 33.5 | <0.00! 0.013 <0.10 0.39 0.062 92.2 3782 | 0.0 215 0.44 | 1936 | 0.12 | 21.9 0.2
K43 17.9 | 572.0 | 7.38 | 42.0 1.0 § 113.8 | 335 | 0.012 | <0.00] | <0.10 0.46 0.047 102.8 4160 | 0.0 32.8 048 | 16.72 | 0.12 | 24.0 03
K45 | 198 | 577.6 | 7.64 | 460 | 3.0 | 834 | 569 | 0.020 | 0.025 | <010 | 078 | 0000 | 1028 [ 4575 | 0.0 | 282 | 0.64 | 7.04 | 0.09 | 243 | 02
K46 19.9 | 582.1 | 7.75 | 69.0 5.0 84.2 | 56.4 | 0.011 | <0.001 | <0.10 0.99 0.083 92.3 441.6 0.0 24.6 0.39 3.08 | 0.13 | 294 0.2
K47 20.3 | 6008 | 7.33 | 61.0 | 3.0 89.0 | 554 | 0.026 0.022 | <0.10 0.88 0.048 102.8 4734 0.0 26.3 0.37 220 | 0.11 | 27.5 0.1
K48 16.7 | 6842 | 7.16 | 360 | 2.0 | 166.7 | 204 | 0.017 0.051 <0.10 0.36 0.000 117.0 378.2 0.0 48.5 048 | 81.84 | 0.09 | 254 0.0
K49 219 | 583.7 | 725 | 63.7 | 2.4 | 1106 | 37.0 - 0.100 — e 0.650 101.0 4552 | 0.0 15.9 —_ 1.86 - 21.5 &
K-51 22,9 | 6520 | 747 | 87.4 | 3.1 86.6 | 49.1 o 0.000 i s 0.200 195.0 366.7 | 0.0 259 — 0.00 — 25.0 =
K-52 19.7 | 6264 | 7.01 80.0 | 3.0 | 1022 | 258 | 2300 0.030 - — 0.129 120.6 3843 0.0 36.5 0.58 | 3520 | 0.06 | 30.0 0.9
K-55 | 257 | 627.3 | 741 | 1800 | 40 | 316 | 246 | 0.002 | 0018 | <0.01 | <0.01 [ 0.042 | 461 | 6002 | 00 | 176 | 0.16 | 220 | 0.05 | 264 | 04
KG2 | 340 | 9129 [7.40 [ 3600 [ 3.0 [ 112 | 78 | 0085 | 0008 | — — | 0064 | 1277 | 7637 [ 0.0 | 62 | 095 | 0.44 [ 000 [ 203 | 62
KG4 | 36.0 | 20284 | 7.76 | 7200 | 5.0 56.1 21.9 | 0.022 0.030 — - 0.146 | 1081.5 | 2489 0.0 0.5 0.16 1.32 ] 0.03 | 19.7 -
KG-5 | 31.7 | 13965 | 8.26 | 4000 | 6.0 | 216 | 97.7 1.384 0.028 <0.10 1.70 | <0.00] 1844 | 1303.0 | 7.2 0.0 0.20 0.00 | 0.06 | 34.8 3.0
KG-2P | 34.0 | 8887 | 7.85 | 337.0 | 3.0 | 11.1 | 86 | 0.035 | 0.015 -~ — | 0109 | 1348 | 7369 {00 | 17 | 10t | 000 | — | 235 | 68

WYnoiakA BiBAI0BAKN OgdppaoTog - TuAua MewAoyiag. A.lM.O.




Thus, the geothermal waters (T>30 °C) in the Sani-Afytos-Kassandria area are classified in two
groups, which are characterized by a different degree of mineralisation (T.D.S.) and chemical
composition. The first one of the carbonated waters (Na-HCQO;) with temperatures of 31.7-34 °C
and mineralization ranging from 0.89 to 1.4 g/l is rich in Na" (337-400 mg/l) and HCO;™ (736.9-
1303 mg/l). The CI” concentrations are not very high (127.7-148.4 mg/l). The relatively high Na
concentration with no CI” correspondence is probably due to the effective cationic exchange
between the rich in Na* clayey intercalations and the rich in Ca®* and Mg*" waters (Na-Ca ionic
exchange) at deeper levels. The low Ca®" content (11.1-21.6 mg/) of samples KG-2, KG-5 and
KG-2P supports tbis thesis.

The second geothermal waters group is the saline mineral (Na-Cl) waters, like sample from
borehole KG-4, having much higher salinity than the waters of the first group. The Neogene
marine transgression and sedimentation are considered (Shterev and Meladiotis 1993) as the
primary source of salty sea water which fill a big part of the Upper Jurassic carbonate reservoir,
the terrigeneous reservoirs in the Miocene formations as well as in the non-compacted marine
Neogene clayey sediments. These are transformed connate waters with a Na-Cl composition and
high degree of mineralization. The infiltration of meteoric waters plays an important role in the
exposed parts of the Jurassic reservoir and the adjacent zones: they replace and freshen the connate
waters and considerably change their features. Transitional or mixed types of mineral waters are
formed in the buffer zone between meteoric and fossil waters (Shterev and Meladiotis 1993).

The first afore-mentioned group of thermal waters is considered (Shterev and Meladiotis 1993)
genetically more inhomogeneous than the second one, includes atmospheric, marine and mixed
waters and is represented by waters with HCO; or/and HCO;-CI composition. The SO,* reduction
or its absence (0-1.7 mg/l) characterizes all the geothermal waters. The SiO,, Br, Li and Sr
contents in the thermal waters are similar to those of the sub-thermal ones and certainly with not
high values.

The sub-thermal waters from the Sani-Afytos-Kassandria area are of mixed type indicating mixing
between fresh, superficial waters with deeper and more saline ones. Tritium values of the
Kassandra fresh waters cover a wide range from 0.46 to 31.2 TU indicating active and fast aquifer
recharge (Jackelen et al., 1986). In general, all waters in the Chalkidiki Peninsula (thermal, fresh,
sub-thermal) were proved (Jackelen et al., 1986) to be of meteoric origin.

The chemical geothermometers of

Table 3 - Estimation of the deeper geothermal SiO,  (Fournier  1981), Na/K
waters by the use of chemical geothermometers (Arnorrson et al. 1983), Na-K-Ca
— (Fournier and Truesdell 1973) and

o T(a tC) reo) | Tec) T(C) Tec) | KMg (Giggenbach e al 1983),
o well- | Sio Na/K Na- K/M which were applied to the geothermal
Rl 2 K-Ca Bl waters KG-2, KG-4, KG-5 and KG-

2P, suggest the temperatures given in
KG-2 340 | 64.1 30.5 859 | 444 Table 3. The Na/K and K/Mg
KG-4 36.0 62.9 229 75.0 44.3 geothenmometers suggest very [ow
KG-5 317 | 856 | 358.1 96.0 | 33.5 temperatures (23-58 °C) for the deep
KG-2P 34.0 §9.7 134 853 435 geothermal waters. The geothermal
waters are plotted (Fig. 7) on the
triangular Na-K-Mg diagram according to Giggenbach (1988). On this diagram is found that only
the position of sample KG-5 is within the area of immature waters. Tbe other samples KG-2, KG-4
and KG-2P lay very close / on the boundary curve between the immature and the partial
equilibrium waters indicating a possible reservoir temperature of about 100 °C. Hence, using
chemical geothermometers the deep temperature is estimated in 80-100 °C. This value is similar to
the measured temperatures at the bottoms of deep oil boreholes KAS-1, KAS-2 and KAS-3 (70 °C
at 1785 m in KAS-2, 75 °C at 1975 m in KAS-3 and 75 °C at 1904 m in KAS-1).
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From borehole KG-4, gas
Na/1000 sample was collected in
special plastic bags (Aldrich)
and it was analyzed by gas
chromatography VARIAN
Model 3700. The dominant
gas was CH, with a content of
77 % v/v, while N, was 21.8
% v/v. Other gasses were also
detected like H, (1 % v/v) and
CO; (0.2 % v/v). H,S was not
detected. The flow rate
measurements proved that for
a liquid phase flow rate of 12
m*/h the gas phase flow rate is
2.4 m*/h (under T=20 °C and
bl \ P=1 atm). In general, the
/ roup of the sodium-chloride
KM00™ 75— 30 40 50 &0 70 85 g0 VMg %vate[r)s, like sample KG-4, is
“%-Mg” characterized with methane

Figure 7 - Evaluation of Na-K-Mg temperature for the gas content,
geothermal'waters KG-2, !(G—4, KG-5 and KG-2P on By soil-gas survey, an attempt
diagram after Giggenbach (1988) was made for the recognition

of faults nsing the soil-gasses He, 22Rn, CO, and CH, as fault tracers in the area of the Kassandra
Prison (Fig. 2). The distribution of radon and methane anomalous values (>1.40 ppm CH,) shows
NNW-SSE and SE-NW directions according to the main orientations of the faults in the area. The
CO; anomalous concentrations (>0.73 % v/v) are elongated along NE-SW direction in the
Kassandra Prison area. High values of the helium (>30 ppb) are noted in specific sites.

7. Summary and Conclusions

The Sani-Afytos area in the Kassandra penisula is of geothermal interest. The basement of the area
is built up of Mesozoic metamorphic rocks of the Axios Zone {mainly Upper Jurassic carbonate
rocks (lumestones)] and is covered by Paleogene, Neogene and Quaternary sediments with a
significant thickness (up to 3610 m or more). The Neogene formations are dominated by clayey
sediments. Two main fault systems trending NW-SE and NE-SW dominate in the Sani-Afytos-
Kassandria area affecting the morphology. A fault trending NNE-SSW, between Sani and Potidea,
constitutes the probable continuation of the Olynthos dextral strike-slip fault southwards.

The geothermal interest in the Kassandra Peninsula is focused in the Miocene formations at depths
=500 m and up to 1000 m (the Plio-Miocene sediments of the area have a thickness of about 1000
m). [nto the Neogene sediments, thermal aquifers (with temperature up to 50 °C) are detected
within conglomerates at 400-1000 m with total thickness >200 m. The systematic and detailed
thermometric survey in the Sani-Afytos-Kassandria area with water temperature measurements at
the wellhead and/or al the botiom of the existing irrigation and water supply wells proved the
presence of subthermal (20-28 °C) waters at depths of about 300 m. The geothermal gradient in the
study area can be evaluated as normal or close to the normal (3-4 °C/100 m). The shape of the
isothermal curves at depths of 150 and 200 m shows SW-NE and NW-SE directions and coincides
with the main tectonic structures.

Four geotbermal (three exploration and one production) wells with depths of 422-583 m were
drilled in tbe Sani-Afytos area by 1.G.M.E. The average geothermal gradient for the exploration
boreholes is calculated to be 3.27-3.65 °C/100 m for their entire depth. The maximum temperature
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of 36 °C was measured at 583 m. Aquifers are located within the intercalations of sands, gravels,
sandstones and conglomerates of the clayey Upper Miocene sediments. The production well with
depth of 520 m was drilled in the area between Sani and the Kassandra Prison. Screens were
placed at 482-520 m. During its production and exploitation phase, this well may discharge 50-55
m’/h geothermal waters with a constant temperature of 34 °C and prospective drawdown at 22-25
m. Considering that the flow rate of this well is 13.81 kg/s (50 m’/h), the water temperature is
34°C (inlet temperature of a plant) and the outlet temperature (after use) is 20 °C, the thermal
capacity 1s calculated to be 0.81 MWt and the heat load is estimated to be about 700000 kcal/h
corresponding to energy savings of 0.07 TOE/h.

The geothermal waters (T>30°C) in the Sani-Afytos-Kassandria area are classified in two groups
of waters: Na-HCO; and Na-CI (saline). The SO, reduction or its absence (0-1.7 mg/l)
characterizes all the geothermal waters. The sub-thermal waters are of mixed type and are
classified in various categories. With the aid of chemical geothermometers the deep temperature
was estimated in 80-100°C. This value is similar to the measured temperatures at the bottoms of
deep oil boreholes. The analysis of the gas phase from one exploration borehole proved that the
dominant gas was CH, with a content of 77 % v/v whereas H,S was not detected.

The existence of low enthalpy geothermal waters with temperatures of 35-40°C in the Sani-Afytos-
Kassandra area is of major importance, as their exploitation will enable significant energy savings
directly applicable in several tourism and new lucrative activities. The preliminary geothermal
investigation and the drilling project carried out by [.G.M.E. revealed the existence of a new low
enthalpy system in the Kassandra Peninsula, which is now called as the “geothermal field of Sani-
Afytos™ according to the Decision of the Hellenic Ministry of the Development (July 2005)
[“Characterization and classification of the Geothermal Fields of Country” (Greece)].
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