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Abstract: Pleistocene alkaline basaltic lavas crop out in the region of Volos at the localities of
Microthives and Porphyrio. Results from detailed petrographic study show porphyritic textures with
varying porosity between 15% and 23%. Data from deep and shallow water samples were analysed
and belong to the Ca-Mg-Na-HCO3-Cl and the Ca-Mg-HCO3 hydrochemical types. Irrigation wells
have provided groundwater temperatures reaching up to ~30 ◦C. Water samples obtained from
depths ranging between 170 and 250 m. The enhanced temperature of the groundwater is provided
by a recent-inactive magmatic heating source. Comparable temperatures are also recorded in
adjacent regions in which basalts of similar composition and age crop out. Estimations based
on our findings indicate that basaltic rocks from the region of Volos have the appropriate
physicochemical properties for the implementation of a financially feasible CO2 capture and storage
scenario. Their silica-undersaturated alkaline composition, the abundance of Ca-bearing minerals,
low alteration grade, and high porosity provide significant advantages for CO2 mineral carbonation.
Preliminary calculations suggest that potential pilot projects at the Microthives and Porphyrio basaltic
formations can store 64,800 and 21,600 tons of CO2, respectively.
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1. Introduction

The use of fossil fuels (coal and oil) in the industries has increased the CO2 emissions in the
atmosphere. Anthropogenic CO2 is a major greenhouse gas that contributes to the change of climate [1,2].
To mitigate the problem of global warming, several technologies have been developed. CO2 Capture
and Storage (CCS) is one of the most advanced technologies that mediates the increase of the CO2

contents in the atmosphere [3]. Basaltic rocks exhibit appropriate physicochemical properties for
the implementation of carbonate mineral precipitation, through interaction of the Ca-Mg-Fe rich
minerals with carbonic acid, derived from the dissolution of the injected CO2 in water [4]. The newly
formed minerals mostly consist of calcite, magnesite and siderite [5,6], which provide the potential for
long-term and safe storage. Selection of the appropriate type of basalt and region for implementing CO2

storage techniques via mineral carbonation requires detailed mineralogical and petrophysical (porosity,
permeability) studies. The nature of the injected CO2 affects the integrity and trapping potential of
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the rock material [7]. CO2 is present in the supercritical form (sCO2) at pressure and temperature
conditions that correspond to depths greater than 1 km. In such environments, sCO2 can give rise
to various geochemical reactions, causing the dissolution/precipitation of primary and secondary
minerals, as well as changes in porosity and permeability properties [8,9]. Successful CCS pilot injection
projects have been implemented, including the sites Ferrybridge (UK), Aberthaw Pilot Plant (UK),
Puertollano (Spain), Ketzin (Germany), and Hvergerdi (Iceland; CarbFix project) [10].

Alkali basaltic rocks with the potential of CO2 storage are relatively restricted but widespread
throughout mainland Greece [10]. Main areas of basalt appearance are located in the regions of
Pindos (NW Greece; [11]), Central and Southern Aegean islands [12–14], Koziakas [15], Othris [16],
Evia island [17], and Argolis [18]. The present study focuses on studying the Porphyrio and
Microthives alkali basaltic outcrops for their mineralogical potential of CO2 sequestration. The study
areas are located 8 and 12 km south-southwest of the industrial city of Volos, respectively (Figure 1).
These volcanic rocks formed along with other adjacent scattered volcanic centers that were active
during the Late Pleistocene–Quaternary period, including the islands of Lichades, Achilleio, and Agios
Ioannis between the gulfs of Pagasitikos and North Evoikos. Their formation is attributed to
back-arc extensional volcanism and affected by the activity of the Northern Anatolian fault [19–21].
They comprise massive lavas and pyroclastic rocks that include basaltic rock fragments and pumice.
These volcanic rock formations are located in the Pelagonian Zone and the Eohellenic tectonic
nappe [22,23]. The Pelagonian Zone is part of the Internal Hellinides, and it can be distinguished
into two metamorphic and non-metamorphic groups, respectively [24,25]. It was over-thrusted by
the Eohellenic nappe during the Late Jurassic to Early Cretaceous period [24,26]. In the studied
regions, the Pelagonian Zone mostly consists of clastic sedimentary rocks, limestones, and ophiolitic
occurrences [22,23]. The Eohellenic tectonic nappe consists mainly of metamorphosed sedimentary
rocks, serpentinites, and ophicalcites [22,23], as well as gneissic formations of the Volos Massif [21],
composed of gneiss, muscovite, and mica-chlorite schists.
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This study presents new mineralogical, mineral chemistry, and petrographic data of the volcanic
rocks from the localities of Microthives and Porphyrio, coupled with hydrochemical data of groundwater
samples from irrigation wells, to estimate their potential for the development of geological carbon
capture and storage (CCS) [27]. The present study focuses on examining the physicochemical
features necessary for applying CCS technologies focusing on: (i) degree of alteration, (ii) nature
and geochemistry of the basalts, (iii) presence of Ca-bearing minerals, (iv) porosity (v), indications of
enhanced heat calculated in groundwater samples from irrigation wells, and (vi) locality advantages.

2. Materials and Methods

This study includes the investigation of rocks that have been collected from the region of Volos
(Central Greece; SE Thessaly), focusing on the volcanic occurrences of the Porphyrio and Microthives
localities. Sampling was carried out to select the most appropriate rocks regarding their porosity and
mineralogical assemblage. Modal composition of pores was calculated by applying ~500 counts on each
thin section. Calculations were cross-correlated with image analysis techniques performed on the same
thin sections. More than 50 rock samples were examined through detailed petrographic observations
upon polished thin sections with the use of a Zeiss Axioskop-40 (Zeiss, Oberkochen, Germany),
equipped with a Jenoptik ProgRes CF Scan microscope camera at the Laboratories of the Center for
Research and Technology, Hellas (CERTH). Mineral chemistry analyses were conducted at CERTH
using a SEM–EDS JEOL JSM-5600 scanning electron microscope (Jeol, Tokyo, Japan), equipped with
an automated energy dispersive analysis system ISIS 300 OXFORD (Oxford Instruments, Abington,
UK), with the following operating conditions: 20 kV accelerating voltage, 0.5 nA beam current, 20 s
time of measurement, and 5 µm beam diameter. SEM-EDS facility was calibrated to obtain accurate
quantitative results using standard reference materials. In order to perform standardised quantitative
analyses, thin sections were flat, polished, and carbon coated. XRD analyses were conducted at
CERTH using a Philips X’Pert Panalytical X-ray diffractometer (Malvern Panalytical, Malvern, UK),
operating with Cu radiation at 40 kV, 30 mA, 0.020 step size, and 1.0 sec step time. For the evaluation
of the XRD patterns, DIFFRAC plus EVA software v.11 was deployed (Bruker, MA, USA) based on the
ICDD Powder Diffraction File (2006). Physicochemical data (from the Hellenic Survey of Geology and
Mineral Exploration (HSGME)) [28], including temperature and pH values, are also provided for two
groundwater samples from local irrigation wells (sample GTES-038; 250 m depth, sample GTES-040;
180 m depth).

3. Results

3.1. Petrography and Mineral Chemistry

Basalts from Microthives and Porphyrio localities exhibit porphyritic, vesicular textures.
The groundmass is fine-grained holocrystalline, being either trachytic or aphanitic (Figure 2a–f)
and often enriched in oxide minerals (ilmenite and magnetite). The porosity, after the examination of
an extended number of thin sections of basaltic rock samples (n > 50), varies highly from 5 to 40% in the
more massive and porous samples, respectively. The vast majority, though, were determined to have
porosity that ranges from 15% to 23% (Avg. 18%). Vesicles are in cases filled with secondary calcite.

Their mineralogical assemblage is predominantly composed by prismatic subhedral and
rarely euhedral clinopyroxene (15–30%) and olivine (10–20%) phenocrysts (450–700 µm diameter),
enclosed within a clinopyroxene and plagioclase-rich groundmass (50–60%). Plagioclase is mostly
restricted in the groundmass, appearing in the form of needle- to lath-shaped crystals that
compositionally are either bytownite and labradorite (An68.9–71.6). Accessory minerals (<5%)
include alkali-feldspar, quartz, calcite, amphibole, orthopyroxene, apatite, opaque minerals (ilmenite,
titanomagnetite, and magnetite), and pyrite.
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as vesicular textures. (d) Vesicular basaltic lava sample M2, with clinopyroxene and olivine 
phenocrystals in a trachytic groundmass. Vesicles are occasionally filled with secondary calcite‐
forming amygdaloidal textures. (e) Vesicular basaltic lava sample M5, within a microcrystalline 
vesicular groundmass, filled with secondary calcite. (f) Pyroclastic tuff with a high percentage of 
vesicles. Groundmass locally aphanitic with rare feldspar phenocrysts. (g–i) BSE (Back Scattered 
Electron) images with olivine and clinopyroxene phenocrysts. 
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Figure 2. (a) Olivine and clinopyroxene phenocrystals in a hypo-crystalline trachytic groundmass
mostly consisting of lath-shaped plagioclase but also K-felspar (Sample M3). (b,c) Vesicular basaltic
lava samples M1 and M8, mainly consisting of clinopyroxene and also olivine phenocrystals,
exhibiting glomeroporphyritic textures. It includes a hypo-crystalline trachytic groundmass, as well as
vesicular textures. (d) Vesicular basaltic lava sample M2, with clinopyroxene and olivine phenocrystals
in a trachytic groundmass. Vesicles are occasionally filled with secondary calcite-forming amygdaloidal
textures. (e) Vesicular basaltic lava sample M5, within a microcrystalline vesicular groundmass,
filled with secondary calcite. (f) Pyroclastic tuff with a high percentage of vesicles. Groundmass locally
aphanitic with rare feldspar phenocrysts. (g–i) BSE (Back Scattered Electron) images with olivine and
clinopyroxene phenocrysts.

Clinopyroxene is mainly classified as augite and less often as diopside, displaying highly variable
TiO2 and Al2O3 contents (0.55–2.94 wt.% and 2.22–7.69 wt.%, respectively). SiO2 contents range
between 44.52 and 51.34 wt.%. Representative compositions of olivine are presented in Table 1.
They contain 38.10–40.55 wt.% SiO2 and variable FeO and MgO contents (10.30–24.90 wt.% and
36.58–48.50 wt.%, respectively). Mg# ranges between 72.78 and 89.36 wt.%.

The mineralogical composition of the studied basaltic rocks was also investigated by powder
X-ray diffraction (XRD). In accordance with petrographic observations and mineral chemistry results,
the main mineral phases were confirmed with XRD patters, based upon the DIFFRACplus EVA software
(version11, Bruker, MA, USA) recommendations. In particular, the peaks at ~51.0◦ 2θ correspond to the
olivine porphyroblasts, whereas clinopyroxene corresponds to peaks at 29.80–30.80◦ 2θ. The presence
of magnetite in small amounts is characterised by small peaks at ~30◦ 2θ, ~52◦ 2θ and 62.20–62.80◦ 2θ.
The plagioclase crystals of the basaltic groundmass were recognised by the peaks at ~28.0◦ 2θ, ~22.0◦

2θ, and ~24.30◦ 2θ.
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Table 1. Representative mineral chemistry analyses. (Abbreviations: Ol: olivine, Cpx: clinopyroxene,
Plg: plagioclase, K-fs: K-feldspar, Amph: amphibole, Opx: orthopyroxene, Spl: spinel, n: number of
analysis, Mg# = 100 ×molar MgO/(MgO + FeOt), Cr# = 100 ×molar Cr2O3/(Cr2O3 + Al2O3).)

Min. Ol Ol Ol Ol Cpx Cpx Cpx Cpx Cpx Plg Plg
Sample M3 M3 M3 M7 M3 M3 M7 M7 M3 M3 M7
n: 7 1 5 2 3 4 1 1 1 2 4

SiO2 40.55 39.04 38.1 39.61 50.23 51.34 49.96 49.06 44.52 50.34 49.15
TiO2 0.03 0.04 0.14 0.14 1.27 0.55 1.17 1.58 2.94 0.12 0.14
Al2O3 0.02 0.04 0.03 0.06 4.16 2.22 5.22 4.46 7.69 31.6 32.57
FeO 10.3 17.62 24.39 14.14 5.64 5.79 5.37 6.05 8.17 0.46 0.57
MnO 0.16 0.13 0.2 0.13 21.66 21.77 21.58 23.16 23.57 13.84 14.34
MgO 48.5 42.33 36.58 45.48 15.9 17.07 15.32 14.4 11.88 - -
CaO 0.15 0.38 0.45 0.13 21.66 21.77 21.58 23.16 23.57 13.84 14.34
Na2O - - - - 0.5 0.62 0.68 0.66 0.74 3.3 2.92
K2O - - - - 0.09 0.03 0.07 0.06 0.74 3.3 2.92
Cr2O3 0.03 0.04 0.05 0.04 0.22 0.41 0.38 0.49 0.02 - -
NiO 0.29 0.13 0.12 0.24 0.03 0.07 0.02 0.05 0.05 - -
Total 100.02 99.75 100.07 99.94 99.93 100.03 99.9 100.08 99.81 99.88 100.02
Mg# 89.36 81.07 72.78 85.15

Min. K-fs K-fs Amph Amph Opx Glass Min. Spl Spl Spl
Sample M3 M5 M3 M3 M3 M7 SampleM3 M3 M3
n: 4 1 1 1 5 2 n: 3 1 2

SiO2 65.38 64.5 51.59 53.78 53.02 57.09 Cr2O3 35.56 23.72 30.36
TiO2 0.07 0.06 0.47 0.3 0.7 1.65 Al2O3 31.27 43.51 22.35
Al2O3 18.75 18.7 23.35 27.68 0.78 17.53 TiO2 0.93 0.5 4.21
FeO 0.23 0.54 2.34 0.57 17.85 4.27 FeO 16.82 14.14 33.27
MnO - - 0.04 0.11 0.85 0 MgO 14.56 16.72 8.91
MgO - - 4.32 0 23.95 2.25 MnO 0.05 0.09 0.23
CaO 0.27 0.15 11.66 9.81 2.46 6.84 NiO 0.19 0.18 0.13
Na2O 4.03 3.57 2.5 3.76 0 3.02 SiO2 0.43 0.7 0.39
K2O 11.02 12.02 0.49 1.47 0.1 6.91 Total 99.81 99.56 99.82
Cr2O3 - - 0.31 0.02 0.15 0.36
NiO - - 0.26 0.07 0.13 0.08 Mg# 62.08 67.56 37.6
Total 99.75 99.54 97.33 97.55 99.99 100 Cr# 43.26 26.77 47.67

3.2. Rock Classification and Geochemistry

Volcanic rocks from the region of Volos correspond to small scattered outcrops with an age range
from 0.5 to 3.4 Ma [21,29]. Their formation was attributed to Pleistocene back-arc extension in the Aegean
Sea [19,30,31]. Based upon the total alkali–silica (TAS) diagram (Figure 3a), the extensional-related
volcanic rocks from the Volos plot formed within the basaltic trachyandesite and trachyandesite
fields. Pleistocene basalts from the adjacent regions of Kamena Vourla, Lichades islands, Psathoura,
and Achilleio also plot in the same compositional fields (Figure 3a). Chondrite-normalised REE
patterns of the Volos basaltic rocks (Figure 3b) are highly enriched in LREE (La/YbCN = 0.34–0.44)
and also present notable negative Eu anomalies (EuCN/Eu* = 0.73–0.80), with the later implying
plagioclase fractionation. These are additionally characterised from trace element ratios that account
for a clear OIB (Ocean Island Basalt)-signature: Zr/Nb = 4.66–19.82, La/Nb = 0.75–10.38, and Ba/Th =

39.4–100.95 [32]. Basalts from the aforementioned adjacent regions exhibit lower LREE enrichments
(Figure 3b), indicating higher degrees of partial melting and/or differentiation processes.

The Pleistocene extensional-related basaltic rocks from Volos and the adjacent regions differ from
other recent age (Pliocene–present) volcanic rocks in Greece. The latter are subduction-related volcanics
from the South Aegean (Methana [26,33], Nisyros [34], and Santorini [2,35,36]), associated with
the subduction of the African plate beneath Eurasia [37–39]. These compositionally correspond to
subalkaline basalts and andesites (Figure 3a), which possess significantly lower LREE and also higher
HREE contents (Figure 3b). From this comparison, it is evident that the basaltic rocks from Volos
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are among the very few alkaline basaltic rocks of recent age that are compositionally suitable for
considering mineral carbonation of CO2.
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Figure 3. (a) Total alkali–silica (TAS), Na2O + K2O vs. SiO2 [40], and (b) chondrite-normalised REE
patterns [41,42] of volcanic rocks from Volos, Kamena Vourla, Psathoura, Achilleio, Lichades [21],
Methana [26,33], Nisyros island [34], and Santorini island [2,35,36].

3.3. Water Chemistry and Temperature Data

Geothermal data from the Almyros–Microthives basin [28] indicate that the north part of the
basin is characterised by Pleistocene volcanic activity. Deep groundwater (sample GTES-038; >250 m
depth) exhibits a temperature of 30.2 ◦C and a pH of 7.30, whereas shallow groundwater (sample
GTES-040; probably 170–180 m depth) presents a temperature of 23.0 ◦C and a pH of 7.40. The elevated
water temperatures appear in the vicinity of the basaltic dominated areas. Based on the Castany
classification [43], the analysed groundwaters belong to hypothermal, neutral-to-alkaline types.
Their total dissolved solids (TDS) content is 660 mg/L (Table 2). TDS calculation was based on the
cations and anions sum, including HCO3

− (0.49 ×(HCO3
−)) and B. The total hardness values are 309

and 363 mg/L for the deep and shallow groundwaters, respectively. Non-carbonated hardness values
are 22 and 0 mg/L for the deep and shallow groundwater samples, respectively.

Table 2. Hydrochemical analyses of groundwater samples from Microthives locality [28]. T (◦C);
conductivity (µS/cm); concentrations (mg/L); total dissolved solids (TDS) (mg/L).

Sample T pH Cond. TDS Ca Mg Na K CO3 HCO3 Cl SO4 NO3 SiO2

GTES-038 30.2 7.70 989.0 660 55.30 41.70 80.50 2.25 0.00 287.0 165 24.60 0.00 34.90

GTES-040 23.0 7.60 693.0 460 38.70 65.10 17.60 1.30 0.00 437.0 19.50 9.80 3.72 56.0

From the Hem [44] and Sawyer and McCarty [45] classifications, the analysed groundwater samples
are classified as very hard. Deep and shallow groundwater samples belong to the Ca-Mg-Na-HCO3-Cl
and the Mg-HCO3 hydrochemical types, respectively (Figure 4).

Hydrogeochemical comparisons between the two water samples from Microthives and Aegean
seawater [47], are discussed below (see Discussion paragraph).
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4. Discussion

4.1. Mineral Reactions

Despite the high availability of basalts on the Earth’s surface [48–50], only few basaltic types have
the appropriate petrophysical and chemical properties [3,6,50–52] to serve as host rocks suitable for CO2

mineral carbonation. The basaltic rocks from the localities of Porphyrio and Microthives possess proper
mineralogical, chemical, and textural features to apply CO2 sequestration techniques. These features
include the high abundance of Ca-bearing minerals, as well as their silica-undersaturated alkaline
composition and high porosity. Mineral chemistry reactions that result from this interaction can be
modeled based on data provided from this study.

The physicochemical properties of water strongly affect the formation of carbonate minerals
during the interaction of basalts with the CO2 injected fluids. Carbonation with the presence of water
can lead to higher amounts of sequestered CO2 compared to the dry carbonation processes [53,54].
The dissolution of CO2 in water further affects the liquid reactivity, due to the high amounts of the
released H+ [3,4,6,50]. The concentration of Mg in water can affect the crystal growth of calcite,
whereas, at high temperatures, Mg can precipitate in the form of solid mineral phases [3]. In addition,
the water saturation reflected from the water/rock ratio (W/R) determines the dissolution of basaltic
rocks, which is higher in CO2 saturated solutions compared to the undersaturated ones (W/R: 10/1 and
2/1 respectively; atmosphere [3]).

The underground water analysed from the region of Microthives is classified as neutral to alkaline
(pH = 7.30). Dissolution of CO2 in water produces carbonic acid. The gradual mixing of the alkaline
groundwater with the acidic injection fluids starts up with the entrance of the injected fluid into the
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storage formation and ends up with the entrance of the fluid in the monitoring wells [55]. After the
mixing process, the formation fluids become more acidic, presenting lower pH values [55]. This acidic
pH is characterised by a high concentration of dissolved inorganic carbon (DIC), making the water
reactive with the basaltic rocks, due to the high H+ contents [50].

Addition of CO2 is expected to lower the pH of water due to the release of H+ ions, according to
the following chemical reactions [50]:

CO2 + H2O = H2CO3 (1)

H2CO3 = HCO3
− + H+ (2)

Basaltic rocks are rich in Ca, Mg, and Fe, providing the potential for CO2 mineralisation in the
form of carbonate minerals. The released H+ ions (chemical reaction-2) increase the reactivity of water,
resulting in dissolution of the primary basalt minerals and the precipitation of Ca2+, Mg2+, and Fe2+ in
the form of carbonate minerals [4,50], according to the following chemical reaction:

(Ca,Mg,Fe)2+ + H2CO3→ (Ca,Mg,Fe)CO3 + 2H+ (3)

Carbonation of olivine is described by mineral reaction-4. The high MgO contents (MgO:
36.58–48.50%) of the studied olivine phenocrystals will produce high amounts of magnesite.
This reaction is developed with slow rates in the natural systems, suggesting that the carbonation of
olivine must be enhanced by a large-scale storage method for CO2 mineralisation [56,57]. The formation
of hydromagnesite is favoured at low temperatures and can be described by reaction-5 [58].
At low temperatures (T < 60 ◦C), indirect precipitation of magnesite can occur via hydromagnesite
dehydration [58]. This process is described through the two-way reaction-6 [59].

Mg2SiO4(s) + 2CO2→ 2MgCO3(s) + SiO2(s) (4)

5Mg2SiO4(s) + 8CO2 (gas) + 2H2O(liq.)→ 2 (4MgCO3·Mg(OH)2·4H2O)(s) + 5H4SiO4(aq) (5)

4Mg(CO3) ·Mg(OH)2·4H2O↔ 4MgCO3 + Mg(OH)2 + 4H2O (6)

The studied olivine crystals of Microthives and Porphyrio basalts are mostly composed by forsterite.
In that case, the olivine carbonation can be further described by the following mineral reaction:

Mg2SiO4(s) + 4H+
(aq)→ 2Mg2+ + SiO2(s) + 2H2O (7)

Dissolution of clinopyroxene is developed according to the following mineral reaction:

MgCaSi2O6 + 4H+
→Mg2+ + Ca2+ + 2H2O +2SiO2(aq) (8)

The release of Ca2+ cations is described by the dissolution of anorthite rich plagioclase according
to the chemical reaction-9:

CaAl2Si2O8 + 8H+
→ Ca2+ + 2Al3+ + 4H2O + 2SiO2(aq) (9)

Orthopyroxene appears in the form of accessory enstatite crystals. Dissolution of enstatite is
described by mineral reaction-10 [60]:

MgSiO3 + 2H+
→Mg2+ + SiO2 + H2O (10)
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Precipitation of calcite (reaction-11 [50]) during hydrothermal alteration of basaltic rocks is strongly
associated with temperature and depth. The Ca2+ required for calcite precipitation is mostly derived
from the primary calc–silicate minerals and the glass matrix of the basaltic protolith. These minerals
mostly include clinopyroxene (CaO: 21.58–23.57%), plagioclase (CaO: 13.84–14.34%), and amphiboles
(CaO: 9.81–11.66%).

Ca2+ + CO2 + H2O→ CaCO3 + 2H+ (11)

Calcite formation is not favoured at temperatures higher than 290 ◦C [61] and depths between
200 and 400 m [62]. The time required for carbonate minerals precipitation strongly depends on the
abundance of divalent cations, the fluid P–T, the liquid chemistry, the CO2 saturation, and the pore
surface area [4]. Diagrams of basalt dissolution rates vs. pH (Figure 5a,b) were designed using data
from the literature [50,63–65]. The aforementioned diagrams indicate that during the mixing of the
background water with the CO2 injected fluids, the pH decrease enhances the dissolution rate of
forsterite (Mg-olivine) and augite (clinopyroxene). The crystalline basalts in Microthives and Porphyrio
localities are mostly composed by clinopyroxene and olivine phenocrystals within a glass-rich matrix.
Clinopyroxene is mostly classified as augite, whereas olivine is characterised by relatively high MgO
contents (Table 1). The glass-rich basalts are characterised by relatively constant dissolution rates for
pH values between 4 and 7.3, whereas their dissolution rates increase with further pH decrease. For pH
values lower than 4, the dissolution rate will be rapidly increased and become similar with that of
forsterite. This indicates that during the initial stages of the CO2 injection, more glass-rich basalts will
be dissolved with lower rates compared to the crystalline ones. During the interaction of Microthives
and Porphyrio basalts with CO2 injected fluids, clinopyroxene-olivine porphyroblasts [3,6,50,66]
and the anorthite-glass rich matrix will be dissolved with similar rates against their pH [3,6,50,67].
The aforementioned results indicate that clinopyroxene and olivine porphyroblasts will be the first
mineral phases to be dissolved during the CO2 injection.
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Based on the experimental results from Gislason et al. [50] (Figure 5a), the dissolution rate of
olivine increases from 10−10 to 10−8.5 (mol/m2/s) for pH values ranging from 7.3 (Microthives water
pH) to 1.5. These results are in agreement with the experiments of Palandri and Kharaka [63] that
indicate a comparable increase of forsterite dissolution rate from 10−10.5 to 10−8.5 (mol/m2/s) for pH
values ranging from 7.3 to 2. Dissolution of augite vs. pH follows similar trends, ranging from 10−12

to 10−8.5 (mol/m2/s) for the same pH range with augite (Figure 5b). Experimental results suggest
that dissolution rate of diopside will be three orders of magnitude slower compared to other silicate
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minerals, such as olivine at 25 ◦C [69,70]. Data provided by Palandri and Kharaka [63] point to an
increase of the plagioclase dissolution rate from 10−11.5 to 10−10 (mol/m2/s) for pH values ranging from
7 to 2.

Dissolution rate of CO2 in water strongly depends on the water temperature, the partial pressure
of CO2, and the salinity of the medium [50]. Carbonation rate of secondary minerals is strongly
associated with the acidic or alkaline nature of the water. Experimental results at a temperature
of 25 ◦C under acidic and neutral conditions show that the carbonation rate of calcite, magnesite,
and siderite ranges are 10−0.3–10−5.81 mol/(m2/s) [63], 10−6.38–10−9.34 mol/(m2/s) [63], and 10−3.74–10−8.90

mol/(m2/s) [71], respectively. This further suggests that precipitation of carbonate minerals is mostly
favoured during the late stages of the CO2 injection, characterised by lower pH values compared to the
formation groundwater (pH: 7.3 for Microthives groundwater). Availability of divalent cations is the
main limiting step during CO2 mineralisation in basalts [5]. Basalts of 8% average MgO correspond
to 0.087 CO2 g/g basalt converted to magnesite [3]. Abundance of Mg-olivine in the studied basalts
from the regions of Microthives and Porphyrio support their high potential for magnesite precipitation.
The relatively low alteration grade of the studied basalts provides additional advantages regarding
their potential for mineral carbonation, due to their higher carbonation grades compared to the altered
ones [72].

4.2. Groundwater Chemistry from Irrigation Wells

Chemical comparison between the groundwater samples from the studied localities indicate
that shallow groundwater is more depleted in Cl− and Na+ compared to the deep one. Cl− is a
relatively mobile element that does not incorporate into secondary minerals after being released from
the dissolution of the basaltic protolith [51]. The different Cl− contents between the analysed borehole
groundwater samples are attributed to their distance from seawater [73], origin, and circulation.
In particular, the sampling site of the deep groundwater is located closer to the Aegean Sea compared
to the shallow one. The aforementioned difference is attributed to the mixture between the deep
groundwater from Microthives and seawater and confirmed by the ionic ratios (Table 3), coupled with
the Langelier–Ludwig [74] and Piper plots [46] (Figure 6a,b). The shallow groundwater presents
similar Na–Cl contents compared to those of the groundwater from Iceland (Figure 6a). This suggests
that both water samples were not affected by mixture processes with seawater.

Table 3. Ionic ratios of water samples from the region of Microthives (mg/L) [28].

Ionic Ratio Mg/Ca Na/K Na/Cl SO42−/Cl− HCO3−/Cl− Cl−/F Cl−/Br Cl/Li Na/Li

Deep sample 0.75 35.78 0.49 0.15 1.74 369 77.0 6600 3220

Shallow sample 1.68 13.54 0.90 0.50 22.41 57.0 57.0 2167 62,583

Minerals 2019, 9, x FOR PEER REVIEW 10 of 17 

°C under acidic and neutral conditions show that the carbonation rate of calcite, magnesite, and 
siderite ranges are 10‐0.3–10‐5.81 mol/(m2/s) [63], 10‐6.38–10‐9.34 mol/(m2/s) [63], and 10‐3.74–10‐8.90 mol/(m2/s) 
[71], respectively. This further suggests that precipitation of carbonate minerals is mostly favoured 
during the late stages of the CO2 injection, characterised by lower pH values compared to the 
formation groundwater (pH: 7.3 for Microthives groundwater). Availability of divalent cations is the 
main limiting step during CO2 mineralisation in basalts [5]. Basalts of 8% average MgO correspond 
to 0.087 CO2 g/g basalt converted to magnesite [3]. Abundance of Mg‐olivine in the studied basalts 
from the regions of Microthives and Porphyrio support their high potential for magnesite 
precipitation. The relatively low alteration grade of the studied basalts provides additional 
advantages regarding their potential for mineral carbonation, due to their higher carbonation grades 
compared to the altered ones [72]. 

4.2. Groundwater Chemistry from Irrigation Wells 

Chemical comparison between the groundwater samples from the studied localities indicate that 
shallow groundwater is more depleted in Cl− and Na+ compared to the deep one. Cl− is a relatively 
mobile element that does not incorporate into secondary minerals after being released from the 
dissolution of the basaltic protolith [51]. The different Cl− contents between the analysed borehole 
groundwater samples are attributed to their distance from seawater [73], origin, and circulation. In 
particular, the sampling site of the deep groundwater is located closer to the Aegean Sea compared 
to the shallow one. The aforementioned difference is attributed to the mixture between the deep 
groundwater from Microthives and seawater and confirmed by the ionic ratios (Table 3), coupled 
with the Langelier–Ludwig [74] and Piper plots [46] (Figure 6a,b). The shallow groundwater presents 
similar Na–Cl contents compared to those of the groundwater from Iceland (Figure 6a). This suggests 
that both water samples were not affected by mixture processes with seawater. 

Table 3. Ionic ratios of water samples from the region of Microthives (mg/L) [28]. 

Ionic Ratio Mg/Ca Na/K Na/Cl SO42−/Cl‐ HCO3−/Cl− Cl−/F Cl−/Br Cl/Li Na/Li 

Deep sample 0.75 35.78 0.49 0.15 1.74 369 77.0 6600 3220 

Shallow sample 1.68 13.54 0.90 0.50 22.41 57.0 57.0 2167 62583 

The groundwater composition is also affected by the water–rock interaction during the 
circulation of rainwater through basalts [51]. 

 
Figure 6. (a) Ludwig–Langelier [74] diagram for the water sample of Microthives and the seawater 
sample from the Aegean Sea. (b) Schoeller diagram [75] for the Microthives water sample and the 
Aegean seawater [28,51]. 

Figure 6. (a) Ludwig–Langelier [74] diagram for the water sample of Microthives and the seawater
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Aegean seawater [28,51].
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The groundwater composition is also affected by the water–rock interaction during the circulation
of rainwater through basalts [51].

4.3. Indications of Enhanced Heat

Volcanic rocks in the Porphyrio and Microthives localities were developed in an extensional
back-arc geotectonic setting affected by the activity of the Northern Anatolian Fault [19–21].
This back-arc extension was evolved with respect to the active volcanic arc of the South Aegean [21]
and gave rise to the generation of Late Pleistocene basalts. The age of the magmatism is very crucial to
the determination of the heat source [76]. In particular, the active magmatism is indicative of elevated
heat sources, compared to the inactive or extinct magmatism that are associated with heat remnants
and/or additional radioactive-heat [76,77].

The back-arc extension developed in Porphyrio and Microthives localities indicates a
recent-inactive enhanced heat, characterised by the development of relatively shallow and young
magma chambers [76]. These systems are mainly developed in divergent plate margins [76],
usually including two distinct zones of different T and pH conditions [76,78–80]. In particular,
the outflow zone has a lower T and neutral-to-alkaline pH groundwaters [80] compared to the upflow,
which is more acidic [81]. In the cases of inactive magmatic sources, the produced heat is strongly
associated with crystallised, but still-cooling, magmatic bodies [76]. According to this model, the main
heat source is provided by the Pleistocene magmatic melts, whereas the presence of faults further
enhances the recharge of meteoric waters [76]. A similar heating source was developed in Hungary
as a result of a Miocene extension that caused a high thermal attenuation of the lithosphere [82,83].
In the current study, the elevated water temperatures were mainly observed close to the basaltic
rock occurrences (T = 30.2 and 23.0 ◦C for GTES-038 and GTES-040 groundwater irrigations wells,
respectively). Enhanced water temperatures are also recorded in the adjacent regions of Kamena
Vourla (Central Greece; East Thessaly) and Lichades islands (Central Greece; North Evoikos Gulf),
corresponding to 25–41.3 ◦C and 41 ◦C, respectively [84]. These regions are related to scattered volcanic
centers, which were active during the Late Pleistocene–Quaternary period, similarly to those of the
Porphyrio and Microthives localities. The above data suggest that this activity is associated with
the extensional back-arc tectonic setting. Based upon the geological mapping of the Porphyrio and
Microthives localities, coupled with the elevated temperatures of the groundwater samples (irrigation
wells GTES-038 and GTES-040), the elevated temperatures in the studied region are strongly associated
with the basalt occurrence underneath the Neogene alluvial sediments. The water pH in the Microthives
locality (pH: 7.20–7.30; [28]) and the adjacent regions of Kamena Vourla and Aidipsos (pH: 6.28 and 6.80
respectively; [85]) indicate that these waters are derived from the outflow zone, which is characterised
by a neutral-to-alkaline pH [81].

4.4. A Case Scenario for Mineral Carbonation in the Micothives Basalts

The Microthives and Porphyrio basaltic occurrences are potential sites for CO2 storage [86].
The research area is located 10 km away from the industrial zone of Volos, a significant source of
CO2 emissions. The case study scenario presented in this study is based on the results of the CarbFix
project [50,55]. Carbon storage through injection of water dissolved CO2, is a potential applicable CCS
scenario for the volcanic rocks of Microthives and Porphyrio localities.

The CarbFix method does not require the presence of a cap rock, since the dissolved CO2 is
not buoyant [55]. The process of CO2 dissolution during the injection into basaltic rocks [55] of the
Microthives and Porphyrio localities, can be enhanced due to the higher porosity that these rocks
present (average porosity: 18%). There is a strong association between the porosity and permeability
of the basaltic rocks and their alteration grade [55]. Thus, the younger and less-altered basalts are
more appropriate for CO2 storage compared to the older types. Basaltic rocks of the current study
belong to the relatively young extensional Pleistocene volcanic activity, and, hence, they were not
affected by a high alteration grade. The pH value in the groundwater from the Microthives locality is
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7.3, which is similar to that of the target zone prior to the injection of CO2 in the CarbFix project [10,50].
After the initial pH decrease, due to the mixing of the groundwater fluids with the hydrous injected
CO2, the reaction paths of basaltic glass at 25 ◦C [51] indicate that pH becomes more alkaline due to
the PCO2 decrease during the water–rock interaction.

Regarding the diffusivity of water-dissolved CO2 in basalts, we provide preliminary calculations
with Equation (12) [87]:

D = D0·ϕ
m (12)

where D is diffusion coefficient; D0 is diffusion of the water dissolved CO2, (1.92·10−5 cm2/s [88];
ϕ is porosity of basalt (0.18–0.23 for our studied basalts); and m is Archie’s coefficient, (m: 2.3 [89]).
By applying the aforementioned equation, it is estimated the diffusion coefficient ranges from
38 ×·10−8 cm2/s to 65 × 10−8 cm2/s, respectively.

One of the major parameters in the CarbFix project is the substantial quantities of water for the
dissolution of CO2 during injection [50]. Basaltic outcrops of Microthives–Porphyrio localities are in
proximity with the Aegean Sea, giving the potential for high storage capacities, due to the unlimited
seawater supply [6,50,90,91].

We provide preliminary calculations that estimate the CO2 that could be stored in the frames of
pilot projects for the two basalt locations of Microthives and Porphyrio. For this purpose, we apply the
function below:

Storage Capacity =
∑

(V × ϕ × ρ × ε) (13)

where V is the volume of the basaltic outcrop; ϕ is the average porosity = 18%; ρ is the specific gravity
of the sCO2; and ε is the sCO2 storage ratio.

The Microthives basaltic outcrop has a surface of ~8 km2; therefore, the potential pilot project can
be realised at an estimated volume of 300 m (length) × 200 m (width) × 300 m (depth) = 18 × 106 m3.
Taking into consideration the average porosity of basalts from our studied site (18%), the specific
gravity of the scCO2 (400 kg/m3; at 10 MPa and 50 ◦C [92,93]), and the scCO2 storage ratio of basalts
(5% [94]), the Microthives basaltic outcrop could store an amount of 64,800 tons of CO2. The Porphyrio
basaltic formation is smaller, and, therefore, by assuming an estimated volume of 200 m (length) ×
100 m (width) × 300 m (depth) = 6 × 106 m3, it could store a calculated amount of 21,600 tons of CO2.
The maximum capability of CO2 storage, considering the highest porosity of the studied suite (23%),
corresponds to 82,800 tons and 27,600 tons for the Microthives and Porphyrio basalts, respectively.
The size of these outcrops could serve for storage of much larger amounts of CO2 after deployment of
pilot tests.

The charged water can significantly increase the energy consumed for the CO2 injection. From the
CarbFix experience, it is evident that the cost of storage and transport corresponds to $17/ton of
dissolved CO2 injected [50,95], which doubles the cost compared to the classic CO2 injection in
sedimentary basins [50,96]. This cost is balanced by the lower monitoring after the injection period,
due to the non-buoyant nature of the mineralised CO2 [50]. The development of a cost-effective
scenario is further enhanced by the relatively short distance of the basaltic dominated areas (~10 km)
from the industrial area of Volos, reducing the cost of transport.

5. Conclusions

Pleistocene volcanic rocks are present in the region of Volos (Central Greece) and in the specific
localities of Microthives and Porphyrio. They are classified as basaltic and trachyandesitic lavas and
were formed due to back-arc extension of the Aegean Sea. Their geochemical affinities suggest that
these are alkaline basalts of OIB affinity. Results from detailed petrographic examination show that
their porosity ranges between 5% and 40% with vesicles, which, in a few rock samples, partly host
calcite. The vast majority of the studied samples exhibit porosity that ranges between 15% and 23%.

A recent-inactive magmatic heating source present in the Microthives basaltic vicinity, affected the
groundwater temperature regime. Enhanced groundwater temperatures are also recorded in adjacent
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regions with basalts of similar composition and age, suggesting that this activity is associated with
the extensional back-arc tectonic setting. Deep and shallow groundwater samples are classified as
Ca-Mg-Na-HCO3-Cl and the Mg-HCO3 hydrochemical types respectively. Measured groundwater
temperatures from irrigation wells, at depths between 170 and 250 m, reach up to ~30 ◦C.

Basalts from the region of Volos have the necessary appropriate physicochemical features to be
considered as potential sites for implementing carbon capture and storage (CCS) technologies due to
(i) low alteration grade, (ii) silica-undersaturated alkaline composition, (iii) presence of Ca-bearing
minerals, (iv) high porosity, and (v) indications of enhanced heat. The proximity of the basaltic rocks to
the sea gives the opportunity for exploitation of the unlimited water sources during the CO2 injection.
Furthermore, these outcrops are in close distance to the industrial area of Volos, providing the potential
for the development of a financially feasible scenario. Preliminary calculations suggest that potential
pilot projects at the Microthives and Porphyrio basaltic formations can store 82,800 and 27,600 tons of
maximum CO2, respectively, although their size could serve for storage of much larger amounts of
CO2 after deployment of pilot tests. Further and detailed petrological, petrophysical, geochemical,
hydrochemical, geothermal, and financial research studies are needed prior to deployment of pilot
tests in the region of Volos.
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