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SUMMARY
Work package 3 of the GECO project is devoted to developing efficient, environmentally safe, and
economically viable methods to purify the geothermal emissions and to turn captured emissions into
commercial products allowing for cost reductions through increased revenues. Specific objectives of
the work package include:
1.

Development of two-stage amine-based CO2 purification system.

2.

Development of burn and (water) scrub purification technology.

3.

Modeling an efficient ex-situ CO2 mineral sequestration process for producing construction

materials.
WP3 consists of 4 tasks; the task 3.2 “Modelling of CO2 mineralisation for construction materials”
addresses the third objective above. The aim of this task was to develop an efficient CO 2 mineral
sequestration process for making building materials taking into account different minerals and feed
materials. The efficiency of CO2 mineral sequestration in minerals is intrinsically linked to their
mineralogy. Here, we reported our work in the Tuscan serpentinites. We performed a regional survey
of ultra-mafic rocks identifying the best lithologies to accelerate CO 2 fixation processes. We provided
a geological map describing the observed outcrops. In addition, we focused our attention on the
magnesite and hydromagnesites associated to the serpentinites, as product of spontaneous carbonation.
After a complete petrological and geochemical characterization of the different lithologies and alteration
products, we performed a series of lab experiments to simulate the natural carbonation.
Dissolution experiments on serpentinized harzburgites and dunite were performed in open and closed
systems at selected pressure and temperature to measure mineral dissolution rates. Results have been
used together for reaction path modelling through PHREEQC. Finally, we identify the potential area
where to develop at industrial scale mineral CCS in Tuscany.
Overall, the task 3.2 give new important constraints on the development of mineral CCS not only on
basalts, but also in serpentinites. An efficient and safe carbonation of serpentinites could dramatically
increase the potentiality of the CO2 mineral storage.
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1. INTRODUCTION
The aim of GECO project is to advance in the provision of cleaner and cost-effective non-carbon and
sulphur emitting geothermal energy across Europe and the World. The enhanced CO2 mineral
sequestration in ultramafic rocks – such as serpentinites - represents a promising technology that allows
to capture permanently and safely CO2 emissions from geothermal power plants and to utilize the
products of the reaction as industrial or commercial material. This technology is based on the chemical
reaction of CO2 and silicate minerals and oxides rich in Mg and Ca (mainly present in mafic and
ultramafic rocks) to form stable carbonates (magnesite, calcite and dolomite) following the reactions:
MSiO 3 + CO2 = MCO3 + SiO2 + heat, where M: divalent cation as Mg, Ca, Fe, etc. Alternatively, the
reaction could be applied to oxides like brucite, a mineral that easily dissolves in water at low
temperatures.
In this framework, the IGG-CNR team of the GECO project performed a geological field study in the
Southern Tuscan ophiolites, followed by a petrological and geochemical characterization of the rocks,
lab experiments and geochemical modelling. The final results will identify the potentiality of this
application in the Tuscan Region or in similar serpentinite-rich geological setting. The idea was to
investigate the carbonation process for both in situ and ex situ mineral CCS future development. This
work complements the on-going mineral CCS in basalt in Iceland, in order to broaden the mineral CCS
potentiality.

2. NATURAL ANALOGUES OF CO2 MINERAL
SEQUESTRATION IN ULTRAMAFIC ROCKS
Our study is based on a regional survey of the ophiolite occurrences in Southern Tuscany (Italy, Figure
2-1), in the vicinity of the Castelnuovo demo site. In particular we selected two areas: Montecastelli
Pisano and Castiglioncello (Figure 2-1) where outcropping serpentinites are associated with magnesite
and/or hydromagnesite deposits. These two study-areas have been selected to: i) provide a detailed study
on the ultramafic lithologies in typical ophiolite sequences, their distribution and availability for
potential in-situ and ex-situ applications; ii) study natural systems where CO2 has been sequestered
spontaneously in ultramafic rocks. The study of natural analogues, for example low-temperature
carbonated ultramafic rocks and associated magnesite deposits, can complement laboratory and
demonstration studies and provide opportunity to constrain the boundary conditions and the
mechanisms for CO2-bearing phases to form.
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In the following sections we will first discuss the geological and geochemical features of the
Montecastelli Ophiolite Complex (MOC) which represents a typical ophiolite sequence and then focus
on two main endmembers of natural CO 2 sequestration in ultramafic rocks:
i)

formation of Mg-hydrate carbonates at low-temperature at Montecastelli,

ii)

genesis of magnesite deposits at hydrothermal conditions in serpentinized harzburgite at

Castiglioncello.

Figure 2-1 Simplified geological map reporting the study areas. The Larderello geothermal field and Castelnuovo
demonstration site locations are reported.
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2.1 Geological and geochemical characterization of the Montecastelli
Ophiolite Complex
The new data acquired in the first part of this WP, which is described in this section, led to the
preparation of a scientific article in submission to the Journal of Maps. Below we report the main
findings, where not otherwise stated the figures are from the drafted version of the article.

2.1.1 Introduction
In the vicinity of the Castelnuovo demo site (Tuscany, Italy) fluvial erosion by the Pavone river exposed
an ophiolite sequence over an area of ~12km2. This sequence derives from the Ligurian Tethys which
separated the Europa-Iberia from the Africa-Adria margins and is considered a paleo analogue of slowto ultra-slow spreading oceans, such as the South-West Indian and Artic Ridges, with spreading rates
of ~20 mm/yr, intermittent volcanism and large exposure of lithospheric mantle, with a limited supply
of magma (Piccardo et al., 2014). The evolution of the lithospheric mantle sampled by these ophiolites
can been summarised in three stages: i) the amagmatic rift stage; ii) the non-extrusive magmatic stage;
iii) the intrusive-eruptive magmatic stage (Piccardo et al., 2014). During the early amagmatic stage,
sub-continental garnet lherzolites, were decompressed and transformed in to widespread
porphyroclastic/banded spinel lherzolites. Lithospheric extension and thinning facilitated passive
adiabatic upwelling and the consequent decompression partial melting of the asthenosphere, resulting
in melt infiltrations through the lower lithospheric mantle (non-extrusive magmatic stage). Small
volumes of undersaturated melts percolated, by porous flow, along pre-existing shear zones reacting
with the lherzolites. Dissolution of pyroxene and crystallization of olivine produced masses and bands
of reactive spinel harzburgites and dunites. Due to the continuous dissolution of pyroxene, the
infiltrating melts became saturated and, moving out from the reaction zones, produced widespread
masses of plagioclase-impregnated lherzolites and veins/pods of gabbronorite (at ca. 175-155 Ma;
(Piccardo et al., 2014). The increased partial melting and the deepening of the melting zone produced
significant volumes of MORB melts that migrated to shallow levels, producing large dunite channels
by pyroxene dissolution, magma transfer zone (Montanini et al., 2012). During this intrusive-eruptive
magmatic stage, at ca. 170-150 Ma (Piccardo et al., 2014), the formation of the new oceanic crust
occurred; this, when part of the mantle lithosphere was already exhumed and serpentinized at the ocean
floor.
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2.1.2 Field geology
Fieldwork has been conducted in the Montecastelli Ophiolite Complex (MOC) to study the relationship
between the different mafic and ultramafic lithologies and to create a 1:5000 geological map. In
addition, samples for petrographic and geochemical analysis were collected (Figure 2-2). The exposed
ophiolite sequence is dominated by a main serpentinized spinel harzburgite body cut by sub-horizontally
to shallow-dipping serpentinized spinel-bearing dunite channels with thickness up to 5-10 m (Figure
2-3). Dunite channels are present across all the serpentinized harzburgite body, with a lateral continuity
which can be traced almost through the entire ophiolite exposure (Figure 2-2). Serpentinized dunite
channels in the serpentinized harzburgite can be easily recognized because of their characteristic pattern
with black reticulations of magnetite-rich veins on a yellowish-greenish background, mimicking the
frog skin (the so called “ranocchiaia” serpentinite). Locally serpentinized dunite outcrops can be
covered by a whitish coating of hydrated Mg-carbonates including hydromagnesite, nesquehonite and
Mg-Fe layered double hydroxides (Figure 2-4), representing the first low-temperature carbonation
analogue which we will discuss in section 2.2.
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B

A
Figure 2-2 1:5000 geological map of the Montecastelli Ophiolite Complex (MOC); B) Geologic cross section.
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Figure 2-3 Serpentinized dunite channel outcropping in a escarpment along the Pavone river.

Figure 2-4 Carbonated dunite outcrop, the serpentinized dunite is completely covered by hydrated Mg-carbonates.
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Figure 2-5 Gabbro dike cutting the serpentinized harzburgite body at high angle.

Figure 2-6 Panorama view of the contact between the serpentinized harzburgite (green) and basalt cover (red) exposed on
an escarpment exposed by fluvial erosion.

Locally the serpentinized harzburgite is cut by sub-vertical gabbro and basalt dikes (Figure 2-5), with
thickness ranging from few decimetres to 1-2 meters, and intruded by gabbroic laccolites, which reach
thickness of ~ 140 meters. This sequence is directly overlayed by a sequence of gabbro, basalts and
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pelagic sediments with sub-parallel contacts (Figure 2-6). Locally, the gabbro and/or basalt sequence
can be omitted, and pelagic sediments lay directly onto serpentinized lithospheric mantle. The contact
between the main spinel harzburgite body and the gabbro is sub-horizontal to shallow dipping (from 30
to 48˚) towards NE in the northern portion of the ophiolite, and becomes predominantly sub-horizontal
in the southern portion, whereas basalts have sub-horizontal contact with underlying gabbro or spinel
harzburgite. Gabbro dikes in the main harzburgite body are always sub-vertical and form swarms of up
to 10 dikes with similar orientation concentrated in relatively restricted areas (Figure 2-2). Over the
exposed ophiolite there is an iso-orientation of the gabbro dikes in the southern and central portion
showing a NE trend, whereas towards the northern termination of the ophiolite their trend is N to NW.
Gabbro dikes cut dunite lenses indicating their later emplacement. A km-scale, cataclastic zone cut
approximately the ophiolite complex in the middle (Figure 2-2) This is constituted by rounded to
angular fragments of serpentinized dunite, serpentinized harzburgite and gabbro ranging from m- to
dm- size, embedded in a soapy matrix of chlorite, Fe-rich serpentine, Ca- rich amphibole, andradite and
xonotlite. Locally the cataclastic zone hosts small Cu-Fe sulfide mineralization which were mined in
the Montecastelli Copper mine (see section 2.4). The ophiolite complex as well as the sedimentary
covers, are cut by dominant NW-striking fault systems with a dominant normal movement.

2.2 Petrographic and Geochemical characterization of the Montecastelli
Ophiolite complex
During fieldwork we collected 45 samples across the entire ophiolite sequence that have been used for
petrographic, geochemical, and isotopic analyses that complemented field observations to characterize
the distribution, abundance, and spatial relationship between mafic-ultramafic lithologies. This new data
adds to previous work conducted by Boschi et al. (2017) in the Montecastelli Ophiolite, which is
integrated below together with the new data.

2.2.1 Petrography
Serpentinized spinel harzburgite
The spinel harzburgite (
Figure 2-7 Thin sections of A) serpentinized harzburgite (MTC09) and B) serpentinized dunite (MTC12)
from the MOC. Srp=serpentine; Spl=spine; Mgt=magnetite.) is affected by a high degree of
serpentinization (>95%) with a typical porphyroclastic texture with mm-cm bastite embedded in finegrained serpentine mesh. Only locally relicts of clinopyroxene, orthopyroxene and Mg-Al spinels,
variably replaced by chromian magnetite can be found (Figure 2-8). The lack of pyroxene peaks in the
XRD spectra suggests that the occurrence of relicts is likely lower than 5% vol. The mineralogy is
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composed mainly by serpentine and magnetite, which occur as grains in the mesh matrix as well as in
late veins.

Figure 2-7 Thin sections of A) serpentinized harzburgite (MTC09) and B) serpentinized dunite (MTC12) from the MOC.
Srp=serpentine; Spl=spine; Mgt=magnetite.

Spinel dunite
The spinel dunite (
Figure 2-7 Thin sections of A) serpentinized harzburgite (MTC09) and B) serpentinized dunite (MTC12)
from the MOC. Srp=serpentine; Spl=spine; Mgt=magnetite.) are pervasively serpentinized (~100%)
and only Mg-Al-spinel relict are preserved (Figure 2-8B, C). The rock is composed of pseudomorphic
serpentine after olivine, brucite and magnetite. This assemblage is cut by veins of serpentine, brucite
and magnetite. This rock type is dominated by two main textural sub-types, both containing large
amounts of brucite:
-

Type A – characterized by pseudomorphic serpentine after olivine + Fe-rich brucite + magnetite
associated with serpentine veins;

-

Type B – characterized by non pseudomorphic serpentine + Fe-poor brucite + magnetite
associated with serpentine-brucite-magnetite veins.

In contrast to the serpentinized harzburgite, serpentinized dunite Type A shows clear evidence of
diffusive carbonation, macroscopically marked by a change in colour from dark green/black to
brownish (Figure 2-3). At a microscopic scale, Fe-rich brucite is extensively replaced by Mg–Fe
LDHs in mesh cores and rims (orange-brown in thin sections, Figure 2-8). In transmitted light, Mg–
Fe LDHs display a strong pleochroism (colourless to orange-brown; Figure 2-8) and a medium-high
birefringence. They can be easily distinguished from brucite that, also at the highest Fe-rich
composition (20 mol.% Fe(OH)2,
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Table 2-1), is colourless, not pleochroic and very low in birefringence (Figure 2-8). In addition, small
fractures (aperture up to ca. 1 mm) are filled by orange-brown Mg–Fe LDHs and minor amount of
white hydrous Mg carbonates (Figure 2-8). Dunite type B appears as an overprinting texture of the
Type A. It shows a network of serpentine-Fe-poor brucite–magnetite veins (up to a few mm thick)
surrounded by two symmetric reaction bands that pervasively recrystallize the Type A pseudomorphic
texture (Figure 2-8). Relicts of Type A dunite usually exist between the reaction bands, but locally the
replacement process goes to completion. Magnetite is abundant, as very tiny grains in the veins and in
the first portion of the reaction bands. In the inner part of the replacement domains, magnetite occurs as
a few (1 to 3) large grains (up to 5 mm). Bands with large, disseminated magnetite are almost black,
while the intervening domains with a few large magnetite grains are pale green to yellow, approaching
the translucent character of the so-called “noble serpentine”. Fe-poor brucite (either finely disseminated
or as patches) is intergrown with serpentine and magnetite both in veins and in replacement domains
(Figure 2-8). Here, the extensive carbonation could be noted as a whitening of the original blackish
magnetite-rich rock. In fact, in this rock-type, Fe-poor brucite is pervasively altered to hydrous Mg
carbonates (LDHs are scarce; Figure 2-8). Serpentine from both rock types shows an overall Fe-poor
composition (FeOtot < 2.2 wt.%;

Table 2-1), high Mg# (97 on average) and variable analytical totals (between 81 and 85 wt.%,

Table 2-1). This can be attributed either to a higher water content in the serpentine structure (up to 20
wt.% instead of the theoretical 13 wt.%) or to a micro-porous texture with nanometric voids (possibly
due to brucite dissolution; Jöns et al., 2017). Type A brucite (in mesh-cores and veinlets) shows a
high FeO content (Fe-rich brucite; 5 < Fe(OH)2 < 22 mol.%). Type B brucite is Fe-poor, with Fe(OH)2
<5 mol.% (
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Table 2-1). The sub-microscopic Fe-rich brucite–serpentine mixtures in the mesh rims (Type A dunite)
are confirmed by EPM analyses that plot at intermediate compositions. Bulk rock analyses of
serpentinized dunites show high MgO/SiO2 coupled to low Al2O3/SiO2 ratios, confirming a dunitic
nature of the protolith. They fall mostly into the dunite field range, at the intersection with the
harzburgite–lherzolite field (Figure 2-10).

Figure 2-8 Representative textural details of: A) serpentinized harzburgite; B) serpentinized dunite; C) Mg-Al spinel; D)
Serpentine+Fe-rich brucite mesh core/rim replaced by orange-brown LDHs; E) Serpentine+magnetite+Fe-poor brucite
veins and fractured by filled by LDHs and Hmg, plain polarized light (Picture from Boschi et al., 2017).
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Table 2-1 Representative EMP analyses of brucite from Montecastelli (From Boschi et al., 2017).

Figure 2-9 Chemical variability of serpentine minerals (A and B, from Boschi et al., 2017).
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Figure 2-10 Diagrams showing the chemical composition of whole rocks: A) Carbon content vs. MgO/SiO2 (From Boschi
et al., 2017).

Other lithologies in the MOC
Even though serpentinized harzburgite is by far the most abundant lithology in the MOC, followed by
serpentinized dunite, other lithologies including gabbro, basalt, and cataclastic rocks, constitute an
integral part of the ophiolite complex. Gabbro, in dikes and laccoliths, is whiteish to greenish coarsegrained and clinopyroxene-rich with plagioclase-rich (up to 80 vol%) pegmatoid lenses, forming cm to
meter-thick vertical dikes and kilometric, sub-horizontal laccoliths in serpentinized harzburgite. Basalt
is present as dikes and lava flow with greyish to greenish colour and porphyritic texture composed by
plagioclase-clinopyroxene-olivine and magnetite-ilmenite. The ophiolite complex is cut by a cataclastic
zone constituted by rounded to angular fragments of serpentinized dunite, serpentinized harzburgite and
gabbro ranging from m- to dm- size, embedded in a soapy matrix of chlorite, Fe-rich serpentine, Carich amphibole, andradite and xonotlite. Locally the cataclastic zone hosts small Cu-Fe sulfide
mineralization.

24

Document:
Version:
Date:

D3.3: REPORT ON THE CO2 MINERAL SEQUESTRATION IN SERPENTINITES
05
11 May 2021

2.3 Low temperature carbonation in the Montecastelli Ophiolite
Complex
The Montecastelli Ophiolite Complex offers two examples of low temperature spontaneous
carbonation, represented by i) the formation of Mg-hydrated carbonates selectively onto dunite outcrops
(described in section 2.3) and ii) formation of Mg-hydrated carbonates onto the exposed surfaces of
underground adits in the Montecastelli Copper Mine (described in subsection 2.4).
As discussed in the previous section, dunite in the MOC records two serpentinization events that
produced two distinct serpentinite assemblages: A) a of low-T pseudomorphic, mesh-textured
serpentine, Fe-rich brucite and minor magnetite which was overprinted by; B) a non-pseudomorphic
assemblage consisting of serpentine, Fe-poor brucite and abundant magnetite. Present-day interaction
of serpentinized dunites with slightly acidic and oxidizing meteoric water, triggers brucite dissolution
and leads to precipitation of Mg-Fe layered double hydroxides (coalingite-pyroaurite-LDHs) and
hydrous Mg carbonates (hydromagnesite and nesquehonite). Instead, brucite-free serpentinized
harzburgite is not affected by carbonation processes. This results in serpentinized dunite outcrops coated
by whitish hydrous Mg-carbonates and orange-brown Fe–Mg Layered Double Hydroxides (LDHs;
pyroaurite–coalingite) and aragonite. Precipitation of carbonates and LDHs is strongly variable, from
very thin coatings to dense, massive, and pervasive encrustations and fracture infillings. The most
fractured rocks are affected by the thickest hydrous Mg-carbonate infill. This assemblage can also
propagate into open fractures in the dunite outcrops up to decimetres into the rock. During the fieldwork
season we have assess that the newly exposed “fresh” serpentinized dunite becomes coated by hydrous
Mg-carbonates in only few weeks to months.

2.3.1 Field observations
The serpentinite outcrops cut by the Pavone river in the MOC are strongly fractured and several unstable
escarpments with active rockfalls/landslides are widespread. The area where we have focused our study
of spontaneous carbonation is characterized by a large and steep escarpment (slope area 30.000 m 2;
average height ~150 m), located on the western side of the Pavone River (Figure 2-11). Here, the typical
dark serpentinites are characterized by several spots of whitish carbonated zones (5–20 m2) cropping
out at different elevations. The lowermost and easily accessible whitish outcrop was selected for this
study. It is represented by a decametric hillock with persistent spring water issuing at its top (Figure
2-12). The spring water partially percolates through the fractures of the underlying serpentinite body
significantly wetting the rock and the newly formed carbonates, also during the dry seasons. The
carbonated hillock consists of highly fractured serpentinized dunites embedded in serpentinized
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harzburgites. External surfaces and fractures are coated and filled by variable amounts of whitish
hydrous Mg-carbonates (mainly hydromagnesite with minor nesquehonite), orange-brown Fe–Mg
Layered Double Hydroxides (LDHs; pyroaurite–coalingite) and aragonite (Figure 2-12). Precipitation
of carbonates and LDHs is strongly variable, from very thin coatings to dense, massive and pervasive
encrustations and fracture infillings. The most fractured rocks are affected by the thickest hydrous Mgcarbonate infill. Serpentinized harzburgites all around the carbonated hillock show thin hydrous Mg carbonates as external coatings, together with the occurrence of large prismatic aragonite crystals,
partially filling wide fractures. Aragonite is significantly less abundant compared to the Mg-rich
carbonates. Each year landslides remove several hundred m 3 of the escarpment, producing a progressive
retreat of the slope surface. These landslides, together with the digging activity of mineral collectors,
continuously expose dark and “fresh” surface of serpentinite. Periodic surveillance of the outcrops
indicates that the newly exposed surface becomes coated by hydrous Mg-carbonate in only a few weeks
to months.

Figure 2-11 Detail map of the MOC showing the study area (see Figure 2-12).

We have also focused on a mine dump produced during the activity of the Montecastelli Copper mine.
Here the majority of the underground works were developed between 1842 and 1890, while during the
20th century exploration/exploitation activities were strongly reduced. The exploration of the Cu–Fe
ore deposit during the 19th century was conducted by excavating crosscut drifts and level adits throughout large volumes of barren rocks and mineralized cataclastic rocks. In spite of the negligible ore
production, a large amount of rock waste was produced and accumulated in mine dumps near the en trance of the main adits. Most of the mine dumps were formed ca. 150 years ago and, in many cases,
were progressively covered by a thin layer of soil and locally colonized by vegetation (oak trees). The
small dump at the entrance of the uppermost crosscut adit (Santori adit; 245 m a.s.l.) has been recently
flooded and eroded by a creek that exposed a vertical section where the complete stratigraphy, down to
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the substratum, is recorded. The dump is about 100m 2 wide and up to 6m thick (Figure 2-12). It can be
schematically divided into three layers:
i.The bottom layer, 1 to 4 m thick, is made up of large clasts of serpentinized harzburgites (up to 60 cm
in diameter) with large voids between clasts. This layer probably resulted from the excavation of the
barren host rocks at the footwall of the orebody;
ii.The intermediate layer, ranging from 10 cm to 1 m in thickness, that consists of clasts of the barren
serpentinite host (dunites and minor harzburgites), the cataclastic zone and Cu–Fe sulphide ore set in a
very fine- to fine-grained matrix of similar composition (Figure 2-12);
iii.The uppermost layer, 15–40 cm thick, is made up of poorly de- veloped soil, alternating with minor
quantities of serpentinized harzburgite clasts and tree roots.

On the distal part of the mine dump, the bottom layer disappears and the intermediate layer contains
fewer large clasts that become more fine-grained, while the upper layer has been largely removed by
erosion (Figure 2-12). The whitish incoherent intermediate layer, as well as the distal part of the mine
dump, are characterized by widespread friable aggregates of hydrous Mg-carbonates coating the surface
of serpentinite clasts and forming the fine-grained matrix, that acts as a weak cement. Most of the
serpentinized dunite clasts show tiny fractures filled by LDHs and hydrous Mg-carbonates. Clasts
derived from the mineralized cataclastic zone (gabbro, Cu-Fe sulphides, fault gouge) are less affected
by the precipitation of hydrous Mg-carbonates. Sampling activity and erosion locally exposed dark and
fresh surfaces from broken serpentinite clasts. The newly exposed surfaces, as observed for the
escarpment area, become coated by hydrous Mg-carbonates in few weeks to months. We selected
representative samples of clasts and matrices from the intermediate layer for a detailed mineralogical,
petrographic and geochemical study of the hydrous Mg-carbonate precipitates and of the different clast
rock types.
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Figure 2-12 Carbonated outcrops: A) Serpentinite-dominated escarpment showing at its top the carbonated hillock and
the spring; B) Close-up view of the carbonated hillock; C) Example of the complex carbonate vein network and carbonate
crusts characterizing the carb carbonated hillock; D) Distal part of the carbonated mining dump; E) Example of
serpentinite clasts coated by hydrous Mg carbonates in the mining dump (Figure from Boschi et al., 2017).
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Figure 2-13 Macroscopic images of idiomorphic crystals/aggregates of carbonates from Montecastelli. A) Close-packed
rosettes of early hydromagnesite growing on LDHs and serpentinite host; fracture from Type A serpentinized dunite; B)
Different aggregates of early hydromagnesite: larger loosely-packed rosettes of lenticular crystals on top of smaller closepacked rosettes; fracture from Type B serpentinized dunite; C) Tiny needles of nesquehonite implanted on a rosette made
of sharp hydromagnesite blades; fracture from Type 2b serpentinized dunite; D) Prismatic crystals of aragonite from a
large fracture in serpentinized harzburgite (Type 1); E) Serpentinized dunite clast (Type B) partially altered to
hydromagnesite. On the surface, a mm rosette-shaped hydromagnesite crust is formed; F) Early precipitation of
hydromagnesite (Hmg-I) overprinted by a late hydromagnesite coating (Hmg-II) (Figure from Boschi et al., 2017).

2.3.2 The carbonate assemblage
The layered double hydroxides (LDHs) are characterized by structures in which brucite-like layers carry
a net positive charge, due to the partial substitution of trivalent octahedrally coordinated cations (e.g.,
Fe3+, Al3+, Cr3+) for divalent cations (e.g., Mg 2+), giving a general layer formula of [(M2+1-x
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M3+x)(OH)2]x+. The positive charge is balanced by a variety of anions (e.g. CO 32-, SO42-), which are
intercalated between the layers. LDHs show a wide range of polytypism–polysomatism (also at the scale
of a single crystal) that, at a first instance, arises from the different ways the brucite-like layers can
stack. For these reasons, LDHs characterization needs multiple methods involving XRD, TEM, mineral
chemistry, Raman/IR spectroscopy, Mössbauer spectroscopy and other techniques. In this contribution,
LDHs were mainly characterized by optical microscopy, EPMA and micro-Raman (￼Figure 2-14 but
some grains were also separated for XRDP characterization (￼Figure 2-15. As mentioned previously,
LDHs occur mainly in Type A serpentinized dunites and are less abundant in Type B. They are
documented by Mg2 +–Fe3+ carbonates showing chemical, spectroscopic and XRD characteristics
ranging from pyroaurite to coalingite (￼Figure 2-15. Most of the Montecastelli XRD patterns are
consistent with pyroaurite although their chemical composition (i.e. their MgO/MgO + FeO
ratio;￼Figure 2-15 ranges from coalingite to pyroaurite. In some samples, it spreads towards higher
Fe-rich composi- tion, similar to the questionable species “muskoxite”. Under the laser beam, the
Montecastelli Mg–Fe LDHs are rapidly deteriorated but produce Raman spectra that are easily
distinguishable from those of brucite, serpentine and other potential LDHs such as hydrotalcite.
Disseminated Mg–Fe LDHs in mesh cores (from Type A serpentinized dunites) preferentially replace
Fe-rich brucite. Large relicts of brucite can be recognized in transmitted light, and tiny relicts of this
mineral often survive also inside the LDH grains, as indicated by the occasional collection of mixed
Raman spectra. LDHs also replace serpentine–brucite intergrowths in mesh rims. This process is not
detectable in transmitted light but is indicated by mixed serpentine– LDH–brucite Raman spectra and
by the deviation of EPM analyses from the serpentine–brucite field towards the average composition of
LDHs (

Table 2-2). LDHs are also observed as infilling of tiny fractures in the rocks. Completely filled veins
show a packed aggregate of subhedral tabular prismatic crystals with typically strong pleochroism and
cleavage cracks on (001). Sometimes the fractures were only partially filled and LDHs grew in open
spaces as platelets with perfect euhedral morphology. Partially filled fractures and re-opened veins
frequently record a later crystallization of hydromagnesite, as both delicate fibrous-radiating spray-like
aggregates and fibrous aggregates oriented parallel to the vein boundaries. LDH crystals overgrown by
hydromagnesite did not record any detectable alteration. There is no systematic chemical variation
between LDHs from dissemination and fracture infill, while LDH analyses with Fe excess have been
measured in crystals from a re-opened vein showing late oxidation effects. Most of the LDH crystals
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from the latter vein are darker than usual. They show anomalous Raman spectra where the diagnostic
coalingite–pyroaurite peak shows an irregular and flat shape, and in some cases no peaks at all.

Figure 2-14 Representative MicroRaman spectra of mineral assemblages studied at Montecastelli. Reference peaks are
from RRUFF Project website: www.rruff.info (Figure from Boschi et al 2017).

Hydrous magnesium carbonates are represented by hydromagnesite and nesquehonite. XRDP,
microRaman and EPMA data indicate that hydromagnesite is the most common phase at the escarpment
and mine dump, while nesquehonite was identified in a few samples from the escarpment outcrop,
typically associated with hydromagnesite (Figure 2-14; Figure 2-15). In nature, hydromagnesite is by
far the most common (and the most stable under atmospheric conditions) mineral among the
magnesium-hydrous carbonates, followed by the metastable nesquehonite. Both minerals form at
ambient temperature (15°C), although it is generally reported that nesquehonite is more readily formed
at 25°C, particularly under relatively high CO 2 pressures, while hydromagnesite occurs at comparatively
higher temperatures (Gautier et al., 2014). Hydromagnesite shows three different modes of occurrence
both in the escarpment and the mine dump: 1) Replacement of rock mass; 2) Infill in rock fractures; 3)
Coating and encrustation at exposed surfaces.
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.

Figure 2-15 Powder X-ray diffraction plots, intensity (count) vs. 2θ (degrees), of A) Brucite-rich serpentinized dunite
(sample Tp 109) and B) A carbonate crust (sample Tp 210d) (Figure from Boschi et al 2017).

1.

The first carbonation occurrence mainly affects Type B serpentinized dunites (rich in Fe-poor

brucite). Replacement of brucite by hydromagnesite is macroscopically detectable on freshly broken,
dry surfaces due to the whitening effect. Fine-grained, interpenetrating aggregates of hydromagnesite
platelets variably replace the brucite grains intergrown with serpentine and magnetite both in veins and
in non-pseudomorphic aggregates. Rarely, fibrous-radiating aggregates of hydromagnesite were
observed, which were identified using MicroRaman spectroscopy. When the crystal-size of
hydromagnesite is extremely fine, light absorption is strong and carbonated domains have in plain
polarized light a distinctive pale-brown colour. Locally, hydromagnesite replaces Fe-rich brucite in
mesh cores in Type A relicts at the direct contact with the Type B veins. In this case, hydromagnesite
is associated with abundant LDH grains.
2.

Fractures of variable width in both Type A and Type B serpentinized dunites host the second

type of hydromagnesite. In this case, hydromagnesite fills the fractures or occurs along fracture walls
as continuous crust or isolated aggregates, leaving an open space in the axial zone. These crystals show
variable size and habits (flat needles, blades, platy/lenticular). They form a large variety of aggregates
depending on nucleation substrate (fracture walls, previously formed hydromagnesite aggregates, tiny
clasts of serpentinites filling the fissures), nucleation site density, and crystal packing. In several
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samples, a recurrent textural evolution has been observed. An early precipitation of hydromagnesite
(Hmg-I) starts with close-packed aggregates of flat needles, growing perpendicular to the fracture walls.
They form continuous comb crusts (less than 1 mm in thickness) or isolated globules and/or botryoidal
aggregates on the vein walls (Figure 2-16). Locally, the size of the crystals increases (up to 1 cm in
length), and the aggregates become more loosely packed, producing different types of rosettes and 3D
sprays made of either sharp blades or lenticular crystals (Figure 2-16). In fractures of Type A
serpentinites, hydromagnesite can be associated with LDHs and rarely with tochilinite. In these cases,
LDH is the first precipitating phase, followed by tochilinite and then by hydromagnesite. In fractures of
Type B serpentinites, hydromagnesite is the only detectable phase. Nesquehonite was rarely identified
and occurs as scattered tiny prismatic crystals and loosely packed aggregates of relatively thick
columnar crystals, growing on top of hydromagnesite aggregates. The single magnesium-free mineral
found in this occurrence is aragonite whose 3D sprays of tiny needles have been very rarely observed
as a pre-hydromagnesite precipitate.
3.

Finally, the third occurrence takes place at exposed surfaces of outcrops and around clasts from

the internal voids of the mine dump. The carbonate precipitation follows that same textural evolution
as previously described for the occurrence. More or less continuous hydromagnesite crusts, with
variable thickness and external surface morphology (from planar to botryoidal) could be associated with
minor LDHs and rare nesquehonite. Sometimes a late additional hydromagnesite precipitation (HmgII) produces fragile and earthy coatings that are easily pulverized between the finges. The coating is
made of irregular aggregates of tiny equant or slightly elongated hydromagnesite crystallites (50–
800 nm), occasionally associated with serpentine fibres. Locally, some crystallites increase in size (up
to few um) producing platy morphologies and merging into a continuous, apparently, smooth surface
that mantle earlier hydromagnesite rosettes. In the mine dump, voids between clasts are partially filled
by a fine-grained serpentinite matrix that is usually cemented by hydromagnesite. The resulting
microbreccia-like aggregate is made of a 3D aggregate (botryoidal) of tiny rosettes having numerous
inclusions and small seed-like serpentinite clasts. All these aggregates are made of tiny lenticular/platy
crystals. Chemical compositions of hydrous Mg carbonates are consistent with those of hydromagnesite
and nesquehonite, although some scattering suggests the presence of metastable phases
4.
5.
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Table 2-2.

Table 2-2 Representative EPM analyses of Mg–Fe layered double hydroxides (pyroaurite–coalingite) from Montecastelli
(From Boschi et al 2017).
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Figure 2-16 SEM-SE photos of hydrous Mg carbonates. A) Crust and botryoidal aggregates of early Hmg made of
lenticular crystals; B) Detail of an early Hmg rosette made of sharp blade crystals; C) Prismatic crystals of Nsq
overgrowing a crust of early Hmg (Hmg-I); D) Early Hmg crusts (Hmg-I) coated by a very fine grained crust of late Hmg
(Hmg-II); E) Detail of late Hmg (Hmg-II) coating lenticular crystals of early Hmg (Hmg-I); note the variable size of
crystallites and some Srp fibres coated by Hmg; F) A rosette of early Hmg entirely coated by late Hmg; in the inset a
detail of coating with crystallites merging in a continuous smooth crust. (Figure from Boschi et al., 2017).

2.3.3 Spontaneous carbonation of serpentinized dunite
The ongoing carbonation at Montecastelli is controlled by the presence of extensive amounts of both
Fe-rich and Fe-poor brucite in serpentinized dunite bodies (Types A and B) and triggered by the presentday infiltration of meteoric water. Serpentinized harzburgites, lack any carbonation effect. Minor
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hydromagnesite is related to the migration of water that previously reacted with nearby dunites. Brucite
is known to be a mineral that easily dissolves in water at low temperatures, four orders of magnitude
faster than olivine and chrysotile (Beinlich and Austrheim, 2012). (Klein and Garrido, 2011) reported a
thermodynamic model of serpentinite carbonation indicating that brucite, when present (in serpentinized
peridotites with molar olivine/orthopyroxenes ratio > 1), is always the first phase reacting with dissolved
carbon to form Mg-carbonates (i.e., magnesite at T > 100°C; hydrous Mg-carbonates at T < 80-60°C;
(Hopkinson et al., 2012). The modal proportion of brucite in the serpentinites appears to be the main
parameter among others (i.e., humidity; temperature; proportion of CO 2 in the air; microbial activity;
watering frequency; particle size) determining the maximum storage capacity of CO 2 (Pronost et al.,
2011). The Montecastelli serpentinized dunites have a high, yet variable, modal brucite content (in the
range 10-20 %; from petrographic and diffractometric estimates) that is consistent with available
estimates for other serpentinized dunites worldwide (Hyndman and Peacock, 2003). The dissolution of
brucite in water is a surface–controlled reaction accelerated by the presence of organic/inorganic ligands
(Pokrovsky and Schott, 2004). Ligands that promote brucite dissolution are those that form protonated
ions at neutral to weakly alkaline pH (e.g., HCO3- at pH ≈ 8.5, Figure 2-17). Deprotonated ions (e.g.,
CO32-) inhibit dissolution, usually enhancing carbonate precipitation (at pH > 9). The Montecastelli
local meteoric waters (Bedini, 2016) show normal slightly acidic pH, while several spring waters
discharged from serpentinized harzburgites in our area have been significantly modified in their pH (up
to pH = 7.5-8.5). Locally, in the Montecastelli ophiolite complex spring water issued from serpentinized
harzburgites nearby the carbonated dunite outcrops has a pH of 8-8.5. At this pH, the predominant
carbonic species is HCO3- and the water has the maximum potential to dissolve brucite in serpentinized
dunites. We suggest that infiltration of slightly alkaline HCO 3_dominated waters into the serpentinized
dunites induces brucite dissolution, and, depending on water/rock ratio, the progressive further increase
of pH in solution (Figure 2-17). At higher pH, the stable CO 32- enhances the observed carbonates
precipitation.
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Figure 2-17 Interpretive qualitative diagram for the water/rock interaction processes occurring at Montecastelli. The
sequential interactions between meteoric water, serpentinized harzburgites and serpentinized dunites are shown together
with the main dissolution/p dissolution/precipitation processes occurring at different pH values. The proposed sequence
reflects field, petrographic and chemical data collected at Montecastelli (Figure from Boschi et al 2017).

Our results show that serpentinized dunite containing Fe-rich brucite react with fluid to produce a
carbonate assemblage dominated by LDHs and minor amounts of hydromagnesite, whereas dunites
characterised by a Fe-poor brucite assemblage produce a large amount of hydromagnesite and minor
amount of LDHs. Considering the stichometry of the reactions, the dissolution of one mole of Fe-rich
brucite and the sequestration of 0.26 mol of CO 2 by precipitation of 0.1 mol of pyroaurite and 0.04 mol
of hydromagnesite. In contrast, the consumption of one mole of Fe-poor brucite sequesters an amount
of CO2 2.6 times larger than when Fe-rich brucite is considered. The maximum efficiency for CO 2
mineral sequestration is reached in the case of pure brucite. Unfortunately, most of the natural brucite
occurences host Fe-rich brucite. Ideally, for maximising the CO2 sequestration potential LDH formation
should be inhibited, for example by inducing an early precipitation of Fe hydtoxides and maximise the
precipitation of hydromagnesite.
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2.4 Underground carbonation of mine adits in the Montecastelli Copper
Mine
Together with the low-temperature carbonation system described in the previous section (2.3) we have
also identified a new low-temperature carbonation occurrence, represented by spontaneous precipitation
of hydrous Mg carbonates onto the entrance walls (i.e., “adit) of the abandoned Montecastelli Copper
Mine. The new data we have collected during the study of this new occurrence led us to the publication
of a research article in journal “Mineral”, as result of GECO project. Below we report a shortened
summary of the new findings, all the figures and tables in this section are from the publishhed article:
Spontaneous Serpentine Carbonation Controlled by Underground Dynamic Microclimate at the
Montecastelli Copper Mine, Italy. Minerals 10, 1. Boschi, C., Bedini, F., Baneschi, I., Rielli, A.,
Baumgartner, L., Perchiazzi, N., Ulyanov, A., Zanchetta, G., Dini, A., 2020.

2.4.1 The Montecastelli Copper Mine
The Montecastelli copper mine consists of about 1500 m of adits and drifts distributed over three levels
from 195 m to 245 m above sea level (a.s.l.) connected by a main shaft and smaller inclined shafts
(Figure 2-18) The three main adits have been excavated in serpentinized harzburgite and dunite
reaching a NW-trending mineralized cataclastic zone from which the surface (ca. 320 m a.s.l.) plunges
towards NE. The entrance of the uppermost level (Santori adit) is located at 245 m a.s.l and it is
connected by an inclined shaft to the intermediate level (Isabella adit, 215 m a.s.l). Both adits are
excavated through serpentinized harzburgite, with a progressive increase of serpentinized dunite and
gabbro lenses towards the mineralized cataclastic zone. A vertical internal shaft connects the Isabella
adit to the lowermost level of the mine, the Ribasso adit (205 m a.s.l), which emerges 700 m further
north in the Pavone valley. The Isabella adit offers the best and safest exposures of the ultramafic host
rocks, crosscutting about 200 m of serpentinized harzburgite and reaching the footwall of the
mineralized cataclastic zone. The intermediate part of this adit, between the entrance and the main
internal shaft, displays walls and ceiling covered by white to creamy-white crusts composed mainly of
carbonates (Figure 2-19).
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Figure 2-18 Cross section of the Montecastelli copper mine, showing the geological features and the overall air
circulation pattern during the two main upward (winter) and downward (summer) airflow stages.

Figure 2-19 Isabella adit of the Montecastelli mine. (A) View of the adit looking inward where the white coating of
hydromagnesite + kerolite and aragonite is visible and (B) view from the adit looking outward where the with coating is
not visible.
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Whitish crusts are noticeable looking inward into the Isabella and Santori adits (Figure 2-19A); whereas
they are not visible looking outward from the adits (Figure 2-19B). The Ribasso adit is flooded and
observations there have been precluded. Although dripping water has been locally observed and
sampled, there is no direct spatial association between carbonate crusts and fractures discharging
dripping water. Most of the walls covered by carbonates are homogeneously wet and they do not display
any laminar water flow; they resemble cold surfaces covered by condensed water. The hill hosting the
mine is covered by a pine and oak forest and variably well-drained soils rich in organic matter. The soil
allows a significant infiltration of meteoric water inside the fractured serpentinites, forming small
confined aquifers which, in turn, slowly feed small perennial drippings along the underground walls, as
well as small pools on the floor. The average external air temperature at Montecastelli displays a typical
seasonal variation with a maximum of 25˚C during August and a minimum of 6 ˚C during January and
February (Figure 2-20).

Figure 2-20 Diagram showing the annual cycle of external air temperature (average mean, maximum, and minimum), the
air temperature in the cave, and other meteorological data with respect to the microclimatic dynamic conditions observed
in the underground system.

The maximum humidity of the external air and soil is reached during the rainy season, from October to
the end of April, while the period between mid-June and late August is characterized by severe soil
aridity. Air temperature and humidity inside the mine are relatively constant throughout the year (15 to
17˚C and 80% to 100%), with major fluctuations near the entrance of Isabella and Santori adits. Owing
to the configuration of the mining works, the Montecastelli mine can be classified as a dynamic
underground complex where ventilation is triggered by the so-called “chimney effect”. The difference
in elevation between the uppermost adits (Santori and Isabella) and the lowermost adit (Ribasso)
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triggers the air circulation, which changes seasonally. During summer, the relatively cold air inside the
mine flows out from the lowermost adit, drawing in warmer and drier air from the outside through the
uppermost levels, downward airflow (Figure 2-18). Contrarily, during the winter, the relatively warm
air inside the mine flows out from the uppermost adits (upward airflow), drawing in colder and humid
air from the outside through the lowermost level (Figure 2-18)The direct, on-site observation of stagnant
circulation during April to May and during October (weak or zero airflow), complies with the
intersection between the annual cycle of external air temperature and the almost constant air temperature
in the cave (Figure 2-20). The Montecastelli underground system behaves like many multiple entrance
karst undergrounds placed at midlatitudes, but with a major difference of decoupling between air and
water circulation. Airflow is strictly controlled by the topography of the adits/shafts network coupled
with the annual cycle of external air temperature, while the lack of large vertical fractures in the
overlying rock mass (typical of carbonate-hosted karst systems) precludes the direct arrival of CO 2 enriched air during the spring and summer time. Contrarily, meteoric water interacting with soils above
the mine can dissolve an aliquot of soil CO 2, bringing it into the mine by slow infiltration through a
network of tiny fractures. The lack of a massive influx of CO 2-rich air during the warm season is pivotal
to the understanding of mechanisms of serpentinite carbonation along the Isabella adit.

2.4.2 Wall carbonate coating
The mineral paragenesis forming the wall coating, identified by XRD and EMP analyses, is represented
by hydromagnesite, with minor aragonite and a Mg-rich clay silicate. Macroscopically, hydromagnesite
occurs mostly as coatings, crusts, and spherules lining the rock surfaces and tiny fractures propagating
for a few millimeters into the serpentinite walls (Figure 2-21). Coatings, crusts, and spherules can have
a large areal extension but with a limited thickness, up to few millimeters.
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Figure 2-21 Examples of carbonate coatings: (a) Hydromagnesite - kerolite coating (first precipitation), (b)
hydromagnesite rosettes (second precipitation), (c) early precipitation of hydromagnesite along the rock fractures, and (d)
preferential precipitation of hydromagnesite on the surfaces facing outwards of the mine adit.

Figure 2-22 Microphotographs of various carbonate occurrences showing: (a) Banded hydromagnesite and kerolite; (b)
aragonite spherules growth onto carbonate coating + bastite porphyroclasts; (c) carbonate coating composed of
hydromagnesite, kerolite, and late aragonite; and (d) overgrowths of banded hydromagnesite.
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Figure 2-23 SEM images and X-ray element distribution maps of wall incrustations: (a) Secondary electron (SE) image
showing intergrowth of lenticular crystals of hydromagnesite on the outer layer of the crusts; (b) backscattered electron
microscopy (BSEM) image showing the serpentine fines embedded into hydromagnesite  kerolite. Kerolite layers are
distinguishable from hydromagnesite layers because they appear light grey in color in the BSEM images; (c–f) BSEM
images (c and e) and X-ray element distribution maps for Si (d and f) showing the following: (i) serpentinite substratum,
(ii) serpentinite fines at the external surface of the rock, (iii) hydromagnesite and kerolite layered crust, and (iv) late
hydromagnesite rosettes. The yellow color in figures 8d,f highlights the presence of kerolite layers and serpentinite fines
on the wall surface.

At the microscale, two episodes of hydromagnesite precipitation are recognized (Figure 2-21; Figure
2-22; Figure 2-23). The first precipitation is characterized by hydromagnesite layers alternated with
Mg-rich clays layers (with thicknesses ranging from 100 µm to <5 µm; Figure 8). In particular, the Mgclays layers, generally deposited in the late stage, and showed an irregular and wavy texture with the
presence of shrinkage cracks (<5 µm in width). The second episode of precipitation formed an aggregate
of hydromagnesite rosettes, each made by fibrous-radiating acicular crystals (with size ranging from ~1
to >8 µm). This generation forms an external coating, distinguished from the early precipitation by a
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strong increase in porosity (Figure 2-23). Minor amounts of anhedral aragonite (with size ranging from
~500 µm to a few micrometers) have been observed in association with both hydromagnesite µm
(Figure 8). We found partially dissolved serpentine fines, with a size variable from 5 to 200 microns,
forming a layer between the serpentinite and the crusts (Figure 2-23). This powdered serpentine was
most likely produced during the mine excavation. The chemical composition of Mg-clays can be
attributed to either stevensite or a hydrated and highly disordered variety of talc-like phase, named
“kerolite” Mg3Si4O10(OH) 2*nH2O. Kerolite-like minerals are usually associated with carbonates
derived from alteration of ultramafic rocks at high pH (Léveillé et al., 2002),whereas stevensite is more
common in low pH environments. In addition, the XRD data points to the presence of “kerolite” rather
than stevensite. “Kerolite” has previously been found mixed with poorly crystalline serpentine, both in
natural settings and in experimental reaction products. The term ”deweylite” has been used to describe
intimate mixtures of a fine-grained, highly disordered, kerolite-like mineral and a disordered serpentine
mineral, typically chrysotile, in varying proportions. This is in agreement with our variable chemical
analyses, indicating an excess of Mg and a deficiency of Si, probably because of the presence of
serpentine and (or) disordered kerolite.

2.4.3 Chemical Composition of Mine Waters
Waters emerging from the mine walls and ceiling have a mean temperature of ~17.5˚C and a pH of ~8.4
throughout the year and can be classified as bicarbonate-magnesium type waters, because of their high
Mg2+ and HCO concentrations, ranging from ~90 to 132 mg/L and ~7.7 to 10.0 mg/L, respectively
(Table 2-3; Figure 2-24) and show low Ca/Mg molar ratio (<0.04, Figure 10a). In the Mg-SiO2-HCO3
triangular diagram (Figure 2-24), a mixing line between an aqueous phase in equilibrium with
carbonates and Mg-rich silicates is reported. Mine waters fall to the left side of the line, indicating that
such waters are in equilibrium with hydrous Mg-carbonates. Mine waters show low concentrations of
trace elements, locally below detection limits, as reported also in other emerging waters in Tuscany
(Langone et al., 2013).
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Table 2-3 Chemical composition of mine waters

Figure 2-24 Chemistry of mine waters. (a) Mg vs. Ca plot computed from concentrations in meq/L and (b) Mg-SiO2HCO3 triangular plot, computed from concentrations in mg/L. Red triangular points represent from another mine
excavated in serpentinites from Southern Tuscany (Querceto, [11]) and stairs represent the expected compositions of
aqueous phases controlled by CO2-driven dissolution of Mg-bearing solid phases (i.e., sepiolite, talc, serpentine, and
hydrated carbonates).
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Significant amounts of Cr (~24 ppb), Sr (~20 ppb), Ba (~85 ppb), Fe (~25 ppb) and Zn (~7 ppb) have
been detected (Table 2-3). Other trace elements (Ni, Mn, B, V, Al, Th, and U) have very low
concentration between <0.01 and up to 5 ppb. The pCO 2 and saturation indices (SI) of the relevant
phases (hydromagnesite and aragonite) were calculated using the chemistry of mine waters using the
PHREEQC code. Mine waters 2, collected near the carbonate crusts, show log pCO2 varying from –
3.06 to –3.04 and they are undersaturated with respect to hydromagnesite (SI hmg ~–4.81) and saturated
with respect to aragonite (SIarag –0.03).
Table 2-4 CO2 concentration measured along the mine adits.

Table 2-5 Saturation indeces of hydromagnesite and aragonite, pH and Mg/Ca molar ratio of dripping and condensed waters
computed in PHREEQC.

2.4.4 Spontaneous precipitation of carbonate wall coating
Underground environments, such as mine adits and natural caves, have peculiar characteristics, such as
an almost constant temperature throughout the year, high humidity, and seasonal variation of the
direction of ventilation (Fairchild and Baker, 2012). Cyclical variations of these parameters can enhance
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CO2 degassing, as well as water evaporation and condensation that can trigger carbonate precipitation
(Fairchild and Baker, 2012). Even though the formation of underground carbonate concretions in natural
caves has been well understood, the formation of various types of concretions in mining underground
works, especially with ultramafic substratum, is still lacking a thorough investigation. The study of this
latter type of concretion in an ultramafic underground environment, such as the Montecastelli Cu mine,
can give the opportunity to explore the peculiar conditions at which CO 2-rich water spontaneously react
with serpentinite rocks.

2.4.5 PHREEQC Models
Petrographic and XRD data shows that the wall coating paragenesis in the Montecastelli mine is
composed of hydromagnesite, kerolite, and aragonite precipitated (Table 2-6). In order to understand
whether the coating precipitated directly from dripping 11waters we performed geochemical modelling
with PHREEQC using as starting fluid waters emerging from the fractures in the mine wall close to the
carbonate crusts (mine water 2). Our model indicates that the CO 2-rich dripping water (log pCO 2 = 3.05) moves towards equilibrium with the pCO 2 of the mine atmosphere (log pCO 2 = -3.40
corresponding to ~418 ppmv) measured along the mine adits (Table 2-4). After the pCO2 of the dripping
water equilibrates with that of the mine, it becomes saturated with aragonite (SIarag = 0.25) and
undersaturated in hydromagnesite (SIhmg = -3.09). Aragonite supersaturation (SI > 0.45) is reached
through evaporation (more than 20%, Table 2-5), allowing its precipitation. Dripping water becomes
supersaturated in hydromagnesite (SI = 0.46) with higher incremental evaporation (more than 55%),
letting hydromagnesite precipitation after aragonite. Therefore, the observed mineral paragenesis of the
wall coating, where hydromagnesite is the first phase to precipitate, cannot be generated directly from
dripping waters. Previously, it has been shown that the formation of Mg-carbonate wall coating in
underground mines, excavated in ultramafic lithologies, can also occur through direct precipitation from
dripping waters (Beinlich and Austrheim, 2012). However, the dripping waters in this case (Beinlich
and Austrheim, 2012) interacted mainly with brucite, and therefore became enriched in Mg 2+ but not in
Ca2+ (0.36 to 1.02 mg/L) or Si4+ (0.0 to 9.3 mg/L) which prevented the precipitation of aragonite and
kerolite. At Montecastelli, instead, dripping waters interacted prevalently with serpentinized
harzburgite, and in a minor amount with gabbro lenses which outcrop in the area, therefore, they became
relatively enriched not only in Mg 2+ but also in Ca2+ (5.4 to 8.7 mg/L) and Si (13.6 to 32.4 mg/L). An
alternative model has been elaborated considering the water film on the adits’walls that could have been
derived from evaporation of dripping and pooled waters, as well as by ingress of humid air from outside.
The chemical composition of this “condensed” water is assumed corresponding to a distilled water
(Mg2+ ≤ 0.01, Si4+ ≤ 0.01, and Ca2+ ≤ 0.01 in mg/L) in equilibrium with pCO 2 of the air in the mine. We
hypothesized that the condensed water became enriched in ions after the dissolution of serpentine fines
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and the equilibration with pCO 2 of the air. The mineral paragenesis, dissolution reactions, and
equilibrium constants (log k) at 25˚C and 1.013 bar are listed in Table 2-7. Our model shows that the
condensed water on the mine walls after interacting with the serpentine fines would have a content of
Mg2+ ~22mg/L, SiO2 ~36.2mg/L, and HCO ~105mg/L, with a pH of 8.38. This fluid is undersaturated
in hydromagnesite (SIhmg ~ –9.02). Hydromagnesite supersaturation can be slowly reached by
evaporation (up to 85%, SIhmg ~0.81), whereas aragonite cannot precipitate due to the absence of Ca 2+.
Therefore, this process can explain the observed wall coating paragenesis, where hydromagnesite is the
first mineral to precipitate.

Table 2-6 XRD of the coating paragenesis showing the characteristic peaks of hydromagnesite (red bars), aragonite (green
bars) and clay minerals (* symbol). The presence of kerolite can be seen in the enlarged section as demonstrated by the
definitely larger FWHM of the diffraction peak at near 9.4A, where diffractions of kerolite and hydromagnesite only show
definitely smaller FWHM.
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Table 2-7 Dissolution reactions and thermodynamic equilibrium constanc for considered minerals at 25˚C and 1.013 bar-

2.4.6 Interaction between Condensed Water and Mine Wall Serpentinite
Even though the dissolution of serpentine could provide the cations required for the precipitation of the
wall coating paragenesis, serpentine is known to have low solubility at low-temperature conditions
(Park and Fan, 2004). This is confirmed by our microscopic investigations showing that there is no
evidence for the dissolution of serpentine in the substratum of the carbonate crusts (Figure 2-23).
However, we have observed a discontinuous layer of serpentine fines at the interface between mine
walls and carbonate crusts in all the studied samples. The presence of a layer of serpentine fines on the
mine wall is most likely a consequence of the shafts and adits excavation. Underground excavation in
the early half of the XIX century was done using dry jack hammers which generated a high amount of
powder from the serpentine rocks which coated the adit walls and was progressively glued by
condensing waters. It is known that the dissolution rate, and reactivity, of serpentine with CO2 is
strongly enhanced by the increase of the reactive surface area (Critelli et al., 2015; Daval et al., 2013).
Therefore, serpentine fines represent an efficient reagent from which CO2-rich condensed water could
have progressively stripped Mg and Si required for the formation of the wall coating paragenesis. As
observed by FEG-SEM, both the serpentinite fine layer and the new hydromagnesite crusts are highly
porous (Figure 2-22; Figure 2-23). They could play as a capillary-drying system where the condensed
water infiltrates through the porosity, mostly uptaking Mg and Si along the surfaces of the serpentine
particles and crystallizing new minerals (hydromagnesite or kerolite) on the outer surface of the fine
layer and the previously crystallized crusts. Such an interpretive model can be further discussed
considering the boundary layer effect in the water film forming on the external surface of the crust.
Here, the hydromagnesite precipitation induces a Mg-depleted boundary layer. The higher Si/Mg ratio
could temporarily stabilize the precipitation of a kerolite band. The interplay between
dissolution/crystallization and diffusion kinetics could generate the complex hydromagnesite-kerolite
banding. Condensed water could also propagate into small fractures from the rock surface dissolving
chrysotile. In this case, the chemistry of the resulting fluids would be comparable with that resulting
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from the interaction with the serpentine fines. However, considering the aerial extension of these veins,
the overall effect contribution to the carbonation process is expected to be limited as compared with the
fines layer. Therefore, we consider the spontaneous carbonation in the Montecastelli mine mainly driven
by the presence of the serpentinite fines.

2.4.7 Seasonally Driven Deposition of the Carbonate Crusts
Geochemical modelling showed that precipitation of wall carbonates is driven by evaporation of
modified condensed water on the adit walls. The most peculiar feature of the crusts is their distribution
along both sides of the adit walls. Adit walls have an irregular surface with peaks and throughs of
variable sizes resulting from their excavation. These irregularities produce a continuous alternation of
rock surfaces, which are facing inward and outward from the adit entrance. The carbonate-kerolite crusts
are present only on the outward looking faces Figure 2-21.
Considering that the mine environment has a stable temperature and humidity, such an asymmetric
distribution needs to be explained by a selective depositional process. Seasonal changes of air
circulation inside the mine can explain this observation because they can trigger the preferential
evaporation of condensed water on the outward looking surfaces. As described before, during summer
the relatively colder and heavier air inside the mine flows out from the lowermost level, drawing the
hot and dry air from outside into the upper adits. Contrarily during winter, the relatively warm and light
air inside the mine flows out from the upper levels, while drawing in colder and humid air from the
outside through the lowermost adit. In the latter case, incoming air becomes progressively more humid
flowing through the flooded lowermost adit. Therefore, the optimal condition for selective evaporation
of water condensed on the outward looking surfaces of the upper adits is attained during summer
because the air flow is dry Figure 2-18. Instead, winter air circulation is dominated by humid air, which
cannot promote evaporation of condensed water Figure 2-18. Typical carbonate-hosted caves at similar
midlatitudes behave differently. Seasonal cyclicity in temperature and air density, coupled with
enhanced CO2 production in soils during the warm season, is commonly responsible for the relevant
summer CO2 build-up in cave air and the inhibition of calcite precipitation by elevated CO 2 levels in
the cave waters. Maximum speleothem growth occurs during the cold season when the airflow inversion
introduces CO2-poor air in the cave and the CO2 level in cave water is strongly reduced (Fairchild and
Baker, 2012) The reverse behaviour at the Montecastelli mine is easily understood considering the
different precipitation process (evaporation-condensation-evaporation) and the peculiar topographic
and geologic characters of this artificial underground system that prevent extreme CO 2 build-up during
the warm season. The presence of small amounts of aragonite can be related both to the partial
dissolution of Ca-rich minerals, present in very minor amount in the serpentinites. Kerolite precipitation
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is thought to be promoted by low temperature, high pH, and high silica and magnesium activity (Léveillé
et al., 2002). Saturation of amorphous silica at high pH (>8.2) has also been proposed as a key condition
for the precipitation of Mg-silicates (Léveillé et al., 2002). Condensed waters in the Montecastelli mine
has high pH (~8.9), high Mg content (>70 mg/L), and high dissolved silica activity, which are required
for the precipitation of kerolite, and thus further supporting the genetic process.

2.4.8 A new occurrence of spontaneous CO2 sequestration in underground
environment
In this chapter we have reported a new occurrence of spontaneous CO 2 sequestration through the
formation of hydromagnesite and kerolite on serpentine mine walls in the Montecastelli Cu mine located
in Southern Tuscany, Italy. The formation of hydromagnesite and kerolite is triggered by the interaction
between condensed water with serpentinite fines accumulated on the walls of the adits during
excavation. The large surface area of the fines strongly increases the reactivity of serpentine and allows
its dissolution at low temperature. This provides the required elements for the precipitation of the wall
coating assemblage. The precipitation takes place due to the selective evaporation of water on upwind
rock surfaces exposed to the downward circulation during summer. The peculiar features of this
occurrence include the following: (i) the instauration of unusual microclimatic condition in this artificial
underground system and (ii) the spontaneous carbonation of serpentine at low temperature. The latter
has usually not been observed in ultramafic outcrops exposed on the Earth’s surface, where, instead,
hydromagnesite predominantly forms through the dissolution of the more reactive brucite. This study
shows that serpentine carbonation at low temperature is possible and it could be reproduced in ex situ
applications by using fine-grained serpentine powder and a cyclical process of condensation and
evaporation steps. The efficiency of this process can be tested and implemented through laboratory
experiments and could have a significant impact on the applicability of CO 2 mineral sequestration
because it does not require pre-treatment of serpentine or high temperature during the reaction, thus,
potentially reducing the costs. Further study of the peculiar conditions of underground environments
hosted in Mg-rich lithologies, such as that of the Montecastelli Cu mine, can lead to a better
understanding of the physical and chemical conditions necessary to enhance serpentine carbonation at
low temperature, and thus implementation of new strategies for engineered CO 2.
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2.5 Natural analogue for CO2 mineral sequestration in serpentinites at
hydrothermal conditions: The Castiglioncello magnesite deposit
In this section we present the results from the study conducted on the second type of natural analogue
for CO2 mineral sequestration we have selected. This is represented by the Castiglioncello magnesite
deposit and is an analogue for CO 2 sequestration in serpentinite at hydrothermal conditions. With the
data we have acquired during this part of study we have prepared a scientific article to be submitted to
Ore Geology Review. The figures and tables reported in this section are from the drafted version of this
article. The Ligurian ophiolites of Southern Tuscany host several magnesite deposits. In this study we
focused on the Castiglioncello magnesite deposits located in the Monti Livornesi because it offers the
best preserved and most easily accessible outcrops. Here magnesite was mined between 1914 and 1945
in four main localities (Figure 2-25): Masaccio, Campolecciano, Macchia Escafrullina and Pian dei
Lupi with underground and open pit works (Lovari, 1928; Marinelli, 1955).

2.5.1 Structural setting of the Castiglioncello Magnesite deposit
The Castiglioncello deposit is hosted in a serpentinite slice interbedded between argillitic formations:
the Santa Fiora Unit (shales with minor limestones, marls and sandstones) at the bottom, and the
Palombini Shales (shales with minor limestones) at the top. Because of the polyphased tectonic
evolution, these sedimentary units are generally characterised by disrupted deformational patterns.
However, approaching the tectonic contacts between sedimentary formations and serpentinite lenses we
have observed a progressive parallelization of the bedding with the contacts and a dominant outward
dipping of the strata from the central outcrop of the Santa Fiora Unit that has an elongated shape with a
broad NW-SE direction. In particular, the bedding of the Santa Fiora Unit dips underneath the
serpentinite bodies to the NE and SW with an angle ranging from ~20˚ to ~60˚ whereas at the northern
and southern terminations the serpentine is elided, and the Santa Fiora Unit dips directly underneath the
Palombini shales. This suggests a broad antiformal-dome structure with a general NW-SE orientation
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for the Santa Fiora Unit with northern and southern periclinal termination (

Figure 2-26: Geological map and cross sections realized for the Castiglioncello Magnesite deposit.

). The systematic absence of serpentinite at the periclinal terminations of the antiformal dome suggests
that maximum segmentation occurred along the antiformal hinge, coherently with the direction of
maximum extensional stretching (ca. E-W) at the regional scale (Carmignani et al., 1994). At the top of
the serpentinite slice the Palombini shales mantles both the serpentine and the Santa Fiora Unit, with
bedding dipping outwards with respect to the central Santa Fiora Unit, at angles ranging from ~15˚ to
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Figure 2-25 Simplified geological map of Monti Livornesi.

~51˚, further supporting a broad antiformal-dome structure. The tectonic contacts between the Ligurian
units, where observable is marked by low to medium angle (from 15˚ to 55˚) shear zones likely
reactivated along the discontinuities generated during the compressional phase. These shear zones are
characterised by chaotic non-cohesive cataclasite, lacking well-preserved shear structures and kinematic
indicators. The Santa Fiora Unit also outcrops in relatively small tectonic windows directly through the
Palombini shales at Casa le Spianate and Case le Serre. This indicates that the serpentinite slice is not
continuous, and forms tectonically segmented lenses embedded in the sedimentary formations.
The tectonic pile is cut by two main fault systems with respectively NW and NE trend. The NW-trending
system is composed of faults with medium to high angle (40˚ to sub-vertical) and dominant normal
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movement. This system is well identifiable close to the mineralized portions of the serpentinite and
inside the massive magnesite ore, where fault planes preserving slickensides and chatter marks are
abundant. Whereas the NE-trending system is represented by a series of sub-parallel high angle to subvertical faults with dominant strike-slip movement that are preserved in the in the mineralized portion
of the serpentinite lenses as well as in more distal unaltered outcrops. The magnesite ore is hosted in
dilatational jogs opened onto normal faults with a broad NW trend, locally ranging from WNW to NNW
and medium to high dipping angle (40˚ to sub-vertical). The contact between the veins and the
serpentinite host is sharp, characterized by planar surfaces with slickensides and chatter marks
indicating a dominant normal movement. Fault planes with visible slip surfaces and chatter marks are
abundant also inside the magnesite veins and overall, the kinematic indicators show a dominant topdown-to-the-south-west sense of movement for the veins on the western side of the Santa Fiora
antiformal dome (Masaccio, Case San Quirico and Campolecciano) and locally a top-down-to-thenorth-east movement for the veins on the eastern side of the Santa Fiora dome (Campo dei Lupi,
Macchia Escafrullina). The magnesite veins extend exclusively into the serpentinite lenses with abrupt
terminations against the sedimentary envelop. Beside the dominant high angle to sub-vertical plunging
of the veins, we have also documented locally zones where the veins become sub-horizontal. In these
cases, slickensides and chatter marks indicate SW direction of movement of the hanging wall, coherent
with the kinematic indicators from the other portions of the veins. This observation suggests a sigmodal
shape of the veins in vertical section, with steep portions interrupted by sub-horizontal domains.
Hydrothermal alteration, manifested by the argillification and locally silicification of the serpentinite
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host, propagates for tens of meters from the magnesite veins (

Figure 2-26: Geological map and cross sections realized for the Castiglioncello Magnesite deposit.

). Locally, the alteration propagates also along NE-trending faults when these are intercepted by NWtrending faults.

2.5.2 Petrography of the Castiglioncello magnesite deposits
The deposit is represented by veins composed predominantly of magnesite with dolomite and minor
silica (quartz and opal) with a width ranging from decimetres up to 15m, can be followed up to 700m
along strike on the surface and have been mined at least down to 100m depth. These veins are hosted in
serpentinized spinel-harzburgite which in the proximity of the magnesite veins has been affected by
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intense hydrothermal alteration. Unaltered serpentinite is constituted mainly by serpentine, which forms
pervasive mesh texture after olivine embedding bastite porphyroclasts which replace orthopyroxene.
Serpentinization promoted the formation of significant amount of fine-grained magnetite, dispersed in
mesh serpentine in serpentine veins and at the rims of bastite porphyroclasts (Figure 2-27: Unaltered
serpentinized harzburgite from the Castiglioncello magnesite deposit
). Cr-spinel is the main relict after serpentinization, whereas olivine-pyroxene relics are extremely rare (Figure
2-27: Unaltered serpentinized harzburgite from the Castiglioncello magnesite deposit

). In the proximity of the magnesite veins, hydrothermal alteration of the serpentinite promoted the
conversion of serpentine into smectite (Figure 2-28) displaying a bright green colour, previously

Figure 2-26: Geological map and cross sections realized for the Castiglioncello Magnesite deposit.
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identified as the volkonskoite member (Sartori, 1967) of the montmorillonite group. Smectite maintains
the bastite texture after serpentine, suggesting a metasomatic substitution (Figure 2-29). The altered
serpentinite domains are crosscut by a network of randomly oriented veins, observable from the outcrop
to the microscopic scale, composed of dolomite and late silica, mainly present as opal and quartzFigure
2-30. Locally the altered serpentinite can be brecciated and composed of variable argillified serpentinite
clasts with angular mosaic texture cemented by dolomite and minor cryptocrystalline magnesite. The
magnesite veins that constitute the main ore precipitated in dilatational fault jogs opened on to normal
faults which show an early infill of massive cryptocrystalline creamy-white magnesite that, in most
cases, has been repeatedly brecciated and cemented by dolomite (Figure 2-29). Massive magnesite has
mosaic texture and show a variable porosity, locally infilled by dolomite or silica. These domains are
cut by fractures filled by dolomite and opal-CT with crustiform-comb texture (Figure 2-31). The
brecciated portions of the veins are cement-supported and contain angular fragments with mosaic
texture and size ranging from few cm up to 10-20 cm of: i) altered serpentinite host; ii) massive
magnesite portions and, iii) early breccias composed of angular to rounded clasts of altered serpentinite
host, with size variable from 5 µm to 200 µm, cemented by early magnesite, followed by dolomite with
cockade texture and locally late opal/quartz. Magnesite and dolomite crystals show a consistent zonation
from Fe-rich cores to Fe-poor rims (Figure 2-31).

58

Document:
Version:
Date:

D3.3: REPORT ON THE CO2 MINERAL SEQUESTRATION IN SERPENTINITES
05
11 May 2021

Figure 2-27: Unaltered serpentinized harzburgite from the Castiglioncello magnesite deposit
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Figure 2-28 XRD Patterns for representative lithologies of the ultramafic host at the Castiglioncello magnesite deposit. A)
Unaltered serpentinized harzburgite; B and C) Argillified portions, D and E) carbonated breccias comprising clasts of
argillified serpentinite; F) Silicified portion of the altered host.
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Figure 2-29 Altered serpentinite host of the Castiglioncello magnesite deposit.

61

Document:
Version:
Date:

D3.3: REPORT ON THE CO2 MINERAL SEQUESTRATION IN SERPENTINITES
05
11 May 2021

Figure 2-30 Magnesite veins and kinematic indicators at the Castiglioncello magnesite mine.
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Figure 2-31 A) Microphotograph of magnesite vein; B to D) SEM-BSE images of magnesite veins; E) microphotograph of
brecciated vein portion; F) SEM-BSE image of brecciated vein portion.

2.5.3 C-O isotopes
Table 2-8 reports carbon and oxygen isotopic composition of magnesite and dolomite from the
Castiglioncello and Gabbro deposits. At Castiglioncello, the 13C of magnesite ranges from -2.0 to 4.4‰
and 18OSMOW varies between 22.3 and 25.5‰, for dolomite 13C ranges between -5.3 and 2.8‰ and
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18OSMOW from 25.4 to 33.6‰. Magnesite from Gabbro has a 13C composition ranging between 1.5
and 3.9‰ and 18OSMOW from 22.0 to 34.5‰, whereas dolomite has 13C ranging from -0.9 to 3.9‰
and 18OSMOW from 19.3 to 29.1‰. The isotopic composition of parental fluids has been calculated
following the approach described in Supplementary Material, it is reported in Table 1 and values are
plotted in Figure 2-32. Magnesite and dolomite show a relatively narrow range of variation in C and O
isotopic composition both at the deposit scale and between the Castiglioncello and Gabbro occurrences.
The recalculated isotopic composition of parental fluids for magnesite and dolomite overlaps (Figure
2-32) suggesting a common origin for CO 2 and fluids that formed both magnesite and dolomite at
Gabbro and Castiglioncello.

2.5.4 Genesis of the magnesite deposit and spontaneous CO2 sequestration at
hydrothermal conditions
In this section we will discuss the main steps in the formation of magnesite at Castiglioncello, first
addressing the interaction between serpentinite and hydrothermal fluids and then the role of tectonics
in creating optimal setting for the accumulation of CO 2-rich fluids into serpentinite lenses and in
triggering the opening of dilatational fault jogs where magnesite precipitated.

2.5.4.1 Alteration of the serpentinite host
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Petrographic observations and XRD analyses indicate that the replacement of serpentine by smectite was the first
step in the hydrothermal alteration of the serpentinite host (Figure 2-29;

Figure 2-26: Geological map and cross sections realized for the Castiglioncello Magnesite deposit.

). Transformation of serpentine into smectites is common during hydrothermal alteration of
serpentinites (Caillaud et al., 2006; Ji et al., 2018; Wildman et al., 1968a). The Fe and Al required for
the formation of smectite can be supplied by the breakdown of serpentine or accessory phases, such as
spinel, where they are major components (Ji et al., 2018; Wildman et al., 1968a). The alteration of
serpentine into smectite is strongly enhanced by high CO 2 (Wildman et al., 1968a) and high SiO2 content
of the hydrothermal fluids (Ji et al., 2018). Smectite can have a 5- to 10-fold less Mg2+ than parental
serpentine minerals (Wildman et al., 1968a) which during alteration is leached and held by the fluid
(Wildman et al., 1968b). The lack of carbonate precipitation in this initial stage is indicative of a
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relatively low pH that hamper the stability of carbonate ion (CO 32-) in the fluid (Rimstidt, 1997). Even
though there are no experimental studies on the control of pH on the conversion of serpentine into
smectite at hydrothermal conditions, it has been shown that serpentine dissolution is enhanced by acidic
conditions (Park and Fan, 2004). Considering that serpentine replacement by smectite is a metasomatic
process that happens through dissolution-reprecipitation reactions (Ji et al., 2018) it is likely that also
slightly acidic to acidic conditions favoured this process.
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Table 2-8 Carbon and oxygen isotopic composition of magnesite and dolomite from the Castiglioncello mine.
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Figure 2-32 Calculated carbon and oxygen isotopic composition of magnesite and dolomite parental fluids. End-members
from which H2O and fluids could have been derived are also reported.
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2.5.4.2 Carbonate precipitation
Carbonate precipitation occurred in large fault jogs, representing the main magnesite ore, and in the
host serpentinite as stockwork veins and early cement. The precipitation of carbonate requires relatively
high pH to stabilise the carbonate ion, implying a shift from the initial acidic conditions to higher pH
(>~9; (Rimstidt, 1997)). In this geological context, an increase in pH can be driven by loss of part of
the CO2 dissolved in the fluid (Reed, 1985) and also by fluid interaction with ultramafics (Boschi et al.,
2008; Cipolli et al., 2004). The loss of CO2 could have been triggered by the migration of hydrothermal
fluids into opening fault jogs, where due to pressure loss they experienced boiling (Boschi et al., 2009;
Reed, 1985; Rimstidt, 1997). In addition, boiling can enhance secondary permeability by hydraulic
fracturing of both host rocks and early magnesite veins. The overprinting of several generation of
hydraulic breccias and slip surfaces in magnesite veins and host rock testify the prolonged and cyclical
interplay of tectonic activity and hydraulic fracturing (Figure 2-29; Figure 2-31). Brecciated portions
of the serpentinite host and magnesite veins are cemented by carbonate with a consistent hierarchical
precipitation of Fe-rich magnesite followed by Fe-poor magnesite overgrown by late Fe-rich dolomite
and late Fe-poor dolomite. The overgrowth of dolomite on magnesite is common in ultramafic-hosted
magnesite deposits and has been ascribed both to addition of Ca 2+ to the mineralising fluids due to their
interaction with the Ca-rich sedimentary formations surrounding the ultramafic host (Abu-Jaber and
Kimberley, 1992; Boschi et al., 2009; Pohl, 1989) or to relative changes in the mole fraction of Ca 2+
and Mg2+ in the fluid during magnesite precipitation (Dabitzias, 1980; Rosenberg and Holland, 1964).
In the latter case, the early mineralising fluid could have had a high Mg/Ca ratio and begins to precipitate
magnesite. This progressively depletes the fluid in Mg and leads to crossing the magnesite – dolomite
boundary, promoting the precipitation of dolomite (Dabitzias, 1980; Rosenberg and Holland, 1964).

2.5.4.3 Source of fluids and CO2
In this section we will consider possible sources of fluids responsible for the precipitation of magnesite
and dolomite at Castiglioncello and Gabbro. Considering the regional geological setting plausible
sources are: (1) Magmatic fluids derived from intrusions in the upper crust; (2) Fluids derived from
decarbonation of sedimentary and metamorphic sequences underlying the deposit; (3) Surficial fluids,
represented by infiltrating meteoric water enriched with soil CO 2 and (4) Fluids derived from the Earth’s
mantle. A mantle origin of CO2 at Castiglioncello is in agreement with the primary mantle origin for
today’s CO2 gas emissions and CO2 dissolved in aquifers in the Tyrrhenian portion of the Italian
peninsula (Chiodini et al., 2004; Chiodini et al., 2013; Chiodini et al., 1999; Frondini et al., 2019). It is
also comparable with the 13C isotopic composition of deep CO 2 emitted in Italy from active volcanoes,
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geothermal fields and the many cold gas emissions located in the Tyrrenian portion of the peninsula
suggesting a common deep source for these CO 2 emissions (Chiodini et al., 2004).

2.5.5 The role of tectonics in the genesis of the Castiglioncello deposit
In this section we describe three main steps driven by tectonics identified as pivotal for the formation
of magnesite at Castiglioncello, which are: i) Formation of structural traps that allowed the accumulation
of CO2-rich fluids into serpentinite lenses, where they became enriched in Mg 2+; ii) Creation of crustalscale permeable routes for the rising of mantle CO 2 into the shallow crust; iii) Opening of dilatational
fault jogs that drawn the CO2- and Mg2+-rich fluids in open spaces, promoting boiling that triggered
magnesite precipitation.

2.5.5.1 Preconditioning of the ophiolite sequence
The ophiolite sequence experienced polyphase tectonic deformation during the Cretaceous-early
Miocene collisional and Neogene-Quaternary post-collisional evolution of the inner Northern
Apennines (Carmignani et al., 1994). The early compressional phase of the Apennine orogenesis
produced the emplacement of serpentinite slices in between argillitic formations, creating a strong
rheological contrast in the tectonic pile. Serpentinite at shallow crustal levels is relatively competent
compared to argillitic formations (Gasc et al., 2017), which tend to behave ductilely under tectonic
stress. The first phase of tectonic extension took place in the early-middle Miocene (Brunet et al., 2000;
Carmignani et al., 1994; Jolivet and Faccenna, 2000; Jolivet et al., 1998) and produced the segmentation
of the more competent levels in the tectonic pile (Brogi, 2004; Carmignani et al., 1994). In this context,
a serpentinite slice embedded in relatively more ductile argillitic formations could have been
preferentially fractured, cut by synthetic normal faults and progressively boudinated, while the less
competent argillitic formation accommodated deformation predominantly by ductile shearing (Gardner
et al., 2015; Goldstein, 1988) or flat to gentle dipping detachments. This is analogue to what previously
observed in Southern Tuscany, where the more competent levels of the Tuscan Nappe embedded in
argillitic formation became boudinated at the regional scale (Brogi, 2004; Brogi and Cerboneschi, 2007;
Carmignani et al., 1994). This process can explain the geological setting of the deposit, where the
serpentinite is laterally segmented into lenses, completely embedded in argillitic formations (Fig. 7).
Extensional tectonic induced further fracturing of the serpentinite conferring a high secondary
permeability, whereas, even though argillitic formations are nominally impermeable they can have
transient permeability thanks to faulting during active deformation. These conditions are ideal for letting
fluids enter and accumulate into the serpentinite lenses.
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2.5.5.2 Formation of crustal-scale permeable conduits and opening of dilatational fault jogs
We have identified two dominant fault systems at the deposit scale: i) a NW-trending system represented
by normal faults with dominant top-to-the-south-west movement where the dilational jogs hosting the
magnesite ore were opened, and ii) a NE-trending system represented by high angle faults with a
dominant strike-slip movement, which host only locally minor magnesite mineralisation. The
orientation and kinematic of the two fault systems is analogue to what have been previously found in
other well studied portions of Southern Tuscany (Brogi, 2004; Brogi et al., 2011; Brogi et al., 2020;
Liotta and Brogi, 2020; Liotta et al., 2015). In particular, the NE-trending fault system have been shown
to represent the surface expression of transfer zones with crustal-scale extension which are able to
channel mantle fluids and melts to the surface (Acocella and Funiciello, 2006; Dini et al., 2008; Liotta
et al., 2015). Instead, seismic imaging has shown that the NW-trending faults at the regional scale sole
out at the brittle-ductile transition in the crust and generally are considered to be originated in response
to the strike-slip movement of the NE-trending faults (Brogi et al., 2020; Liotta and Brogi, 2020). In
this context, NE-trending fault system identified at Castiglioncello represents the most likely structure
capable of providing crustal-scale permeable channels for the rising of mantle CO 2 into the shallow
crust. Mantle CO2 could have entered the serpentinite lenses, either where the NE-trending faults
intercepts the serpentinite lenses or propagated into them thanks to the subsidiary NW-trending faults.
The activity of the NE-trending fault systems was accommodated by the development of NW-trending
faults whit a dominant normal movement that triggered the opening of dilational jogs. This has the
potential to develop a pressure gradient that draws hydrothermal fluids from the serpentine lenses into
the opening spaces causing boiling and triggering the precipitation of the magnesite ore.

Our study shows that carbonation of ultramafic massif by mantle CO 2 can be driven by active tectonics
and thus provides an alternative model to the dominant view of post-tectonic carbonation, where CO2
and fluids are mainly derived from the surficial environment or decarbonation reactions (Andrews et
al., 2018; Barnes et al., 1973; Fallick et al., 1991; Gartzos, 2004; Jedrysek and Halas, 1990; Jurkovic et
al., 2012; Kelemen et al., 2011; Kralik et al., 1989; Mirnejad et al., 2008; Oskierski et al., 2013; Quesnel
et al., 2013; Zedef et al., 2000). We have been able to find only one study investigating the structural
setting of magnesite veins hosted in an ultramafic massif (Quesnel et al., 2013). These authors suggested
that tectonic activity could promote carbonation by enhancing the permeability of ultramafic bodies,
allowing a more efficient percolation of surficial water and thus in this way promoting the dissolution
and mobilisation of Mg 2+. Our results show that tectonics had a multiple role in the genesis of magnesite
because it not only enhanced permeability but also: i) created optimal structural traps for the
concentration of CO2; ii) opened crustal-scale permeable pathways for the rising of mantle CO 2 and, iii)
triggered the precipitation of magnesite by opening dilatational fault jogs. While during carbonation of
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ultramafic massifs by surficial fluids in absence of significant tectonic activity, such as in the wellstudied Oman ophiolite (Kelemen and Matter, 2008; Kelemen et al., 2011), there is a key role of
reaction-driven cracking in sustaining permeability, the tectonically-driven scenario delineated at
Castiglioncello shows that the high permeability necessary for the sequestration of significant amount
of CO2, during the genesis of ultramafic-hosted magnesite deposits permeability could be mainly
provided by fracturing and faulting during active tectonics.

2.6 Concluding remarks
In the first part of this WP we have focused on the identification and characterization of natural
carbonation processes in ultramafic rocks in the vicinity of the Castelnuovo demonstration site (Italy).
After a preliminary regional survey, we have identified two key areas where to focus detailed filed work
followed by petrographic, geochemical, and isotopic work. The two localities are: i) The Montecastelli
Ophiolite Complex, for the study of the reactivity and distribution of ultramafic lithologies, and low
temperature carbonation processes; ii) The Castiglioncello magnesite deposit, for the study of natural
carbonation processes at hydrothermal conditions. Ophiolite rocks and associated carbonate
mineralization have been studied through a multidisciplinary approach including fieldwork aimed at
geological mapping (production of two new geological maps 1:5000), petrographic study, geochemical
and isotopic analyses of C and O isotopes.

The Montecastelli Ophiolite Complex has been chosen because it represents a typical ophiolite sequence
where the abundance, distribution and spatial relationship between the different ultramafic lithologies
potentially usable for CO2 mineral sequestration can be assessed. In addition, this locality also hosts
several examples of low-temperature carbonation processes happening spontaneously at ambient
conditions. Key conclusions that can be drawn from the study of the Montecastelli Ophiolite Complex
(Section 2.1) are: i) Serpentinized dunite is the lithology with by far the highest reactivity to CO2 in
natural environments favouring spontaneous mineral carbonation at low-temperature conditions.
Therefore, this would be the optimal starting material for ex-situ mineral carbonation and/or as target
for in-situ applications. Thus, dunite-rich ophiolite sequences should be favoured in selecting the targets
for CO2 mineral sequestration. The abundance of dunite channels in ophiolite sequences depends mainly
on the oceanic history of the paleo-ocean from which these complexes were derived, highlighting the
importance of understanding the pre-orogenic cycle/history of these type of rocks; ii) The high degrees
of serpentinization also show that serpentine must be considered as main Mg source when thinking
about ex- and in-situ mineral sequestration in the Ligurian Ophiolite of Southern Tuscany, because only
rare ortho/clinopyroxene relicts were found in the studied samples; iii) The preservation of the original
pelagic sedimentary cover, together with the embedment of the ophiolite sequence into sedimentary due
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to compressional tectonics during the Apennine orogenesis, makes the ultramafic reservoir possibly
targeted by CO2 injection well sealed being embedded by low permeability sedimentary formations.

Considering instead the study of the natural analogues for CO2 mineral sequestration (section 2.2, 2.3
and 2.4), in summary, this led to the identification of two end members for natural CO2 mineral
sequestration in ultramafic rocks through carbonation: i) “rapid” formation of Mg-hydroxides at low
temperature in dunite outcrops and; ii) formation of magnesite deposits in serpentinized harzburgite.
Key aspect that played a pivotal role in the efficient carbonation in these two cases are: i) low
temperature CO2 mineralization is efficient only onto dunite because of abundant brucite presence which
is highly reactive and easily releases Mg 2+ necessary to form carbonates at ambient condition; ii)
carbonation of serpentinized harzburgite is efficient in the formation of magnesite deposits because it
proceeds through the argillification of serpentine. In this latter case, we have found that degassing of
CO2 saturated solution triggered the deposition of large amounts of magnesite, thus suggesting that
degassing could represent an alternative for increasing pH and triggering carbonate precipitation also in
new experimental strategies. Of course, this approach must be followed by the recovery of the degassed
CO2 and its use for further mineralization loops.

From the conclusions we have drawn from this first section we have selected two end-member
scenarios, schematically summarised in Figure 2‑32, to perform experiments that will be discussed in
the next chapter. The experiments are aimed to reproduce respectively: 1) Low-temperature carbonation
of serpentinized dunite; 2) High-temperature (100-150˚C) carbonation of harzburgite.

Figure 2-33 Schematic representation of the experimental approach derived from the study of natural analogues perfomed
in the first part of this WP.
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Appendix to the Chapter 2: Methods
Below we have summarized the methodology adopted in this first part of the WP.
Imaging of the carbonate veins and serpentinite host was carried out using a Philips EDAX DX4i
scanning electron microscope at the Department of Earth Science of the University of Pisa (Italy) and
using field emission scanning electron microscopy (FESEM-JSM-6500F) at the National Institute of
Geophysics and Volcanology (INGV, Rome, Italy). Mineral chemical composition was analyzed using
a JXA 8200 WD/ED electron microprobe (EMP) at the INGV (Rome, Italy). The analyses were
performed using 15 kV acceleration voltage, 2.6 nA beam current, and probe diameter of 5 um with a
counting time of 10 s on the peak and 5 s on the background on both sides of the peak.X-ray diffraction
(XRD) spectra were acquired on mineral separates and bulk rock powders with a computer aided,
Scintag X-ray diffractometer using CuKα radiation at 45 kV and 40 mÅ at the IGG-CNR (Pisa; Italy).
Data were recorded between 4° and 70° 2θ with steps of 0.02° 2θ and one second counting per step.
Carbon and Oxygen isotopes of dolomite and magnesite were analysed with a Finningan GasBench II
interfaced with a Finningan Mat Delta Plus mass spectrometer, at the stable isotope laboratory of the
IGG-CNR (Pisa; Italy). Magnesite was drilled from selected samples and then reacted with phosphoric
acid at 70˚C for 60 hours, whereas dolomite was reacted for 4 hours. The fractionation between
magnesite and CO2 during reaction with phosphoric acid has been corrected using the fractionation
factor from ￼Sharma et al., 2002)￼calculated at 70˚. In the absence of an international magnesite
standard, an internal magnesite standard and calcite standards were used including MOM, NEW12, and
NBS18 international standards. The average analytical error is estimated at ± 0.1‰ for carbon and ±
0.2‰ for oxygen. Results are reported in delta notation relative to the Vienna Standard Mean Ocean
Water (VSMOW) for oxygen and to the Vienna PeeDee Belemnite (VPDB) standard for carbon and
corrected for the posporic acid fractionation of calcite, dolomite and magnesite (Das Sharma, et al.,
2002, Rosenbaum and Sheppard, 1986, Swart, et al., 1991). Characterization of hydrous carbonate
minerals (i.e. hydromagnesite, nesquehonite, LDHS ) and intimate intergrowths between brucite and
serpentine was performed by Raman microspectroscopy. Measurements have been carried out at the
Raman Microspectrometry Laboratory (Geneva University; Section of Earth and Environmental
Sciences) using a Labram microspectrometer equipped with a green laser (532 nm). Major and trace
elements (Ni, Co, Cr, V, Sc, Rb, Sr, Ba, Zr, Rb) were analyzed by X-ray fluorescence (XRF) on powder
pellets, using a wavelength dispersive automated ARL Advant’X spectrometer at the Department of
Earth Sciences, Ferrara University (Italy). Seasonal mine water sampling was performed at the
following two sites: (i) mine water 1, in a deeper part of the mine; (ii) mine water 2, close to the
carbonate crust along the main adit. For our model we used mine water 2, because it is associated with
the carbonate crust. In the field, the temperature, pH, and electrical conductivity were measured with a
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portable multiparameter data logger calibrated in the laboratory; total alkalinity was determined by
acidimetric titration. Accuracy is 0.5% for conductivity, 0.25% for temperature, 0.05 for pH, and 0.1
meq/L for alkalinity. After the physico-chemical measurements, water samples were collected in
different modes depending on the specific chemical and isotopic analyses, performed in the laboratory.
Water samples for anions (SO42− and Cl−) and cations (Na+ and K+) analyses were collected without
any pretreatment, while samples for Ca2+, Mg2+, trace elements, and silica were filtered in the field
through 0.45 μm acetate-cellulose membrane filters and acidified in order to prevent precipitation. In
addition, they were stored in bottles previously washed with diluted HNO3. All water samples were
stored at 4 ◦C prior to processing. The anions and cations were analyzed, at the Institute of Geoscience
and Earth Resources of the CNR in Pisa (IGG-CNR; Italy), using a Dionex DX100 ion chromatograph
and a Perkin-Elmer 3110 atomic absorption spectrometer. The analytical precision is 3% for both
species. Silica determination was performed via spectrophotometric method. Trace elements were
analyzed by ICP-MS at the IGG-CNR. The analytical precision is better than 2%.
Aqueous species speciation and mineral saturation indices (SI) were calculated using the geochemical
speciation code PHREEQC [17] and the Base de Donnee Thermoddem_V1.10 database from the
Bureau de Recherches Géologiques et Minières (BRGM Institute, Fontenay-aux-Roses, France;
http://thermoddem.brgm.fr.) All the solutions were calculated based on Cl-charge balance.
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3. CARBONATION EXPERIMENTS
In this chapter we report the results of the experiments we have performed to reproduce the two
carbonation end-members that have been identified in the field, and described in the chapter above,
namely: i) spontaneous carbonation of dunite at ambient conditions and ii) carbonation of serpentinite
at hydrothermal conditions. We have used as starting material rock samples collected from the same
locality where the carbonation systems have been studied, and these are: i) a dunite (MTC12) and a
harzburgite (MTC09), and their mineralogy and chemical composition is described in detail below.

3.1 Chemical characterization of the starting material
The two samples selected as starting material (MTC012 and MTC09, Figure 2-7) have been
characterised by XRF, SEM-EDS and EMPA. The bulk chemistry (retrieved via XRF) of the two
selected samples is reported in the Table 3-1. The compositions are characterized by SiO 2 abundances
typical of ultramafic rocks (<45 %), very low abundances of Al2O3 (especially MTC012), extremely
high contents of MgO and subordinately Fe 2O3, while the LOI contents are as high as 16.1%.
Table 3-1 Bulk chemical composition of MTC09-012 samples expressed as oxides in wt%; *total Fe is expressed as Fe2O3.
Sample

SiO2

Al2O3

Fe2O3*

MnO

MgO

CaO

Na2O

K 2O

TiO2

P2O5

LOI

MTC09

38.8

2.21

7.49

0.103

36.9

0.040

<0.01

<0.01

0.052

<0.01

14.3

MTC012

33.8

0.38

8.49

0.117

40.6

0.030

<0.01

<0.01

0.010

< 0.01

16.1

Both samples are more than 90% serpentinized and the original paragenesis is almost completely
obliterated; they show a typical mesh texture and serpentine constitutes by far the main phase.
MTC012 is a brucite-rich serpentinized dunites. Magnetite is observed commonly scattered in the
serpentinite-dominated texture; nevertheless, in brucite-rich area, magnetite is less abundant (Figure
3-1). Altered primary spinels are found in smaller amounts: they show chemical zonations with Al-rich
cores (inherited from the pristine rock) and Fe-rich rims (Fig. Figure 3-1). Electron microprobe analyses
revealed that serpentine has FeO contents variable from 1.4 to 2.3 wt% and magnetite crystals have
TiO2 = ~0.05 wt% (Table 1). Magnetite crystals have MnO contents between 0.16 and 0.19 wt%. AlMg-Cr-rich spinels have Al2O3 = 30.4-30.9 wt%, Cr2O3 = 32.7-34.6 wt%, FeO = 16.4-17.9 wt%, MgO
= 15.0-15.3 wt% (Tab. 2a). The spinel composition ranges from end-members as spinel s.s. (MgAl 2O4),
magnesiochromite (MgCr2O4), hercynite (FeAl2O4) and chromite (FeCr2O4 ). On the other hand, rims
are constituted by similar Cr values, but Al 2O3 = 0.56-0.84 wt%, FeO = 56.9-57.6 wt% and MgO =
2.96-3.92 wt%, typical of the alteration to ferrit-chromit, Tab. 3.2a). In addition, SEM-EDS observation
has detected rare awaruite in association with Fe-S-rich crystals (pyrite or pyrrhotite).
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Figure 3-1: Backscattered image of MTC12 sample. Left: Serpentine (grey) and magnetite (light white) dominate the
section. In areas in which magnetite is less abundant brucite crystals (dark grey) are found. Right: zoned spinel with Alrich core and Fe-rich rim.

serp

magn

Figure 3-2: Backscattered image of MTC09 sample showing mesh microstructure. Serpentine (serp) is associated with
magnetite (magn,).

MTC09 sample is a typical mesh textured serpentinized harzburgite (Figure 3-2); magnetite is pervasively
associated with serpentine, whereas primary spinels show interstitial aggregates. Electron Microprobe
analyses revealed that serpentine shows greater FeO contents (3.8- 9.0 wt%) and magnetite lower MnO
content (approximately 0.03 wt%) with respect to MTC012 sample (Table 3-2 ).

Table 3-2: Mineral chemistry of main phases in MTC012 samples. Srp= serpentine, Spinels has been distinguished in
almost pure magnetites (mgt) and spinels showing solid solutions among various end-members (sp).
phase

srp

srp

srp

srp

srp

mgt

mgt

mgt

sp

sp

sp

sp

sp

sp

SiO2

42.53

41.74

41.84

39.85

41.84

0.259

1.276

0.396

0.010

0.020

0.454

0.022

1.843

0.000

TiO2

0.021

0.036

0.017

0.016

0.040

0.054

0.053

0.055

0.477

0.728

0.472

0.451

0.413

0.450

Al2O3

0.080

0.122

0.139

0.088

0.107

0.005

0.055

0.003

30.46

0.559

0.845

30.36

0.137

30.88
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Cr2O3

0.291

0.000

0.021

0.193

0.053

0.000

1.200

0.019

34.64

32.25

32.86

33.87

20.04

32.74

FeO

1.879

1.406

2.289

2.157

1.642

93.96

91.11

94.60

16.49

57.64

56.89

17.15

61.11

17.87

MnO

0.065

0.050

0.058

0.075

0.059

0.180

0.165

0.192

0.032

0.892

1.068

0.015

7.201

0.029

MgO

42.46

42.55

42.74

41.69

42.83

0.543

1.345

0.572

15.03

3.92

2.960

15.17

2.334

15.34

CaO

0.041

0.067

0.053

0.053

0.046

0.009

0.015

0.017

0.012

0.012

0.121

0.032

0.028

0.003

Na2O

0.000

0.000

0.013

0.000

0.000

0.052

0.002

0.015

0.032

0.000

0.020

0.021

0.002

0.000

K2O

0.000

0.005

0.009

0.014

0.000

0.000

0.019

0.000

0.000

0.000

0.011

0.000

0.002

0.000

Sum

87.37

85.99

87.18

84.13

86.62

95.06

95.24

95.87

97.18

96.03

95.70

97.09

93.11

97.31

Table 3-3: Mineral chemistry (by EMPA) of main phases in MTC09 samples. Srp= serpentine, spinels has been
distinguished in almost pure magnetites (mgt) and spinels showing solid solutions among various end-members (sp).
phase

srp

srp

srp

srp

srp

mgt

mgt

SiO2

41.33

42.05

42.09

42.47

39.04

0.500

0.840

TiO2

0.011

0.040

0.031

0.062

0.040

0.015

0.097

Al2O3

0.187

0.189

0.295

1.098

0.531

0.040

0.014

Cr2O3

0.007

n.d.

0.042

0.012

n.d.

n.d.

0.056

FeO

3.85

3.59

6.89

4.85

9.00

93.69

92.04

MnO

0.034

0.029

0.083

0.100

0.091

0.031

0.032

MgO

39.48

40.06

38.60

39.00

36.11

0.260

0.790

CaO

0.039

0.043

0.066

0.073

0.072

0.015

0.032

Na2O

0.014

0.021

0.011

0.007

0.012

0.042

0.027

K2O

0.012

0.006

n.d.

0.011

n.d.

n.d.

0.017

Sum

84.97

86.03

88.11

87.68

84.90

94.59

93.94

The powders (63<Ø<125 µm) of the two samples were analysed by using XRD (X Ray Diffraction, or
XRPD, X Ray Powder Diffraction) for qualitative and quantitative mineral determination.
XRD spectra deriving from the powder diffraction were investigated by using the QualX2 software
(developed by the CNR-IC; Altomare et al., 2015) and the POW_COD database. For each recognized
mineral phases, the best fitting card (typically that with the highest FoM i.e., Figure of Merit) was
chosen (Fig. Figure 3-3) and the corresponding CIF (Crystallographic Information Framework) file
downloaded from the COD (Crystallography Open Database).
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Figure 3-3: QualX2 software employed during the recognition of the mineral phases in the MTC09 sample; a match card
for a serpentine group mineral (antigorite) is highlighted on the XRD pattern.

The obtained CIF files were used for the quantitative phase analysis, by mean of the Rietveld XRD
quantification method, with the MAUD software (Figure 3-4; Lutterotti et al., 1999, Lutterotti et al.,
2004). The error associated with the abundances estimate is <5 % for the main mineral phases (>10
wt%) and <1% for the less abundant ones (<5 wt%). However, the error may be higher (up to and over
10%) if amorphous phase is associated to the main phase. In our samples, serpentine is associated with
small amount of amourphous phases (e.g., McKelvy, et al., 2005; Du Breuil et al., 2019) as testified by
its XRPD pattern in the interval 20-40 ° (2θ, Figure 3-5a,b). Moreover, since it was difficult to find a
good match for serpentine minerals (best FoM not higher than 0.60), Rietveld refinement was affected
by an “a priori bias”, which did not allow an optimal quantitative evaluation.
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Figure 3-4: : A Rietveld refining run applied to MTC09 XRPD pattern by using the MAUD software.

The quantitative refinement (Table 3-4) highlighted that serpentine (Mg 3Si2O5(OH)4) is the most
abundant phase in both samples (up to 92.2 % in MTC09): in both MTC012 and MTC09 the XRD
pattern is compatible with lizardite, which was chosen as a CIF for Rietveld refinement. Also, in both
rocks a spinel-like mineral was detected, well matched by a magnetite (Fe 3O4) CIF. The presence of
spinel “sensu strictu” (MgAl2O4) and chromite (Fe2+Cr2O4) found by using SEM-EDS and EPMA is
compatible with the XRPD patterns, but spinel s.s. and chromite peaks overlap those of magnetite, the
latter being also much more abundant than chromite and spinel. MTC012 shows significative amounts
of brucite (Mg(OH)2), whereas it is not observed MTC09. Moreover, MTC09 shows very low amounts
of a Mg-rich clay mineral, compatible with an intermediate chlorite-vermiculite structure (e.g.,
Wiewiora and Dubińska, 1987). Impurities in both samples can be ascribed to very low amounts of
secondary quartz, even if its identification is ambiguous.
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Figure 3-5: (a) XRD pattern of lizardite after heat-activation, which shows the presence of a meta-serpentine, amorphous
phase (McKelvy, et al., 2005); (b) XRD pattern of MTC09 sample that shows the presence of amorphous serpentine phase
(20-30 ° 2θ) in small amount.

Table 3-4: Mineral phases abundances (wt%) of FB samples as retrieved from Rietveld refinement on XRPD spectra.
Sample

Serpentine

Magnetite

Quartz?

Brucite

Mg-Vermiculite

MTC09

92.2

4.0

2.2

-

1.1.8

MTC012

77.8

6.3

2.4

13.5

x
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3.2 Fluid-rock interaction experiments
The experimental work has been aimed to reproduce the two carbonation processes that have been
identified and characterized in the previous part of this WP which are:
i)

Low-temperature carbonation of dunite;

ii)

Carbonation of harzburgite at hydrothermal conditions.

With this goal we have performed 11 experiments at different conditions using as starting material
MTC12 serpentinized dunite and MTC09 serpentinized harzburgite (Table 3-5).

6.3.1 Experimental apparatus and methodology
The experiments were carried out using a PARR 5500 HP reactor (Figure 3-6), constituted by a
stainless-steel vessel (25 ml capacity) equipped with a magnetic stirrer and able of accommodating
powders (or rock blocks) and fluids (liquid and/or gas). Pressure and temperature can reach up to 200
bar and 350 °C, respectively (with the use of PTFE sealant gasket). The PARR 5500 HP is equipped
with special valves for the injection of gas and for the sampling of liquid (liquid sampler, thanks to the
use of a cylinder that allows the withdrawal of the fluid from the lower part of the vessel) and gas. The
solid contained in the vessel can be recovered once the experiment has been completed under conditions
of ambient pressure and temperature. The reactor is equipped with a thermocouple and an analogic
manometer for the measurement of T and P in real time; it is also possible - with a transducer - to
measure the pressure digitally and keep the temperature constant through a dedicated controller. The
controller manages the electric heater of the reactor and the rotation speed of the magnetic stirrer housed
in the vessel.
At the end of each experiments, the stirrer was stopped, and the liquid was sampled “in situ” by using
the specific valve. The liquid was quickly filtered to be analysed, and the remaining powder recovered
after the reactor was opened, dried at 60 °C for about 2 hours in the oven and recovered to be analyzed.
All post-experimental liquids were filtered (with cellulose acetate filters at 0.45 µm mesh) and analysed
for the content of the major ions (Cl⁻, SO₄²⁻, Ca²⁺, Mg²⁺, Na⁺, K⁺). In specific cases, Fe 3+ and SiO2
concentrations were measured on filtered (with cellulose acetate filters at 0.45 µm mesh) and acidified
aliquot (Suprapur® HNO3). The pH was measured with a multi-parametric probe. For the full
specifications of the instruments used, refer to Table 3-6.
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Table 3-5: Framework of the experimental conditions explored with the PARR 5500 HP stirred batch reactor, CO2-H2S mixture (98-2% by vol) and pure CO2, with solids constituted
by powders of the samples MTC09-MTC012 and MIlliQ® liquid at different temperature and durations; h = hours, d = days, n.a. = nothing added. For further explanation about the
experimental condition for each experiments see sections 3.3.1.

EXP ID

Rock type

Solid (powders, g)

Liquid (Milli-Q®, mL)

Temperature (°C)

Max total pressure (bar) Duration

Gas mixture type

Addition/Note

1
2

MTC09
MTC09

3.6
3.6

18
18

110 °C
110 °C

20 bar
23

6h
5d

CO2-H2S (98-2 %)
CO2-H2S (98-2 %)

n.a.
n.a.

3
4
5

MTC09
MTC012
MTC012

3.6
3.6
3.6

18
18
18

110 °C
110 °C
110 °C

21
21
21

5d
6h
24 h

CO2-H2S (98-2 %)
CO2-H2S (98-2 %)
CO2-H2S (98-2 %)

amorphous SiO2 powder
n.a.
n.a.

6
7
8
9
10
11

MTC012
MTC012
MTC09
MTC09
MTC09
MTC012

3.6
3.6
3.6
3.6
3.6
3.6

18
18
18
18
18
18

110 °C
110 °C
110 °C
110 °C
110 °C
20 °C

23
23
27
26
24
10

5d
5d
5d
12 d
5d
45 d

CO2-H2S (98-2 %)
CO2-H2S (98-2 %)
CO2 (100 %)
CO2 (100 %)
CO2 (100 %)
CO2 (100 %)

n.a.
amorphous SiO2 powder
Na2CO3
NaOH
post exp liquid left to evaporate
n.a.
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Figure 3-6: batch reactor PARR 5500 HP scheme (on the left) and during the experimental activity (on the right).

The ratio powders/liquid used in the experiments was 1:5 (weight ratio). Powders were mechanical
sieved with stainless steel mesh and selected into the granulometric range of 63-125 µm, according to
what reported for similar experiments (e.g., Orlando et al., 2010; Critelli et al., 2014; 2015). Powders
should be coarse enough not to produce aggregates and flocculates in suspension but, at the same time,
sufficiently fine to guarantee an adequate specific reaction surface.
The gas was injected at pressure comprised between 10 and 25 bar, and the magnetic stirrer was set on
rotation speed of 400 rounds per minute (rpm). By using a pre-established ramp, the temperature was
gradually set to the required target (e.g., 110 °C) in ~20 mins. The experiment was maintained in these
conditions for the scheduled time, taking care to note with temporal progression (4-8-15-30-60-120 min
in the first two hours and then 3 times during the following days – typically at the 9.00-13.00-18.00)
the pressure and temperature values. Post-reaction powders were analysed through SEM-EDS and XRD
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Table 3-6: Instruments employed for the characterization of the liquid and solid involved in the batch reactor experiments;
XRPD = X-Ray Powder Diffraction, SEM-EDS= Scanning Electron Microscope/Energy Dispersive X-ray Spectrometry;
EPMA= Electron Probe Micro Analysis; IC= Ion Chromatography; ICP-OES= Inductively Coupled Plasma-Optical
Emission Spectroscopy; TITR VOL= Volumetric (acidimetric) Titration.
Analysed
sample/aims

Technique

Instrument

producer

and model

Laboratory

mineral phases recognition, mineral

Bruker New D8
XRPD
solid

characterization
before the batch
reactor

SEM-EDS

sample

(Rietveld

MEMA-UNIFI

CNR-IGG FI

mineral phases recognition, texture, and
mineral chemistry (qualitative)
mineral phases recognition and mineral
chemistry (quantitative)

CRIST-UNIFI

mineral phases recognition

Da Vinci
ZEISS EVO MA15
SEM-EDS

experiments

EDS OXFORD INCA

MEMA-UNIFI

250

IC

sample

abundances

Bruker New D8

after the batch

liquid

JEOL-JXA 8230

XRPD

characterization

reactor

EDS OXFORD INCA
250

EPMA

phases
refinement)

ZEISS EVO MA15

experiments

solid

CRIST-UNIFI
Da Vinci

sample

Measured parameters

ICP-OES

mineral phases recognition, texture, and
mineral chemistry (qualitative)

DST-UNIFI

dissolved ions contents:

CNR-IGG FI

Cl⁻, SO₄²⁻, Ca²⁺, Mg²⁺, Na⁺, K⁺

Metrohm IC 761 e 861

Perkin

Elmer

ICP-

OES Optima 8000

DST-UNIFI

dissolved contents: Fe3+ and SiO2
(determined on HNO3 acidified aliquot)

characterization
after the batch

TIT VOL

reactor
experiments

Metrohm

Basic

Titrino 794

DST-UNIFI
dissolved ion contents: HCO₃⁻
CNR-IGG FI

electrical
conductivity

pH-meter

related

Crison

PH

25+

DST-UNIFI

pH, temperature in the liquid at the end
of the experiments

properties
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3.2.2 Experimental approach
For each experiment, we added either pure CO2 gas and a CO2-H2 S mixture (98-2% by vol), in addition
to the MilliQ® water. The CO2-H2S mixture (98-2% by vol) was chosen to reproduce the typical
composition of gas emitted from natural hydrothermal manifestation in the study area, and thus test
whether the presence of H2S is an important variable for reaching high carbonation efficiency.
In some test, instead of MilliQ® water we added the natural spring water collected from the
Montecastelli Ophiolite complex (SDW1) to verify whether the specific concentration of natural water
could play a role in determining their efficiency. The composition of SDW1 is reported as follow in
Table 3-7. Table 3-8 and Table 3-9 summarizes the conditions of the performed experiments.

Table 3-7 Composition and pH of the SDW1 sample employed as reaction liquid in selected experimental runs; ions
content is expressed in mg/L.
sample

pH

HCO₃⁻

Cl⁻

SO₄²⁻

Ca²⁺

Mg²⁺

Na⁺

K⁺

SDW1

7.57

340

20.3

18.4

11.5

71.8

11.7

2.30

The goal of the HT experiments was to reproduce the carbonation process connected with the formation
of magnesite deposits which involves the silicification of the host serpentinite. For this reason, and to
test whether silicification could be responsible for the high carbonation efficiency, we have also added
SiO2 in selected experimental runs. In addition, to favour the formation of smectite we have also added
Na to the solution in selected experimental runs, in the form of Na 2CO3 and NaOH. Na can be an
important component in smectites but it is present only in minor amount in serpentine.
In the HT experiments, the liquid and solid were heated at 60 °C for ½ an hour prior to the gas injection
to: i) remove the moisture from the powder and ii) avoid the reprecipitation of dissolved silica powder,
that was added in two experiments to the MilliQ®. In addition, high-temperature experiment on
serpentinized dunite (MTC12) have been also carried out to test the effect of temperature on the
carbonation of highly reactive feedstock material (due to the presence of abundant brucite).

Table 3-8: Experiments performed with the PARR 5500 HP batch reactor, CO2-H2S mixture (98-2% by vol) with solids
constituted by powders of the samples MTC09-MTC012 (3.6 g) and MIlliQ® liquid (18 ml); T = temperature, d =
duration.
110 °C – 6 h

110°C – 1 day

110 °C – 5 days

110 °C – 5 days +
SiO2
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MTC09 (3.6 g)

✔

MTC012 (3.6 g)

✔

✔

✔

✔

✔

✔

Table 3-9: Experiments performed with the PARR 5500 HP batch reactor, pure CO2 (10-25 bar) with solids constituted by
powders of the samples MTC09-MTC012 and MIlliQ® liquid (18 ml); T = temperature, d = duration.
conditions

110 °C – 7+5

110 °C – 5 days +

110 °C – 5 days +

(T- d)

days + NaOH

Na2CO3

evaporation

MTC09 (3.6 g)

✔

✔

✔

20°C – 45 days

✔

MTC012 (3.6 g)

3.3 Results
Before the beginning of each HT experiment, we left the serpentinite powder in solution with MilliQ
water for 15 minutes, at room temperature, and pH of the fluid increased from 5.5-6 to >8.7 (Table
3-10). The composition of the fluid increased on Mg2+ as well as CO32- and HCO₃⁻ increased, as a result
of the dissolution of atmospheric CO 2. Minor amount of SO42- was also detected (41 ppm) which could
be due to the oxidation of sulfide.
Table 3-10: Composition and pH of the liquids at the “zero point”, after the reaction (15 min) with MTC09-MTC012
powders (2.5 g) and MilliQ® water (12.5 ml) at 20 °C, no gas injection; ion contents are expressed in mg/L, n.d. = not
detected.
sample

pH

CO32-

HCO₃⁻

Cl⁻

SO₄²⁻

Ca²⁺

Mg²⁺

Na⁺

K⁺

MTC09

8.75

0.9

59.3

18.1

5.5

4.0

17.7

1.5

1.9

MTC012

9.76

138

695

6.7

41.0

n.d.

195

n.d.

1.0

The pH in all the liquids retrieved after batch reactor experiments ranged in a relatively small interval
(6.6-7.8) across the neutrality. By comparing the initial values of pH (“zero point”, Table 3-10) we can
state that both the rocks, especially MTC012, buffer the acidity induced by CO 2 and H2S dissolution.
Runs with MTC012, as for the experiments at room temperatures outside the batch reactor, showed
always values higher or equal to 7 and higher with respect to those involving MTC09 samples.
Analyses of ions contents in experimental fluids are reported in Table 3-10 and Table 3-11. HCO₃⁻
represents the main anion in the solution, being sourced by the dissolution of CO 2 that is, then, converted
in this ion after the reaction with OH - provided by the alkaline hydrolysis of the rock powders. Its values
at 5 days in experiments with the CO 2+H2S gas mixture is relatively constant, around 1,500 ppm for
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MTC09 and 1,100 ppm for MTC012. It reaches up to 4,800 ppm in the shorter duration experiment (6h,
with MTC012). In the runs with pure CO 2, HCO₃⁻ values are quite different from case to case because
of the very different conditions explored with respect to the durations or the addition of other kind of
solution to the liquid. HCO₃⁻ value hits his maximum (48 g/L) in the 45 days experiments with
MTC012 at room temperature, in which 16 bars of CO 2 were consumed due to the dissolution of this
component from the gas phase to the liquid phase (Fig. 3-9a,b).

Table 3-11. Composition and pH of the liquids sampled at 110 °C (and analysed at 40 °C) after the reaction with MTC09MTC012 and MilliQ® water at 110 °C and different durations using a CO2-H2S gas mixture (98-2 %); ion contents and
SiO2 are expressed in mg/L; pTOT= pCO2+pH2S+pH2O measured in bar; n.a. = not available, n.d. = not detected;
*experimental runs with the addition of 10 mg of SiO2 to MilliQ® water at 60 °C.
EXP
ID

sample

pTOT
max

duration

pH

HCO₃⁻

Cl⁻

SO₄²⁻

Ca²⁺

Fe3+

Mg²
⁺

Na⁺

K⁺

SiO2

1

MTC09

20

6h

7.25

1,770

21.0

414

24.1

n.a.

465

1.00

n.d.

n.d.

2

MTC09

23

5d

6.60

1,580

28.5

342

15.6

n.d.

440

3.00

4.09

39

3

MTC09*

21

5d

6.65

1,450

24.5

340

6.40

0.30

399

3.13

6.40

n.a.

MTC012

21

6h

7.70

4,800

11.4

223

10.0

n.a.

1.00

1.00

n.d.

5

MTC012

21

24 h

7.00

2,500

15.4

125

2.00

n.a.

570

1.00

n.d.

26

6

MTC012

23

5d

7.10

1,100

6.73

69.6

4.00

0.06

226

1.00

n.d.

86

7

MTC012*

23

5d

7.15

1,150

7.76

67.2

1.40

n.d.

238

1.20

3.50

n.a.

4

1,05
0

Table 3-12 Composition and pH of the liquids sampled after the reaction with MTC09-MTC012 and MilliQ® water using
pure CO2; ion contents are expressed in mg/L; pTOT= pCO2+pH2O measured in bar; 1the liquid is a solution 0.5 M of
Na2CO3 in MilliQ® water (18 ml); 2after 7 days batch reactor was degassed, and pH was brought to 8 with the addition of
NaOH, then the experiment lasted further 5 days at 110 °C; 3this liquid was left to evaporate (see 3.2); 4the total pressure
was maintained constantly at 10 bar by adding CO2 gas when pressure dropped and instead of MilliQ®, 18 ml of SDW1
sample was used (see Table 4); n.d. = not detected.
pTOT

T (°C)

duration

pH

HCO₃⁻

Cl⁻

SO₄²⁻

Ca²⁺

Mg²⁺

27

110 °C

5d

7.50

4,880

11.4

119

3.80

120

MTC092

26

110 °C

7+5 d

7.80

530

10.3

227

4.50

179

10

MTC093

24

110 °C

5d

7.70

1,500

19.1

282

5.00

406

n.d.

n.d.

11

MTC0124

10

20 °C

45 d

7.08

48,000

150

280

n.d.

10400

n.d.

n.d.

EXP ID

sample

8

MTC091

9

max

Na⁺
160
0
20.
0

K⁺

6.00

n.d.

Sulphates, which is the other main anion found in the composition of the liquid, were sourced both from
the rock powder and from the oxidation of the dissolved H 2S gas. SO₄²⁻ content is higher in the
experiments conducted with the CO 2 -H2S gas mixture and, generally, in the experiments involving
MTC09, despite the “zero point” composition (see Table 3-10) showed higher sulphates contents for
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MTC012. We can suppose that in the MTC09 sulphates come out from the oxidation at higher
temperatures of sulphide minerals present in very little amount so that they were not detected in the
XRD spectra, but recognized in the SEM-EDS surveys, such as in the following reactions:
FeS2 + 3/2O2 + 3H2O  2SO42- + Fe(OH)2. + 4H+ (2)
FeS2 + 3CO 32- + 7H2O  2SO42- + 2HCO3 - +Fe(OH)2 + CH4 + 3H2 .

(3)

Eventually, chloride, apart from the long-lasting experiments with MTC012 (45 days), it is concentrated
as much as 10 to 30 ppm in the MTC09 and from 6 to 15 ppm in the MTC012 runs. No evident
correlation with the durations or the temperature of the experiments are highlighted since these contents
are equal to or slightly higher than those detected at the “zero point”.
Concerning the cations contents (Figure 3-7) Mg2+ was far away the most abundant, likely resulting
from the dissolution of the brucite (where present) and serpentine. Magnesium was rapidly released into
the solution (especially in the MTC012 runs), quickly reaching (see experimental runs at 6h) the
quantities found at 5 days for MTC09 or, in the case of MTC012, obtaining its maximum at 6h to
decrease at 5 days. Also, Ca 2+ that may come out from remnants of clinopyroxene, showed similar
behaviour (i.e., its maximum contents are found at 6h to decrease down at 5 days). Their absolute values
are lower than that of Mg2+. Na+ and K+ are always very low (except for the experiments where Na 2CO3
was added and the long-lasting rung with MTC012), close to the detection limit (1 ppm). Owing the
SiO2 values, they were higher in the MTC012 with respect to MTC09 at similar conditions (Table 3-12).
In the runs with MTC012, SiO2 contents increase with increasing reaction time. In all cases the values
measured were comprised between those expected at 110°C by using the solubility equilibrium model
for quartz and amorphous silica (Gunnarsson and Arnórsson, 2000 and references therein).
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MTC09

MTC012

Figure 3-7: cations contents (logarithmic scale) of experimental liquids reacted with MTC09 (on the left) and MTC012
powder (on the right) using CO2-H2S mixture at 110 °C and different durations (6-48-120 h). The starting point is
represented by the “zero point” (Tab. 3.7), open symbol refers to the experimental runs with the addition of SiO2.

The sampled fluid interacting with MTC12 serpentinized dunite was characterised of higher Mg2+ in
solution compared with the run using serpentinized harzburgite. In these experiments the pressure
dropped of 6 bars in 3hrs, similarly to the experiment carried out on the same starting material but at
low temperature (Figure 3-8). MTC09 runs the pressure oscillated during the 5-days around more or
less the same value of the injection time.
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Figure 3-8: time elapsed from the beginning of the experiment vs total pressure at 110 °C with MTC09-MTC012 powders;
time axe is broken from 480 to 7080 minutes.

Figure 3-9: time elapsed from the beginning of the experiments vs total pressure in the experimental runs at 20 °C with
MTC012 powder in the first day of the experiment (a) and overall, in the 45 days (b); in (b) time axe is broken from 10 to
40 days.
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3.3.1 Mineralogical composition of the batch reacted solids and discussion
To identify the mineralogical variations after the experiments we performed the XRPD analysed on the
residual powders. The spectra retrieved from the X-rays diffraction of powders were elaborated with
the same procedure described in the previous chapter. SEM-EDS was used to confirm the XRPD results.

3.3.1.1 High temperature carbonation of MTC09 serpentinized harzburgite powders
Experiment 1,2,3 MTC09 - CO2-H2 S (98-2 %)
MTC09 was poorly reactive and show few mineral changes with respect to the starting mineral
assemblage. XRPD confirm the same mineral assemblage, and no differences between the pristine
mineralogy and that of the reacted powder was noticed (Table 3-13, Exp ID 1,2,3). The experiments
performed using SiO2 as a dopant (Exp 3), no differences were observed, apart for very small differences
in the composition of the reacted liquids. However, the resulting fluid is enriched in Mg 2+ and could
suggest a slightly dissolution of serpentine in the rocks, not detectable with XRPD.

Table 3-13 Mineralogical composition of the reacted solids retrieved after experimental runs with MTC09 at 110 °C using
CO2-H2S (1-2-3) or CO2 (8-9-10); ++ = major constituent (>20 %), + = minor constituent (< 5%), , for more details on the
experimental condition see Table 3-5.

EXP ID

Serp

Mgt

Qtz

1
2
3

++
++
++

+
+
+

+
+
+

8
9

++
++

+
+

+
+

10

++

+

+

Trona

Mg-Verm

Mgs

+
+
+
+

+
+
+

+

Experiment 8,9,10 MTC09 - CO2
A second set of experiments was performed, with pure CO 2, in order to precipitate magnesite by reaction
with MTC09 powders. XRPD results confirmed a no detectable new precipitated mineral phases (or <
5%). In contrast, resulting fluids are rich in Mg2+ and HCO3- (up to 465 and 1,770 ppm, respectively;
see Table 3-12), indicating an incipient dissolution of serpentine. Most probably, the lack of carbonate
mineral phases (or their precipitation below 5%) should be justified by a kinetically sluggish reaction
together with a low pH.
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For this last reason, in the 5-days exp 8 we corrected pH value by adding a 0.5 M Na2 CO3 solution.
Obviously, this procedure resulted in an alkaline pH but in a limited release of Mg 2+ in the fluid, 4 times
lower than in the experiments without the buffer solution. In exp 8 no new-formed carbonates was
observed, except trona (Na3(CO3)(HCO3)·2(H2O)) whose precipitation at 110 °C is a direct
consequence of the addition of Na 2CO3 solution to the experiment, not a result of water-rock interaction
with MTC09.
In the exp 9, we performed a two-step experiment: 1) 7 days reaction powder - CO2 to dissolve the
powdered rock; 2) vessel degassing + correction of the pH to 8 with NaOH; 3) 5 days-reaction at 110
°C. The release of Mg2+ was higher without magnesite precipitate (or in negligible amount less than
5%).

Figure 3-10: (a) diffractograms of MTC09 powders before (on the bottom) and after - exp 2 and 3- the reaction with CO2H2S mixture and MilliQ® at 110 °C and 5 days duration, with and without the addition of SiO2 (b) diffractograms of
MTC012 powders before (on the bottom) and after - exp 6 and 7- the reaction with CO2-H2S mixture and MilliQ® at 110
°C and 5 days duration, with and without the addition of SiO2; M mark the I=100 peak of the new formed magnesite; the
intensities are normalized to the I=100 peak of serpentine (2θ = 12.1°).

Exp 10 was performed with a 5-days reaction at 110 °C with MilliQ®, pure CO2 and MTC09. Then the
liquid (rich in Mg2+ and HCO3-) was recovered, filtered and evaporate in a beaker at ~50 °C, to let the
passive concentration of ions in solution favour the precipitation of carbonates. The powder recovered
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was lower (3 mg) but enough to be analysed through XRPD in 2θ = 10-50° range. From the x-ray
diffraction pattern (Figure 3-11) it was possible to detect h-magnesite and hydrated magnesium sulfate
(MgSO4·6H2O; hexahydrite).
SEM-EDS analyses allowed to determine that the powder is consisting of h-magnesite while Mg-sulfate
was present in minor amount. This last experiment demonstrated that in a two-step process, MTC09 can
be subjected to precipitation of magnesite. The h-magnesite formed in such ways could, throughout the
subsequent dehydration, evolve in magnesite.

Figure 3-11: diffractogram of powder collected after the evaporation of liquid retrieved by exp 10; the spectrum was
examined to recognize mineral with QualX software.

3.3.1.2 High temperature carbonation of MTC12 serpentinized dunite powder

In MTC012 experiments, nearly all the brucite reacted after a few hours (in the runs lasting 6h yet
disappeared) and hydromagnesite (hereafter h-magnesite) formed. The rapid drop of pressure (6 bar)
observed in the first 3 hours of the experiment is consistent with such a rapid reaction, i.e. the formation
of h-magnesite at expenses of brucite (

Table 3-14 and Figure 3-10). Indeed, brucite can rapidly supplies Mg 2+ and OH- ions in solutions: the
second one at its turn promoted the conversion of aqueous CO 2 into HCO3- and CO32-.
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Table 3-14: Mineralogical composition of the batch reacted solids retrieved after experimental runs with MTC12 at 110
°C using CO2-H2S (4-5-6-7) and pure CO2 at 20 °C (11); ++ = major constituent (>20 %), + = minor constituent (< 5%), x
= absent, for more details on the experimental condition see Table 3-5.
EXP
ID
4
5

Serpentine

Chlorite

Magnetite

Quartz

++
++

+
+

+
+

6
7

++
++

+
+

+
+

11

++

+

+

+

Brucite

H-Magnesite

Magnesite

++
+

++
++
++

+

The availability of Mg and carbonate ions under alkaline pH then favoured h-magnesite precipitation.
This hydrated phase is kinetically favoured to form in the very first phases of the carbonatation.
Experimental results point out that after 24h h-magnesite as almost completely converted into
magnesite. At 5 days, finally, only magnesite is present among experimental products and all the h magnesite disappeared. Since no other pressure drops are observed, it seems that the formation of
magnesite mainly derived from the conversion (by dehydration) of the pristine h-magnesite formed.

3.3.1.3 low temperature carbonation of MTC012 serpentinized dunite powders
A long-lasting run (exp 11) at environmental temperature (20 °C) was attempted with the aim to
reproduce the formation of h-magnesite on the surface of MTC012 rock. In this experiment up to 16
bars of CO2 was consumed. Much part of this gas volume was converted into carbonate ions in solution,
but another part of this volume was transferred to form amorphous mg-carbonates (likely h-magnesite).
Interestingly, part of serpentine after this long-lasting experiment was altered to form Mg-chlorite, and
at minor extent talc, a transformation that in the shorter experiments at 110 °C for 5 days was not
observed (Figure 3-10b and Figure 3-12). This experiment is in good agreement with the natural
analogue observed at Montecastelli (i.e., MTC012 type rock) even if it important to stress that the
natural processes are characterized by lower pCO2 with respect to that used in the experiment with the
batch reactor.
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Figure 3-12: diffractograms of MTC012 powders before (on the bottom) and after the reaction with CO 2 and SDW1 at 20
°C and 45 days duration (exp 11); the intensities are normalized to the most intense peak of each diffractogram.

3.5 Concluding remarks
The experimental activity aimed to reproduce the carbonation processes as observed in the two selected
study-area and evaluate the carbonatation potential of the serpentinized dunite and harzburgite
highlighted that:
-

the serpentinized dunite rapidly reacted with CO2-(H2S) gas and MilliQ® thanks to the presence
of brucite in its mineral assemblage, to release Mg in solution, thus triggering hydromagnesite
precipitation, which turns into magnesite in a few days at 110 °C;

-

the carbonation of brucite-bearing dunite occurs efficiently at lower T too (~ 20° C) even if the
kinetics of carbonation is likely lower respect to that at 110 °C.

-

the former harzburgite sluggish react with the CO2-(H2 S) gas, but significant amount of Mg was
released in solution due to serpentine dissolution;

-

hazburgite carbonation could be easily achieved by increasing the passive concentration of ions
in solution. This situation can be obtained if the circulating fluid in the serpentinites can be
allowed to evaporate.
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4. GEOCHEMICAL MODELLING
The geochemical modelling of the fluid-rock experiment results aims to obtain an insight in to the
mechanism of serpentinite rocks carbonation. These rocks are frequently associated with extensive
magnesite deposits, as in Tuscany, proving that an efficient carbonation (through mineral trapping) can
be achieved under certain conditions. These conditions are not yet clearly identified due to the low
reactivity of the serpentine minerals, that made of the majority of the serpentinite rocks.

4.1 Reaction path and geochemical modelling
Literature data on the dissolution rate of lizardite in a wide range of pH (2.5 ≤ pH ≤ 6.7) and temperature
(27 °C ≤ T ≤ 90 °C) in continuously stirred flow-through systems, either in liquid-filled reactors or in
aqueous solutions equilibrated with a headspace of gaseous CO 2 (4 MPa ≤ pCO2 ≤ 6 MPa), shows that
the stoichiometry of the reaction is highly correlated with the extent of Mg release (e.g. Duval et al.,
2013). In acidic solutions, in the pH range 3.2–6.2, the dissolution rate has a first-order dependence on
the surface concentration of protons that can be described by a first order kinetic reaction with k0 =
10−2.27 ± 0.56 mol.m−2.s−1; Ea = 42.0 ± 1.5 kJ.mol−1; and with (activity of H+)n, with n = 0.53 ± 0.08.
The sluggishness of the dissolution reaction and the Mg leaching probably explains the slow carbonation
rates that have been measured in previous studies. Serpentinite dissolution rates were also measured to
define the rate-limiting step (e.g. Pasquier et al., 2014).
The results of the previous experimental section show a similar behaviour, providing significant amount
of magnesium in solution for both samples MTC09 and MTC012, with the difference that MTC012
sample have 13.5% w/w of brucite where in MTC 09 is absent. Experiments were mostly carried out at
110°C, with some runs at room temperature. In such conditions, the mineral carbonation of serpentinite
should proceed with small dissolution of lizardite, whereas brucite react with HCO3 - to produce
magnesite. Iron content in the serpentinite - as magnetite - could contribute to carbonate formation,
precipitating as siderite or in solid solution with other carbonates. In our study, due to the presence of
H2S, iron content in the solution may lead to the precipitation of pyrite. According to the literature,
serpentine at around 100°C could react with HCO3- up to the complete breakdown of lizardite to form
(in a simplified iron-free environment) talc and magnesite (e.g. Klein 2014).

Based on the expected reaction path according to the literature, we verified a strong agreement with our
experimental results. In order to prepare a sounding basis for further kinetic geochemical modelling, the
MTC012 sample pore surface area was measured using the Mercury Injection Capillary Pressure System
(MiCP): we obtained, as shown in Figure 4-1, the pore size distribution. This allows to obtain the bulk
rock porosity divided in accessible porosity (4.19 %) and inaccessible porosity (6.15 %). Since the
sample is grinded at a classed grain size for the experiments, porosity is not used here. From the
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measurements we obtained the pore surface area, that results in 4.972 m 2/g with the Cylindrical and
Plate model. The pore shape Cylindrical and Plate model is the better fitting the sample, given that the
mineralogy mainly consists of lizardite, and the validity of this assumption was confirmed after a
comparison with the electron microscope image.

Figure 4-1: Results of MiCP measurement for sample MTC012, Pore size distribution curve corrected for pore
compressibility.

Figure 4-2: Mg2+ release for sample MTC09 – black line is the modelled release, blue dots are the measured data.

Since the sample MTC09 is less reactive and does not have brucite, we can use the equation from Duval
et al., 2013 above mentioned with a reaction surface of 4.97 m 2/g to model the Mg+2 release. In Figure
4-2 we report the modelled Mg +2 values (black line) and the measurements for MTC09 (details in the
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experimental section). The uncertainties in the measure and the number of the measurements don’t allow
to deepen this process, nor it is deemed necessary since the comparison between the release model and
the measured data show a good agreement.

4.2 Kinetic modelling with PHREEQC
To set up the kinetic model for the interaction of sample MTC012, which composition is 77.8 %wt
lizardite, 13.5% wt brucite, 6.3 %wt magnetite and 2.4% wt secondary quartz, we used PHREEQC
version 3.4 geochemical modelling software with Thermoddem V1.10 (http://thermoddem.brgm.fr/ )
database for the equilibrium constant. Other than the primary minerals before mentioned, our model is
made of secondary minerals identified from the experiments and expected according to the literature
data, namely hydro-magnesite, magnesite, pyrite, talc, clinochlore (representing the chlorite), and Mgmontmorillonite representing the Mg-vermiculite described in the experimental section.
In order to prepare and calibrate the geochemical kinetic model for the interpretation of experimental
data, we carried out a series of 0-dimensional (i.e., single cell) models with PHREEQC, using the
following settings:
-

MTC012 sample composition, single cell model (1 Kg water)

-

water/gas/rock ratio taken from experimental condition and inserted into the model normalized
over 1liter (volume) of water, scaling the gas volume and the rock amount accordingly.

-

Temperature and Pressure are taken from experimental condition, and the gas used for the model
is made of 98% CO2 and 2% H2S, corresponding to the composition used for the experiments.

This set up allow to accurately model the result of each experiments for MTC012 and to calibrate a
kinetic reaction model. The main effect is the alteration of brucite in hydro-magnesite and its
subsequently conversion to magnesite. This process is well known in literature, and we used the data
from Gautier et al., 2014, for the hydromagnesite solubility product and kinetics and the data from
Zhang et al., 2000, for the kinetics and mechanisms of formation of magnesite from hydro-magnesite.
The conversion is water-mediated in our conditions, so the process is equivalent to the dissolution of
hydromagnesite driven by the magnesite precipitation.
The kinetic model could be calibrated by investigating both water and solid composition evolution after
the experiments, but due to the error in the XRD determination - mostly due to the amorphous nature of
brucite, hydromagnesite and micritic magnesite - we tried a calibration including data from multiple
experiments. To be able to perform an accurate calibration, we first measured a “Zero Point”, defined
as the water composition after being in contact with the rock for a short time (15 minutes) as described
in the experimental section.
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The comparison between the kinetic model and the experimental results for the sub-system brucitehydromagnesite-magnesite is reported in Figure 4-3. Given the error in XRD measurement, the
comparison is very good, and the calibration results gave reaction surface of 1 10^6 m 2/m3 for
magnesite, 2 10^6 m2/m3 for hydro-magnesite and 10 m2/m3 for brucite. The very low value for brucite
is consistent with what reported by Gautier et al., 2014, and it is very low because hydromagnesite grow
over the brucite grain, thus reducing the effective reaction surface.
We can point out here that the final amount of magnesite should exceeds the stoichiometric reaction
with brucite, due to the Mg +2 release from the lizardite mineral, but this is not proved here due to the
lack of an accurate quantification of the products.

Figure 4-3 :Comparison of the kinetic model and the experimental results for brucite, hydromagnesite and
magnesite for sample MTC012.

To provide a better constrain of our kinetic model, we can compare the aqueous concentration of Mg +2
obtained from the experimental data with the concentration obtained from the kinetic model (Figure
4-4), and the good correspondence in the measured and computed values, in particular at 0.25, 6 and 24
hours, provide the good calibration for the kinetic model.
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Figure 4-4: Comparison of Mg+2 concentration resulting from MTC012 experiments and kinetic model.

Lastly, to further confirm the validity of the kinetic model we can compare the gas phase pressure in
the model with the pressure behaviour during a 5 days experiment for MTC012 (Figure 4-5) and in this
case the agreement is satisfactory, confirming the validity of the model in terms of gas (mainly CO 2)
consumption during the carbonation process.

Figure 4-5: Comparison between computed (black line) and measured (blue dots) pressure during a 5 days experiment for
sample MTC012.
101

Document:
Version:
Date:

D3.3: REPORT ON THE CO2 MINERAL SEQUESTRATION IN SERPENTINITES
05
11 May 2021

4.3 Conclusion
The results of the kinetic model of carbonation for sample MTC012 provide a reaction path for the
carbonation of brucite, going through hydromagnesite precipitation followed by the re-precipitation or
conversion mediated by liquid phase into magnesite, whose abundance is slightly more than what a
simple stoichiometric computation could predict due to the Mg release from the serpentinite mineral.
Due to the low solubility of iron oxy / hydroxides, the detection in the water phase did not give useful
information, and pyrite crystal were found after the experiment with CO 2/H2S mixture but not
quantified, therefore not much could be inferred on the pyrite precipitation but the general knowledge
that the reaction is fast and pyrite have very low solubility.
More complex is the problem of long-term alteration of lizardite: due to the dissolution of magnesium,
the original mineral has depletion of magnesium that enrichment in aluminium. This zone could be
related to the intergrowth of clinochlore, that could be thick enough to produce coherent X-ray
scattering, and both phases will be detected by XRD, but the intergrowth may still be well below the
optical and SEM-scale (e.g. Cressey et al., 2008). A relatively sudden increase in Al causes a clinochlore
structural unit to nucleate at an edge step on the existing (0001), lizardite crystal surface and begin to
grow laterally across the earlier lizardite as a layer just a single unit cell thick, in the way that crystal
surfaces are thought to grow (e.g. Sunagawa, 1984; Pina et al., 1998).
Alternatively, a surface alteration into talc could be developed: due to a little better matching of the
XRPD results with chlorite, this was preferred for the final attribution, but talc could not be ruled out.
The computation of the Saturation Index gives a positive result for both clinochlore and talc, thus even
in this case we have not a definite answer, and it is true that talc alteration is a common occurrence for
serpentinites. It is known that chlorite transforms to vermiculite and both randomly and regularly
interstratified chlorite/vermiculite by loss of the hydroxide-interlayer sheet. The vermiculite then alters
to a high-charge smectite (Lee et al, 2003).
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5. UPSCALING AND POTENTIALITY OF CO2
SEQUESTRATION
Introduction
Mineral sequestration entails the storage of CO 2 in a geological medium, and its reaction with the host
Mg- and Ca-rich silicates to form stable carbonates (magnesite, calcite, dolomite, etc.). We identified
the potential areas for Carbon Storage and Sequestration (CCS) obtained via mineral sequestration of
CO2 in the ultramafic-mafic rocks cropping out in Tuscany, Central Italy.
We have investigated the impact of favourable - unfavourable parameters both for in-situ and ex-situ
CCS, such as surface and subsurface geological data, temperature at depth, seismic hypocentres
locations, protected natural areas and landscape, natural and industrial CO 2 degassing. Once collected,
data have been appropriately processed and stored in a geo-database, and used to produce thematic
maps. A multi-layered space on which to apply an algorithm for selecting the most suitable areas has
finally been generated.

5.1 Geological setting
In Tuscany, the ultramafic-mafic rocks are buried deep within an anomalously hot continental crust,
that is a fundamental prerequisite for the in situ mineral storage of CO 2, and it is naturally provided in
the epithermal areas of Larderello geothermal field. At the same time, numerous serpentinite outcrops
are widespread in the Southern Tuscany, and could be ideal areas for ex-situ mineral storage of CO 2
(Figure 5-1).
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Figure 5-1: Schematic geological map of Tuscany showing the distribution of ophiolites outcrops in Ligurian Units.

5.2 Methodology
The study aimed to identify the most favorable areas in Tuscany for in-situ and ex-situ CCS using
serpentinite rocks (i.e., mineral sequestration of CO2). This evaluation is based on a dataset comprising:
i) surface and ii) subsurface geological data, Figure 5-2, iii) temperature at depth, Figure 5-3; iv) seismic
hypocenter locations (from 2005 to 2012), Figure 5-4, v) protected natural areas and landscapes; and
information regarding vi) natural (diffuse) and vii) industrial (point source) CO2 degassing.
The collected data, appropriately processed and stored in a geodatabase, was used in a GIS environment
to compile a set of maps, each representing an important parameter for identifying suitable sites for the
mineral storage of CO2. GIS software allows to overlay the resulting thematic maps as a multi-layered
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space on which to apply an algorithm for selecting the most suitable areas. The adopted algorithm is
based on logical operations between the layers, previously assessed and scored on the basis of
knowledge about the ex-situ and in-situ CCS technology.

Figure 5-2: Map showing the Tuscan ophiolite outcrops together with the identified well logs containing layer of
ophiolite.
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Figure 5-3:Distribution of temperature at 500 m depth.
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Figure 5-4: Distribution of seismic events recorded between the April 2005 and the April 2012.

The most suitable areas for ex-situ CCS began with the identification of ophiolite outcrops in the
ophiolite map of Tuscany and of areas of Tuscany subject to environmental restrictions, and intersect
GIS operation produced a layer showing the potentially exploitable areas (Figure 5-5).
For the in-situ CCS approach, the most important prerequisite is the presence of a buried ophiolite layer
covered by a safe cap rock., then high temperature at depth has been considered as a favourable
parameter. On the other hand, the presence of earthquake, the CO 2 point of natural emission and
landscape bound have been taken into account in the computation as un-favourable parameters.
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5.3 Results
In the selected area the overall ophiolite volume exploitable (Figure 5-5) for ex-situ CO2 mineral
sequestration is up to 86 Km3, considering a thickness of up to 0.3 Km. This volume is equivalent to
232 Gt of ophiolite that could theoretically be mined and 110 Gt of CO 2 that could potentially be stored,
Table 5-1.

Figure 5-5: Ex-situ potential areas.
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Table 5-1: Ex situ mineral CCS: volume estimation in Tuscany

Considering only the most favourable area (Figure 5-6), with an average ophiolite layer thickness of
0.15 Km, the exploitable volume for mineral sequestration of CO 2 is up to 26.4 Km3, equivalent to 71.4
Gt of ophiolite (Table 5-2).
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Figure 5-6: In-situ favourability map.

Table 5-2: : Ex situ mineral CCS: volume estimation in Tuscany.

Along with a constant decrease in the use of fossil fuels, and increase in energy efficiency and in the
use of alternative energy sources, the adoption renewable sources of energy, together with the geological
sequestration of CO2 in highly reactive serpentinite, could in a few years boost zero emissions and
energy independent regions.

5.4 Concluding Remarks
Tuscany presents a peculiar geological situation that would allow the intensive application of mineral
CCS technology. This preliminary study identifies potential areas for in-situ and ex-situ CCS based on
the mineralogical sequestration of CO 2 . Preliminary estimates indicate that the reduction in CO 2
emissions would be much greater than that required by the Paris agreement. Due to the peculiar
characteristics of its territory, Tuscany has the potential to become a zero emissions region in the near
future. Further investigation are needed to develop a more specific feasibility studies on this region.
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