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Abstract: Every country with a history of petroleum exploration has acquired geological knowledge
of its sedimentary basins and might therefore make use of a newly emerging resource—as there is
the potential to decarbonise energy and industry sectors by geological storage of CO2. To reduce its
greenhouse gas emissions and contribute to meeting the Paris agreement targets, Croatia should map
this potential. The most prospective region is the SW corner of the Pannonian basin, but there are also
offshore opportunities in the Northern and Central Adriatic. Three “geological storage plays” are
suggested for detailed exploration in this province. Firstly, there are three small gas fields (Ida, Ika
and Marica) with Pliocene and Pleistocene reservoirs suitable for storage and they can be considered
as the first option, but only upon expected end of production. Secondly, there are Miocene sediments
in the Dugi otok basin whose potential is assessed herein as a regional deep saline aquifer. The
third option would be to direct future exploration to anticlines composed of carbonate rocks with
primary and secondary porosity, covered with impermeable Miocene to Holocene clastic sediments.
Five closed structures of this type were contoured with a large total potential, but data on their
reservoir properties allow only theoretical storage capacity estimates at this stage.

Keywords: CO2 geological storage; depleted gas fields; deep saline aquifers; Adriatic offshore; Croatia

1. Introduction

Regarding the distinctive characteristics of the subsurface geological setting, Croatian territory is
usually subdivided into three large provinces—Pannonian basin, Dinarides and the Adriatic offshore.
Only the first and the third province can offer locations with favourable conditions for the geological
storage of carbon dioxide. The Dinarides can be ruled out due to several reasons. Firstly, this mountain
range in Croatia is largely composed of Mesozoic carbonates that are strongly karstified to depths
exceeding several kilometres. The karst hydrogeological system and its vulnerable groundwater
resources effectively prevent any type of CO2 geological storage there. The other reason is generally
moderate to locally strong seismic activity [1,2], which would put both the surface installations and
subsurface storage objects at risk. Thus, in prospecting for geological conditions favourable for a
safe and prospective CO2 geological storage in Croatia, one is directed both to the south-western
part of the Pannonian basin and to the Adriatic offshore, the latter being far less explored but still
covered by a comprehensive geological dataset, adequate for screening. This work is focused on the
initial assessments of CO2 storage potential of this extensive offshore area, based on the regional-scale
knowledge of subsurface geology; i.e., the distribution and composition of lithostratigraphic units and
architecture of regional-to-local structures. Why is the storage potential of the Adriatic offshore so
important for Croatia? It is because almost half of the greenhouse gas (GHG) emissions from large
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stationary sources in the country occur along the coastline (Figure 1)—most notably in the industrial
regions of Split and Rijeka, and in Istria where two large cement plants and the largest CO2 source in
Croatia, the Thermal Power Plant Plomin, are situated. Thermal Power Plant (TPP) Plomin alone is the
largest single source of CO2 in the country, exceeding 2 Mt/year according to Croatian Environmental
Pollution Register [3].

Another important aspect for prospective CO2 geological storage in the Adriatic offshore in Croatia
is the decline of gas production on existing offshore gas fields in the Northern Adriatic. Consequently,
these fields might be used in the future to decarbonize not only stationary CO2 sources located along
the coast, but also for inland CO2 sources closely located or already connected by the existing pipeline
network (Figure 1). Moreover, there is professional expertise of and technical potential of the otherwise
declining upstream part of national petroleum industry that might be used for developing of a carbon
capture and storage (CCS) system, but it will not be there for a long time. Use of this expertise for
deployment of CO2 geological storage would have unprecedented economic and environmental effects.
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main pipeline network (after [4,5]), contours of the potential CO2 geological storage objects in the
Adriatic offshore and the peak ground acceleration values with a return period of 475 years (after [6]).

The first regional screening of CO2 geological storage potential in Croatia was performed within
the scope of the two FP6 projects—CASTOR (CO2 from Capture to Storage) and EU GeoCapacity.
This resulted in a database of the potential CO2 storage objects, containing their geological descriptions
and numerical estimates of theoretical storage capacities [7]. This database was later actualized through
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the FP7 project CO2StoP [8] with the purpose of making this information uniformly structured and
accessible on a European scale.

2. Geology and Petroleum Exploration of the Adriatic Offshore in Croatia

There would be no possibilities for considering the offshore CO2 geological storage without
previous HC (hydrocarbon) exploration activities that acquired data on the subsurface geological
structure and lithology of rock formations in the Croatian Adriatic offshore. Interpretations evolved
during five decades of intensive petroleum-geological exploration, firstly in the Northern Adriatic
in the 1970s and then in other sectors southwards in 1980s. Results of initial explorations were not
particularly promising [9], although some hydrocarbon shows and a few potentially economical
accumulations were discovered. Major progress was made in the middle of 1990s that resulted in gas
production from the Northern Adriatic offshore [10]. Several gas fields were discovered here in 1970s,
first the Ivana field and later Ika and Ida fields (Figure 1) with reservoirs in Pliocene-Pleistocene clastic
deposits [10–12]. Traps were formed by differential compaction, resulting in small structural closures
with numerous isolated sand bodies within a progradational Plio-Pleistocene turbiditic sequence [10,13].
These thin sandy layers are characterized by intergranular porosity and markedly irregular distribution
of reservoir properties [14], together with a low level of cementation. One reservoir was discovered in
the underlying karstified Upper Cretaceous carbonates [10–12]. The structures are relatively shallow
(from −500 to −1000 m) [10], practically meaning that only some of them might be used for CO2

geological storage and that their storage capacities will be small. Locations of the three gas fields in the
northern Adriatic offshore that were included in the EU GeoCapacity database, i.e., the Ida, Ika and
Marica gas-fields, are presented in Figure 1.

The oldest rocks drilled in the Adriatic offshore are of the Permian age. According to [15], these
rocks have only been drilled in two locations—one in the Italian offshore (well Amanda-1bis [16])
and one in the Croatian part (well Vlasta-1 [17]; Figures 2 and 3). Permian rocks have heterogeneous
lithologic composition, comprising clastics, carbonates and evaporites [18,19]. The Lower Triassic
is also characterized by mixed carbonate and clastic sediments, with both siliceous and carbonate
sandstones and dolomites indicating shallow water depositional environment. Middle Triassic unit is
characterized by shallow-water carbonates; however, with widespread occurrences of andesite and
pyroclastics [20–23]. Evaporites can be locally found in the basal part of the Upper Triassic, more
frequently in the Central and Southern Adriatic [24,25], while dolomites prevail in the Northern
Adriatic area (Figure 2, with the column locations marked in Figure 4). Generally, the shallow water
carbonate sedimentation in platform conditions began in the Late Triassic, on a large Southern Tethyian
Megaplatform (STM) [22]. Tectonic disintegration of this megaplatform commenced by Early Jurassic
rifting that resulted in formation of several smaller carbonate platforms separated by deep marine
troughs and basins, giving a way to the formation of the Adriatic Basin and the Adriatic Carbonate
Platform (AdCP), characterized by pelagic and platform carbonate sedimentation throughout Jurassic
and Cretaceous, respectively [22]. Towards the end of Cretaceous the AdCP gradually disintegrated
and emerged but carbonate sedimentation was locally restored by Paleogene transgression with the
Foraminiferal limestones deposited mainly during Early to Middle Eocene when the carbonate platform
sedimentation on the AdCP terminated [22]. The total thickness of the AdCP succession amounts more
than 8000 m with average thickness of around 5000 m [22].

Following the lithostratigraphic subdivision generally accepted in petroleum geological
exploration of the Adriatic offshore in Croatia, that is hindered by relatively scarce distribution
of deep wells and seismic lines, hereafter, we will use the term “carbonate complex” for an informal
lithostratigraphic unit that includes (a) Lower Jurassic (post Pliensbachian) to Middle Eocene carbonate
platform succession (the AdCP succession, sensu [22]), (b) the Lower Jurassic to Middle Eocene pelagic
carbonate succession of the Adriatic Basin, and (c) the underlying Upper Triassic (post Carnian) to
Lower Jurassic shallow marine carbonate and clastic succession assigned by [22] to the AdCP basement
or to the STM. Thus, the “carbonate complex” of the Adriatic offshore consists prevailingly of carbonate
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rock formations of basinal and carbonate platform origins, deposited since the Late Triassic to Middle
Eocene time. In most of petroleum exploration studies (e.g., [17]) this complex is bounded on top by
the Top carbonate complex horizon mapped throughout the Adriatic offshore in Croatia and shown in
Figure 3.
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During the Middle–Late Eocene and Lower Oligocene the Adriatic offshore in Croatia was partly
affected by compressional tectonics and a SW-directed propagation of thrusts that resulted in the
formation of the External Dinarides fold-thrust belt, exposed along the eastern Adriatic coast and
its hinterland, but also partly present in the Adriatic offshore (e.g., [30,34,35]). In the course of a
SW-propagating thrust system, a large part of the AdCP succession and its basement were imbricated
into a set of NW–SE striking, fault-related anticlines and synclines, that gradually led to the formation of
a contemporaneous foreland basin system characterized by deposition of syntectonic flysch sediments
mainly of Middle–Upper Eocene, locally of Lower Oligocene and in places, up to Lower Miocene aged
sediment [22]. The continued SW-propagation of frontal thrusts locally overrode through the AdCP
margin and reached up into the Adriatic basin, while more internal foreland basins gradually evolved
into piggy-back basins that were filled up with a 2 km thick syntectonic clastic-carbonate succession of
the Promina deposits composed of marls, calcarenites and carbonate conglomerates, at first of marine,
and then of lacustrine, delta-fan and alluvial-fan origin [22,36,37]. Locally preserved Miocene deposits
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exposed on Pag island and in coastal hinterland of the External Dinarides, assigned to the so-called
Dinaride Lake System, are exclusively of lacustrine origin. They are prevailingly composed of marls
with occasional occurrences of coal seams [38,39], thus they could be considered as a post-tectonic cover
in the coastal hinterland area. In contrast to these lake deposits, in contemporaneous offshore basins,
Miocene deposits are represented by marine hemipelagic marls and turbidites composed of alternating
marls, and calcareous and marly siltites, interbedded with sandy limestones and sandstones deposited
on top of the Eocene–Oligocene marine turbidites. Based on their petrophysical characteristics, the
clastic deposits of Middle Eocene to Miocene age in the Adriatic offshore are considered to have both
the reservoir and sealing capabilities favourable for a regional deep aquifer formation. As a rule,
the transition from Miocene to Pliocene sediments in the Adriatic offshore is marked by a regional
Messinian unconformity well recognized in reflection seismic sections [17,40]. Pliocene sediments
resulted from a subsequent transgression and include clays, marls and sands. In most of the offshore
area there is depositional and lithologic continuity from Pliocene into Pleistocene deposits composed
of sands, silts and clays with lignite interbeds, except locally where transition from Pliocene into
Pleistocene is marked by transgression [41]. In the central Adriatic offshore Pleistocene and Holocene
deposits can, in places, reach the thickness of 2000 m, with the total thickness of the Eocene to Holocene
sequence being up to 6000 m in the deepest sub-basins. In the Northern Adriatic, the thickness of the
same sequence frequently exceeds 2000 m (Figure 4).



Minerals 2019, 9, 577 7 of 21
Minerals 2019, 9, x FOR PEER REVIEW 7 of 21 

 

 

Figure 4. Thickness of an Eocene to Holocene sequence of clastic sediments with the regional, deep 
saline aquifer outlined as a potential CO2 storage object. Thickness is derived based on depth of the 
top of the carbonate complex (Figure 3) and sea bottom depth [42]. 

3. First Estimates of Theoretical CO2 Geological Storage Capacity in Gas Fields and Deep Saline 
Aquifers 

Three different types of storage objects were found as prospective for geological CO2 storage in 
the Adriatic offshore. Firstly, the Pliocene and Pleistocene sands/sandstones that have favourable 
petrophysical properties and are documented to be gas-tight. The second option is seen in Miocene 
sandstones locally present in offshore foreland basins like the Dugi otok basin, and the third is found 
in Upper Cretaceous limestones with primary and secondary porosity covered with impermeable 
Miocene or Pliocene sediments. In petroleum geological exploration terminology, these three 
exploration targets would be called “plays”. By analogy, what is described in the following text are 
the three “geological CO2 storage plays.” 

To evaluate the geological CO2 storage potential of these plays, we firstly conducted 
regional-scale mapping of the Top carbonate complex horizon and then delineated areas that were 

Figure 4. Thickness of an Eocene to Holocene sequence of clastic sediments with the regional, deep
saline aquifer outlined as a potential CO2 storage object. Thickness is derived based on depth of the
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3. First Estimates of Theoretical CO2 Geological Storage Capacity in Gas Fields and Deep
Saline Aquifers

Three different types of storage objects were found as prospective for geological CO2 storage
in the Adriatic offshore. Firstly, the Pliocene and Pleistocene sands/sandstones that have favourable
petrophysical properties and are documented to be gas-tight. The second option is seen in Miocene
sandstones locally present in offshore foreland basins like the Dugi otok basin, and the third is found in
Upper Cretaceous limestones with primary and secondary porosity covered with impermeable Miocene
or Pliocene sediments. In petroleum geological exploration terminology, these three exploration targets
would be called “plays”. By analogy, what is described in the following text are the three “geological
CO2 storage plays.”

To evaluate the geological CO2 storage potential of these plays, we firstly conducted regional-scale
mapping of the Top carbonate complex horizon and then delineated areas that were more favourable
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from others. Actually, these areas are the preliminary mapped structural uplifts, which would have
qualified them for the “structurally defined deep saline aquifers” if their local geological models were
confirmed. These initial estimates were done based on the results of previous petroleum geological
exploration, integrating them into the concept of the “theoretical storage capacity assessment,” meaning
that the most important properties are mapped: subsurface extension and depth range of the most
important porous and permeable rock formations, thickness of their impermeable cover and zones of
seismic activity that should be avoided. With regional estimates of these properties and areal extension
of favourable zones, it becomes possible to make numerical estimates of storage capacity on a basin
scale. This is usually called “theoretical capacity” and its only purpose is planning. It can be at first
planning of land use, due to potential conflicts of interest, but the most important is planning of
future targeted exploration in prospective areas. This is the way it has always been done with mineral
resources, to gradually come from regional assessments to local geological models of the subsurface
on locations where the exploitation (storage in this case) projects might be developed. Large capital
investments in such operations dictate this procedure, which is mirror of the one used in the upstream
petroleum industry, and consequently, has been proven to be the best way to substantiate the investment
decisions. In that sense, a techno-economic pyramid depicting different levels of estimates of CO2

storage capacities were developed based on the concept of energy resource pyramid introduced by
McCabe [43]. Assessment of theoretical storage capacity means to make a numerical estimate of the
total resource; with additional works some of it will become “effective,” meaning that this is the capacity
that might really be used since the uncertainties have been sufficiently reduced, and in the end the third
conceived level would be the “viable” capacity that also includes economical aspects, and is by analogy
equal to the “balanced reserves.” In this paper the estimates of theoretical capacity are presented, based
on the publicly available data. It should be noted that not all units/exploration targets are at the same
level of assessment and are, therefore, described separately, in the following subchapters.

3.1. Potential Storage Objects in Depleted Gas Reservoirs

Theoretical capacity estimates were firstly performed for three gas fields in the Northern Adriatic
offshore—the Ida, Ika and Marica Fields (locations in Figure 1). The capacity was calculated based on
the total recoverable volume of gas under reservoir conditions, considering that CO2 could replace the
volume that was previously occupied by the gas in the reservoirs. All three assessed gas fields have
multiple reservoirs of Pliocene and Pleistocene sands/sandstones, and in addition, the Ika gas field
contains one reservoir in Upper Cretaceous limestones [10]. Presently, the reservoirs are not depleted.
Their total potential storage capacity is estimated, and they can be converted to storage objects by
making use of existing offshore installations (network of pipelines shown in Figure 1).

This theoretical storage capacity estimate has been performed based on publicly accessible data
on recoverable reserves [44,45] by using the 1:1 replacement principle—the amount of CO2 that can be
stored underground into a depleted oil or gas field is equal to total oil or gas (that will be) produced:

mCO2 = UR× ρCO2 × B (1)

where B is the gas or oil formation volume factor (ratio of volume of fluid in reservoir versus volume
in standard conditions); mCO2 is the mass (kg) of CO2 that can be stored; ρCO2 is the CO2 density at
reservoir conditions; and UR is the total volume of oil or gas produced; i.e., the proven ultimately
recoverable recoverable oil or gas.

For calculation of CO2 density for geosequestration, the real gas equation of state was used [46].
Formation volume factor for oil is very accurate because it was measured in laboratory. For the gas
fields, assuming that the real gas volume correction, i.e., the compressibility factor Z of the gas at the
surface, is 1, volume factor Bg can be expressed as:

Bg = 0.0034632 × (Tr/pr) × Z (2)

where Tr: reservoir Temperature (K); pr: reservoir pressure (bar).
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Table 1 shows a summary of parameters used in calculation of the CO2 storage capacity of the
three gas-fields in the Northern Adriatic. The total estimated CO2 storage capacity for these gas-fields
amounts to 32.112 Mt. Notably, most of the reservoirs of these three fields are still in production and
will not be available for at least a decade.

Table 1. Summary of parameters used for CO2 storage capacity estimation of the Northern
Adriatic gas-fields.

Field
Name Stratigraphic Unit Lithology Depth

(m)

Proven Total
Recoverable

Gas
Bg

CO2
Density
(t/m3)

Estimated
CO2 Storage

Capacity (Mt)

Ida Pliocene-Pleistocene sandstone 870 2.407 0.0051 0.3812 10.502
Ika Pliocene-Pleistocene sandstone/carbonates 1300 2.520 0.0045 0.5977 11.903

Marica Pliocene-Pleistocene sandstone 1010 1.816 0.0038 0.5396 9.707
Total estimated CO2 storage capacity (Mt) 32.112

3.2. Potential CO2 Storage Objects in Deep Saline Aquifers

The past exploration results that were available and used in this part of the study originate from
the 1971–1985 period when only few regional deep wells were drilled. These wildcat wells were not
totally dry—there were gas shows in most of them and traces of heavy oil in two. With maximal depth
exceeding 6000 m, this drilling campaign brought up information on the lithostratigraphy of Triassic,
Jurassic, Cretaceous, Paleogene, Neogene and Quaternary sediments. Additionally, a set of correlation
horizons was established then, based on the lithostratigraphy from wells and sequence boundaries
observed on reflection seismics (Figure 5):

• Q—Top Pliocene;
• A—Top Miocene;
• B—Top Eocene;
• C—Top Cretaceous;
• D—Top Triassic;
• E—“Base Carbonates”, Top of Permian clastic sediments.

The transversal correlation section A–B shown in Figure 2. (for location see Figure 4) is given here
as an attempt to illustrate a possible reconstruction of the subsurface geology based exclusively on the
vintage deep regional wells.
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The oldest E horizon delineated as the base of the carbonates was not drilled in the area of
Dugi otok basin, so the thickness can only be interpreted based on the seismic data. The oldest
penetrated unit is the one below the D horizon (Figure 5), composed of Triasssic dolomites and
dolomitic limestones, characterized by frequent occurrence of stylolites, moldic and fenestral porosity
(predominantly developed in the basal and middle part of the unit).

Jurassic and Cretaceous limestones together, build up the D–C interval. Their drilled thickness is
from 900 to more than 4000 m, depending on structural position of analysed wells. The basal part of
this unit is of grey to greenish dolomitic limestones with chert lenses and nodules, also with sporadic
black marl intercalations. Porosity is markedly variable—from several up to even 20% based on well
log interpretation [28]. The central part of this unit consists of Lower Cretaceous white limestones that
have joints filled with anhydrite; limestones with stylolites; limestones with chert; and bituminous
limestones and overlying dolomites. Sporadically, these sediments are characterized by increased
porosities within the zones encompassing several tens of meters, interpreted to be caused by brittle
tectonics. Overlying Upper Cretaceous layers are composed of dense limestones (occasionally with
chert or bitumen), and bioclastic limestones (chalk), white limestones with chert and rudist limestones.
Joints are not common in this unit and the existing ones are filled with organic matter—either bitumen
or heavy oil, and the same goes for the stylolites. There are zones in this sub-unit where secondary
porosity can be expected, but without any information about frequency and orientation of predominate
joint sets. Porosities and permeabilities of Jurassic and Cretaceous limestones are strongly controlled by
diagenetic and postdiagenetic processes, including dolomitization, recrystallization, dissolution, leaching,
erosion and weathering. Defining the intensity and distribution of these processes in rocks would require
a thorough reinterpretation of well and seismic data, which is beyond the scope of this paper.

Early to Middle Eocene limestones are the dominant lithology in the C–B interval, where basal
parts of this unit also include chalk limestones and carbonate breccia. Less developed lithologies are
dense laminated limestones and calcitic marls with chert nodules. Striations are observed in cores and
stylolite joints as well. The youngest part of Eocene (close to B horizon) exhibits coarser carbonate
bioclastics—calcarenites and calcrudites. The drilled thickness of the Eocene unit in the area is usually
between 120 and 800 m, although there are wells (like Well KM-2 in Figure 5) where it is totally missing.
In such cases the B horizon corresponds with the “top carbonate complex horizon”.

The composite unit of the B–A interval includes clastic and carbonate sediments of Upper Eocene,
Oligocene and Miocene age. Differently subsiding tectonic blocks within the Dugi otok basin are
not reflected only in orientation and size of structures, but also in changes of accommodation space.
Here, the Eocene-Miocene unit is found at depths between 300 and 1330 m with a variable thickness
from 100 m to more than 3000 m in the central part of this structural depression. Basal part of this
interval is made of Eocene flysch-like deposits—mainly marls, marly calcarenites and limestones.
They are covered by Oligocene sandstones with intercalations of calcitic marl and then by the Miocene
flysch-like deposits again.

The youngest unit is comprised of deposits above A and bellow Q horizon, i.e., between the Top
Miocene horizon and the seabed. That unit is composed of loose, silty-sandy sediments of Pliocene,
Pleistocene and Holocene age. The depth of A horizon ranges from 300 m to over 1200 m, which
at the same time gives approximately the thickness of this unit. Pliocene marls, sands and clays are
distributed throughout the Dugi otok basin. Quaternary sediments are transgressive in the NE part
and in conformity with Pliocene in the SW region. Transgression started in early the Pleistocene
age with marine sedimentation that is still ongoing. The thickness of Quaternary sediments is also
variable—from 300 m to more than 1200 m.

Based on the available knowledge of subsurface geology, there is potential for geological CO2

storage in the Adriatic off-shore in two regional units: Miocene sandstones (parts of the unit between
A and B horizons, see Figure 5), and in the carbonate complex bounded on top by either C horizon
or B horizon (Figure 5). The most important difference between these two units is in lithological
compositions and porosity types. Miocene layers are a bit better explored and their depth range in



Minerals 2019, 9, 577 11 of 21

combination with intergranular porosity appears to be more favourable, but they lack large structural
closures. Underlying rocks of the carbonate complex have both the primary and secondary porosity
(with locally increased permeability), and, in addition, there are numerous closed structures that
are relatively easy to recognize on a structural contour map of the Top carbonate complex horizon
(Figure 3). However, there is a lack of sufficient data to characterize and estimate areal distribution of
reservoir properties in this unit.

The CO2 storage potential in these two large units must, therefore, be assessed in two different
ways: Miocene sandstones are studied as a regional deep saline aquifer (DSA) named “Dugi otok”,
because they were mapped within the Dugi otok basin, while within the carbonate complex, several
structural uplifts were identified and referred to as structurally defined aquifers.

3.2.1. CO2 Storage Potential in the Regional Deep Saline Aquifer Dugi otok (DSA Dugi otok)

Initially formed as a foreland basin ahead of SW-propagating Dinaric thrust system, sedimentation
of siliciclastic deposits in the Dugi otok basin took place during the Late Eocene, Oligocene and
Miocene [25,47,48]. Miocene series is made of chalk limestones with marly and sandstone interbeds.
Chalk limestones and sandstones have good reservoir properties; their porosity is in 15–25% range.
Based on regional seismic interpretation (seismic facies), Miocene sediments are mostly comprised of a
stacked sequence of sandstone and marl layers, with some subordinate lateral lithology variations.
Lower and Middle Miocene sandstone layers are the ones where CO2 might be injected. More precisely,
these are the layers and lenses of silty sandstones at depth range of 700–2100 m, regionally SW-dipping
in the form of monocline unconformably covered by Pliocene marls, thus are considered as prospective
for geological CO2 storage.

In Table 2, the main characteristics of DSA Dugi otok are presented together with the parameters
used to calculate its theoretical CO2 storage capacity. An aquifer is treated as if it makes a consistent
single large unit with average depth and porosity values and an estimated small proportion of pores
that will eventually be filled with carbon dioxide once its plume spreads throughout the unit. This is an
oversimplification of the effect of many processes that will eventually contribute to geological storage,
in line with the so-called “conservative approach” taken in EU GeoCapacity CO2 storage atlas [7].
Outline of the aquifer is shown in Figure 4. Until a detailed exploration of Miocene units in this area
is made, their presence was estimated in the region where the total thickness of Eocene to Holocene
sediments exceeds 3000 m. Both the storage efficiency coefficient estimate (taken as 0.02 after [49] as
P50 value for clastic regional deep saline aquifers) and the way in which the unit is mapped are major
contributors to the large uncertainty in the calculation of the storage capacity. This means that the
number of 327.075 Mt presented in Table 2 is just a first numerical estimate of the potential and should
by no means be directly compared with the numbers given in Table 1, where the potential in depleted
gas fields was estimated.

Table 2. Characteristics of the regional deep saline aquifer Dugi otok.

Potential
Storage
Object

Average
Depth (m) Net-to-Gross Average

Porosity (%)
Pore Volume

(m3)
Initial Pore

Pressure (bar)
Initial Temp.

(◦C)

DSA Dugi
otok

2923.5 0.2 15 16.7579 × 109 293.97 57.01

Pore
pressure

increase (%)

Pore
compressibility

(bar−1)

Pore water
compressibility

(bar−1)

CO2 density at
maximum pore

pressure (kg/m3)

Storage
efficiency

coefficient (-)

Total CO2
storage capacity

(Mt)
10 3.5 × 10−5 5.87 × 10−5 857.75 0.02 327.075

The CO2 storage capacity was calculated using the compressibility method (after [50]) and the
volumetric method as described in [49]. The obtained capacities were than summed up, following the
approach suggested by [51] that assumes that additional pore volume will be available for CO2 storage
due to compressibility of pores and initially present pore water. If pressure increase is considered, pore
compressibility should be included to storage assessment:
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cp = 1/δV × (δV/δp) (3)

where: cp: pore compressibility (bar−1); δV: change in pore volume resulting from the change in
pressure (m3); δp: change in pressure due to injection (bar).

The maximum pore pressure was estimated to be 10% above the initial pore pressure, which is
significantly less than what is estimated for structurally defined aquifers in carbonates. The reasoning
behind this is that the initial pore pressure could not be expected to be intensively increased within the
volume of the entire regional deep saline aquifer; the intensive pressure increase would be limited
to volumes of the regional deep saline aquifer in the surroundings of the injection well, but overall
average pore pressure should not increase as significantly, as it does for structurally defined deep
saline aquifers; i.e., it should not be comparable to fracture pressure. The average porosity value was
estimated from regional data on Miocene sandstones in the study area. Pore compressibility was
estimated using the correlation of pore compressibility with the net confining pressure developed for
Bandera sandstones [52], which have a similar initial porosity to the Miocene sandstones of DSA Dugi
otok, amounting to 16.5%. The pore water compressibility was calculated after following equation [53]:

cw = −
1

Bw

(
∂Bw

∂p

)
T
=

1
[7.033 p + 541.5 CNaCl − 537.0 T + 403, 300]

(4)

where cw is water compressibility (1/psi), Bw is water formation volume factor, p is pressure (psi), T is
temperature (◦F), and CNaCl is salinity of pore water (g NaCl/l).

For the salinity of pore water, the value of 35 g NaCl/l, corresponding to salinity of seawater was
taken. Initial pore pressure and overburden pressure were calculated using brine density of 1025 kg/m3

and bulk wet density of overlying sediments of 2400 kg/m3. Density of CO2 was calculated based
on the estimated values of pressure and temperature, using the equation of state after [46]. Average
temperature was estimated using the geothermal gradient of 1.57 ◦C/100 m, which was calculated from
data on temperature of the sea bottom [54] and the regional isothermal map of formation temperatures
at the depth of 3000 m [31]. Pressure was calculated assuming the hydrostatic pressure gradient
according to [10].

3.2.2. CO2 Storage Potential in Anticline Structures of the Carbonate Complex

The structural map of the Top carbonate complex horizon in the Croatian part of the Adriatic
off-shore (Figure 3) was constructed based on data published in one PhD thesis [28], a Master thesis [24],
two graduate theses [55,56], and that in publications in scientific and professional periodicals and
proceedings [29,57–59]. The regional structural model is the most important here, so characteristics of
structural styles and the location of km-scale structures are described first.

In terms of the predominant structural styles and structures formed in rocks of the carbonate
complex and its overlying syntectonic sediments, their orientation and distribution, the three different
regions in the Adriatic offshore of Croatia can be distinguished (Figure 3):

1. Area to the WSW of the Premuda, Susak and Lošinj islands, together with the offshore west of
Istrian peninsula. In this part of the Adriatic offshore, the top of the carbonate complex horizon
gently dips in the WSW direction in a form of monocline (named the North-Adriatic monocline
by [30]); in offshore Istria, it represents the gently WSW-dipping limb of the so called Istrian
anticline [60,61] or the Istrian swell, sensu [30]. This wide and gentle anticline is bounded to the
east-northeast by the frontal thrust of the External Dinarides exposed along the SW margin of
the Ćićarija mountain (Figure 3), while its submerged WSW limb practically continues all the
way underneath the submerged thrust front of the Northern Apennines (see in cross-section
number 5 in [30]). Thus, the Istrian anticline represents a gently deformed foreland at first
for the Dinarides fold-thrust belt during Middle to Late Eocene, and then for the Northern
Apennines fold-thrust belt during Late Miocene to Quaternary. In the North-Adriatic monocline,
at about 50 km offshore Rovinj where the core of the anticline crops out, a paleogeographic



Minerals 2019, 9, 577 13 of 21

boundary between the AdCP and the Adriatic basin is nicely preserved. According to [30,62],
this boundary is interpreted as the W-dipping Early Jurassic to Paleogene normal fault that is
covered by undeformed Plio-Quaternary marls and sands, that, in addition to an absence of
instrumentally recorded seismicity along this boundary, suggest that it is at present, tectonically
inactive. The same is true of a set of conjugate normal faults found some 20 km east of this
boundary and close to the Ivana gas-field (Figure 3).

2. The area in the northern central Adriatic between the Premuda, Kornati and Žirje islands.
Structurally this part of the Adriatic offshore represents presently submerged frontal part of
the External Dinarides fold-thrust belt. Most, if not all, of islands in this area are fault-related
anticlines formed in hangingwalls of the NE-dipping and SW verging thrust system, active during
Mid-Late Eocene and Oligocene; i.e., during the main tectonic phase in the External Dinarides
(see in the text above). According to interpreted reflection seismic sections available in literature
(e.g., [30,62]), NE-dipping thrusts have listric geometry and sole out from two major decollement
horizons: the one at approximately 5 km depth formed in Jurassic carbonates, and the other at
circa 10 km depth formed in the Permo-Triassic evaporitic (salt) deposits (Figure 6). Characteristic
structural styles, the morphology of reverse faults, fault-related anticlines and synclines, are
nicely depicted on the transversal cross section SW of the Dugi otok island shown in Figure 6,
which also shows the location of the deep well Kate-1 drilled through an anticline formed at the
SW front of the Dinarides thrust system. Occasionally, NE-dipping forethrusts are associated
with SW-dipping backthrusts, thus forming local pop-up structures.

3. The area in the central and southern Adriatic west of Kornati islands, and the offshore Split and
Dubrovnik. Structurally, this part of the Adriatic offshore is strongly affected by salt tectonics and
is comprised of numerous halokinetic structures, partly in form of salt diapirs, salt walls and
salt-cored anticlines of variable size and time of formation, some of them found in cores of small
and large islands like Jabuka, Brusnik, Vis, Palagruža, etc. At least in part, this area corresponds
with the belt of halokinetic structures know in the Italian Adriatic offshore as the Central or Mid
Adriatic Ridge (e.g., [63,64]) that we presume to extend in a SE direction all the way to the offshore
Dubrovnik area and even further to offshore Montenego and Albania. A part of this belt across the
Jabuka island is shown in Figure 6 and interpreted by [30] as a strike-slip corridor strongly affected
by salt diapirism. In case of the Jabuka island, however, Herak et al. [65] analysed a recently
recorded earthquake sequence around this island and found excellent agreement between their
calculated focal mechanism and the distribution of earthquake hypocentres with the NE-dipping,
Jabuka-Andrija thrust fault system. Accordingly, it is included into the list of seismogenic sources
of the Adriatic offshore by Kastelic et al. [66], described there as a moderately NNE-dipping
seismogenic source capable of generating earthquakes with magnitudes of 5.5. Based on this
data, we have partly modified a part of the cross-section, shown in Figure 6, by proposing the
NE-dipping thrust fault underneath the Jabuka island, that is supposed to splay off either from the
Permo-Triassic evaporite decollement, or from an even deeper decollement within the crystalline
basement, as suggested by the distribution of the Jabuka earthquake sequence. The offshore
area between the Vis island and Dubrovnik shows similar structural style with a prevalence of
fault-related folds associated with salt tectonics. The only difference observed there is in the
prevailingly E–W strike of major faults and fault-related folds that could be controlled by variable
presence of evaporites. As in case of the Jabuka island, seismic activity around major structures
there is instrumentally and historically well known. Actually, in addition to the catastrophic
1667 Dubrovnik earthquake (I0 = IX − X◦ EMS98; [67,68]), the most recent seismic activity here
was recorded in an offshore area between the islands of Brač and Hvar (ML = 6.1; [69]), close
to the coastline in the Ston area (ML = 6.0; [70]), and in off-shore Montenegro (MW = 7.1; [71]).
Accordingly, the ongoing tectonic activity and seismicity in this area significantly reduces its
potential for CO2 geological storage.
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Figure 6. Transversal cross-section 2–2′ through the deep well Kate-1, south of the Dugi otok island
(after [30]; stratigraphy modified after [15]). Vertical exaggeration is 2:1. Fault planes are marked with
black lines. Location in Figures 3 and 4.

Altogether, five structural traps—potential underground CO2 storage objects, are depicted, all
of them identified based on the structural map of the top of the carbonate complex. Structures are
shown in detail on small maps given in Figure 3. The main characteristics of the potential storage
objects are given in Table 3 and main parameters used to calculate storage capacities are given in
Table 4. The average effective porosity value has been extrapolated from the laboratory measurements
on core samples of the Upper Cretaceous carbonates from a single well in the northern part of the
Adriatic offshore [28]. To calculate pore compressibility, the correlation of pore compressibility with
net confining pressure developed for carbonate rocks has been used [72]. The correlation itself was
developed in Knutson and Bohor [73]. Pore water compressibility was calculated in the same manner as
for DSA Dugi otok, using a correlation by Osif [53]. The maximum pore pressure is set based on criteria
90% of 0.2 bar/m fracture gradient; i.e., as 0.18 bar/m [74,75]. In that respect, maximum increase of pore
pressure was averaged to 50% from initial pore pressure, which is in accordance with value of maximum
pore pressure suggested to be between 1.3 and 1.8 times the initial pore pressure [76]. Storage efficiency
coefficient was taken to be 0.05, which is the product of displacement efficiencies (volumetric, EV and
microscopic, ED) and net-to-gross-ratio. For product of volumetric and microscopic displacement
efficiencies, the estimated value of P10 in limestone formation storage objects after Goodman et al. [49]
amounting to 0.1 was taken, while for the net-to-gross ratio, representing the part of the structurally
defined saline aquifer having favourable petrophysical properties needed for CO2 injection (generally
corresponding to Ehn/hg after [49], the value of 0.5 was taken. The value of net-to-gross was practically
based on a rule of thumb approach, since there were not enough data to make reliable geological models
of these structurally defined aquifers. The porosity data used to calculate pore volume was effective
porosity, but it was extrapolated from the neighbouring well, not from the wells drilled-through the
structurally defined aquifers. Also, no quantitative data of permeability were available that could
be used to assess net-to-gross ratio. Temperatures were estimated using geothermal gradient that
was calculated from data on temperature of the sea bottom [54] and the regional isothermal map of
formation temperatures at the depth of 3000 m [31]. The calculated values were in agreement with the
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geothermal gradient mapped by Jelić et al. [77]. Since no data on pressure were publicly available,
initial pore pressure was calculated using hydrostatic pressure gradient and this can be regarded as a
reasonable assumption; i.e., no overpressure is to be expected, due to the fact that drilling operations
encountered problems with total mud loss when entering the carbonate complex [19]. Densities of
CO2 were calculated based on the estimated values of pressure and temperature, using equation of
state as defined in [46].

Table 3. Main characteristics of structurally defined aquifers in carbonates.

Potential
Storage
Object

Top
Depth (m)

Average
Depth (m)

Average
Sea Depth

(m)

Average
Porosity

(%)

Pore
Volume
(106 m3)

Average Initial
Pore Pressure

(bar)

Average
Temperature

(◦C)

Structure 1 891 945.5 65 18.85 209.64 95.1 26.99
Structure 2 843 921.5 65 18.85 467.14 92.7 26.61
Structure 3 1670 2085 113 18.85 4473.84 209.7 43.96
Structure 4 1772 2136 133 18.85 2066.99 214.8 44.45
Structure 5 780 890 121 18.85 778.51 89.5 23.23

Table 4. Storage capacity estimation using compressibility method for structurally defined aquifers
in carbonates.

Potential
Storage
Object

Storage
Efficiency

Coefficient (-)

Pore
Pressure

Increase (%)

Pore
Compressibility

(bar−1)

Water
Compressibility

(10−5 bar−1)

CO2
Density *
(kg/m3)

Total Storage
Capacity (Mt)

Structure 1 0.05 50 10.15 × 10−5 5.55 × 10−5 857.68 8.99
Structure 2 0.05 50 10.15 × 10−5 5.54 × 10−5 856.27 20.00
Structure 3 0.05 50 6.96 × 10−5 5.73 × 10−5 902.58 201.90
Structure 4 0.05 50 6.96 × 10−5 5.74 × 10−5 904.89 93.52
Structure 5 0.05 50 11.17 × 10−5 5.51 × 10−5 872.18 33.95

* CO2 density at maximum pore pressure (sum of average initial pore pressure and overpressure caused by injection).

In this way, calculated total storage capacities in five chosen structurally defined aquifers were
considerably high, which makes them valid candidates for future exploration activities. Special
attention should be given to the fact that in three of five potential storage objects (structures 1,
2 and 5) CO2 is not expected to be in supercritical state, but liquid upon injection, due to low initial
average temperatures that are the result of a low geothermal gradient (between 1.2 and 1.5 ◦C/100 m),
characteristic for the studied area. This is not necessarily an issue, since according to [78], injecting
CO2 in a liquid state is energetically more efficient than in supercritical state, due to its increased
density, which results in lower overpressure not only at the wellhead, but also in the reservoir, because
a smaller volume of fluid is displaced.

It should be emphasized that the obtained capacities are heavily burdened by the lack of data and
subsequent weaknesses of the model used for their calculation and can also be treated as theoretical
values only. However, it must be noted that numbers given in Table 4 are more realistic than the
estimates given for the Miocene regional aquifer (Table 2), making at least some of these objects targets
for future detailed exploration.

4. Discussion

Trying to estimate the storage capacity in deep saline aquifers (DSA) always disclosed a major
problem, because the available data on the subsurface geology are not detailed enough. Even in the
mature petroleum provinces deep aquifers were simply not drilled through in many places and there
are just a few analyses of their reservoir properties. There are frequent cases where the geometry
of the reservoir rock formations can be delineated based on the regional subsurface data, but other
parameters—effective thickness, porosity and temperature—need to be extrapolated from the existing
hydrocarbon fields in the region, if there are any. This inevitably burdens the storage capacity estimates
with a lot of uncertainties. Even more so, knowing that adequate trapping conditions in parts of these
regional aquifers will only later be confirmed by targeted surveys. That is why these storage estimates
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are regarded as theoretical capacity only (bottom of the techno-economic resource pyramid for the
capacity of CO2 geological storage as defined in [79]).

There are the two significantly different types of formations where potential underground CO2

storage objects might be planned and constructed in the Adriatic offshore. Firstly, there are the thick
carbonate rock formations ranging in geological age from Triassic to Eocene. On the map of top of
carbonate complex (Figure 3) in the more prospective zones (i.e., far from the active faults) altogether,
five structures were depicted. Three (2, 3 and 4) of them were drilled by regional wells and no
hydrocarbons were discovered, meaning that they can be assessed as structurally defined aquifers.
Their main characteristic is the primary and secondary porosity, thus potentially high permeability,
which is indicated by total mud loss during the drilling of the mentioned wells [19]. Carbonate
rock formations are, in the Adriatic offshore, covered by thick succession of clastic sediments (from
Eocene to Holocene age), in which most of the rocks are impermeable, most importantly the Upper
Miocene and Lower Pliocene layers. The thickness of the entire clastic basin fill is given in Figure 4.
Another interesting potential storage object is the deep saline aquifer—Dugi otok (DSA Dugi otok).
This is a regionally defined unit of thick Miocene succession of marls and sands that filled the Dugi
otok depression. Looking at the cross-section 2–2′ in Figure 6, and given description of regional
geology, this regional aquifer might be considered as an object worth the detailed exploration for
two reasons—ample impermeable intervals (regional seals) of the Miocene and Pliocene age, and a
regional dip SW by one largely undeformed structure, allowing plans to be made for the injection
wells on the subsided SW part of the monocline and monitoring wells on the NE side. That is, should
such general structure be confirmed by targeted exploration. The drawback for now is in the smaller
proportion of permeable layers (estimated net pay of 0.2 is in the Table 2) and the same goes for the true
reservoir properties, because they are also only regionally estimated. CO2 storage capacity declared
for the DSA Dugi otok is really a preliminary estimate for two reasons—its reservoir rock properties
are based only on the data from three wells, and its outline follows the contour 3000 m on the map of
thickness of clastic sediments (Figure 4), because that is the area where the Miocene sediments have
greatest thickness, and within this area thickness of Pleistocene and Holocene sediments is the greatest,
meaning that the Miocene strata are situated in depths exceeding 1000 m. It also has to be noted that
the storage efficiency factor is taken to be 0.02 [49], meaning that only such a small proportion of
the estimated available pore volume might retain, once being filled with carbon dioxide (at several
locations that are still to be found). This storage capacity in aquifers might be prepared for use only
after the deliberated exploration of these objects, not only to fully investigate their reservoir properties,
but also to confirm the integrity of their cap rocks. The third option, storage objects in the three gas
fields might easily be prepared for pilot injections and have upscaling potential, but this will become
available only once their reservoirs are depleted and hydrocarbon exploitation licences are expired
or terminated.

5. Conclusions

It is important for the Republic of Croatia to consider the possibilities of reducing their emissions
by making use of CCS technology. This is the only way to achieve the Paris agreement targets in time,
simply because the existing large stationary industrial sources from the energy and other industrial
sectors can be cost-effectively, safely and quickly decarbonised, before the uptake of renewable
technologies really starts “kicking in.” Timely preparation of this will positively influence energy prices
and save many jobs, not to mention that every nation should take care of its contribution to the global
effort to reduce GHG emissions. Croatia is at present, still far from phasing out its fossil fuel energy
sources and has a comparably high proportion of industrial emissions that will not just disappear in the
near future. This can all be dealt with by evaluating the new “geological storage resource” to make use
of the deep subsurface rock formations by the building of carbon capture and storage (CCS) systems.

There are favourable conditions for geological storage of CO2 in Croatia, both in the southern part
of the Pannonian basin and the Adriatic offshore [7]. The capacity declared for hydrocarbon fields is
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better defined than estimates for aquifer formations which still need detailed exploration in order to
define the structures for storage. Regarding the Adriatic offshore, it is far less explored than Pannonian
Basin, but it has a considerable dataset, enough for screening in terms of the basic characteristics of
subsurface geology.

Since almost half of emissions occur in the coastal areas, the Adriatic offshore’s CO2 storage
potential gains importance now that even exceeds petroleum exploration. That is simply because one
can import oil or natural gas, but one cannot export CO2. There is still the significant professional
knowledge and technical potential from the otherwise declining upstream part of national petroleum
industry. It simply must be put into use while the window of opportunity still exists.

The most prospective CO2 storage objects are the small gas fields in the Northern Adriatic.
Total storage potential in their reservoirs is not large (32 Mt) but it is available, and there are
installations on exploitation sites which would significantly reduce investments. Another group of
objects are deep saline aquifers. They offer much larger potential but with large uncertainty; that
is why this is called “theoretical storage capacity”. We think we have demonstrated the two most
important “CO2 storage plays” based on the regional geological data—Miocene sandstones in the
Dugi otok basin (as a regional deep saline aquifer, DSA Dugi otok) and Triassic to Eocene carbonate
rock formations, whose paleotopography is covered by thick impermeable layers of Miocene to Early
Pliocene age, so five structurally defined aquifers were delineated, each of them representing a site
where CO2 storage capacity could be investigated on a local scale. They are all distant from sources of
carbon dioxide and maybe the two of them will eventually prove to be too small to be economical, but
the other three show significant potential that should not be overlooked.
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22. Vlahović, I.; Tišljar, J.; Velić, I.; Matičec, D. Evolution of the Adriatic Carbonate Platform: Palaeogeography,

main events and depositional dynamics. Palaeogeogr. Palaeoclimatol. Palaeoecol. 2005, 220, 333–360. [CrossRef]
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61. Matičec, D. Neotectonic deformations in western Istria, Croatia. Geol. Croat. 1994, 47, 199–204.
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1993-1996 and the Ston-Slano earthquake of 1996. Geofizika 1998, 15, 83–102.
71. Benetatos, C.; Kiratzi, A. Finite-fault slip models for the 15 April 1979 (Mw 7.1) Montenegro earthquake and

its strongest aftershock of 24 May 1979 (Mw 6.2). Tectonophysics 2006, 421, 129–143. [CrossRef]
72. Chilingarian, G.V.; Torabazdeh, J.; Robertson, J.O.; Rieke, H.H.; Mazzullo, S.J. Carbonate Reservoir

Characterization: A Geologic-Engineering Analysis. In Developments in Petroleum Science; Chilingarian, G.V.,
Mazzullo, S.J., Rieke, H.H., Eds.; Elsevier: Amsterdam, The Netherlands, 1992.

73. Knutson, C.F.; Bohor, B.F. Reservoir rock behavior under moderate confining pressure. In Rock Mechanics;
Fairhurst, C., Ed.; Pergamon: New York, NY, USA, 1963; pp. 627–658.

74. Pooladi-Darvish, M.; Moghdam, S.; Xu, D. Multiwell injectivity for storage of CO2 in aquifers. Energy Procedia
2011, 4, 4252–4259. [CrossRef]

75. Griffith, C.A. Physical Characteristics of Caprock Formations used for Geological Storage of CO2 and the Impact of
Uncertainty in Fracture Properties in CO2 Transport through Fractured Caprocks; Carnegie Mellon University:
Pittsburgh, PA, USA, 2012.

76. Zhou, Q.; Birkholzer, J.T.; Tsang, C.F.; Rutqvist, J. A method for quick assessment of CO2 storage capacity in
closed and semi-Closed saline formations. Int. J. Greenh. Gas Control 2008, 2, 626–639. [CrossRef]

http://dx.doi.org/10.1111/j.1365-2117.2008.00373.x
http://dx.doi.org/10.1016/j.marpetgeo.2012.07.006
http://dx.doi.org/10.1016/j.tecto.2005.01.007
http://dx.doi.org/10.1016/j.marpetgeo.2012.08.002
http://dx.doi.org/10.1016/S0264-3707(00)00018-1
http://dx.doi.org/10.1016/j.tecto.2006.04.009
http://dx.doi.org/10.1016/j.egypro.2011.02.374
http://dx.doi.org/10.1016/j.ijggc.2008.02.004


Minerals 2019, 9, 577 21 of 21
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