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Abstract

In this study, we examined the morphological, chemical, and structural details of tetrahedral pyrite crystals
from the Jean Baptiste mine in Lavrion, Greece. Pyrite occurs in three generations. Tetrahedral crystals of
the first generation are left- or right-handed with the lowest cubic 23 symmetry. In this generation, there are
twins with higher cubic m3 and hexagonal 6 symmetry. All crystals of the second generation are primarily
interpenetrated into twins with a cubic 4m3 symmetry. Some, however, continue to twin up to crystals with
the highest cubic m3m and hexagonal 6mm symmetry. Third-generation crystals overgrow second-generation
crystals in a non-oriented manner. Chemical analysis confirms chemically pure pyrite, and single-crystal
X-ray analysis of the first- and the second-generation crystals confirms the pyrite-specific m3 symmetry. The
morphology of the single crystals and twins indicates that first generation of single pyrite crystals should have
the lowest cubic 23 symmetry, which is not confirmed by the structural analysis. This discrepancy may be due
to changed pT conditions and the consequent transformation of the original pyrite structure with symmetry 23
into a secondary structure with m3 symmetry, or to suboptimal conditions in determining the structure by X-ray
diffraction.

Izvlecek

V tej studiji smo preucili morfoloske, kemijske in strukturne podrobnosti tetraedrsko oblikovanih kristalov
pirita iz rudnika Jean Baptiste v Lavrionu. Pirit se pojavlja v treh generacijah. Prvo predstavljajo tetraedrski
levo oziroma desno su¢ni kristali z najnizjo kubi¢no 23 simetrijo. V tej generaciji so dvojc¢ki z visjo kubic¢no m3

in heksagonalno 6 simetrijo. Vsi kristali druge generacije so ze primarno zdvoj¢eni do kubi¢ne 4m3 simetrije.
Nekateri pa se dvojcijo Se naprej dokler ne dosezejo najvisje kubicne m3m ali heksagonalne 6mm simetrije.
Kristali tretje generacije neorientirano prekrivajo kristale druge generacije. Kemijska analiza potrjuje kemijsko
Cist pirit, monokristalna rentgenska analiza kristalov prve in druge generacije pa za pirit znac¢ilno m3 simetrijo.
Ocitno je torej, da morfoloske oblike posameznih kristalov in dvojékov kazejo na to, da imajo najnizjo kubi¢no
simetrijo, ¢esar pa strukturna analiza ne potrjuje. Ta diskrepanca je lahko posledica spremenjenih pT pogojev
in posledi¢ne transformacije prvotne strukture pirita s simetrijo 23 v sekundarno strukturo z m3 simetrijo ali pa
neoptimalnih pogojev pri doloc¢itvi strukture z rentgensko difrakcijo.

Introduction
ering an outcrop area of about 150 km? (Fig. 1a).

Lavrion ore district, located about 50 km
southeast of Athens (Greece), is famous for ex-
ploitation of silver-rich lead ore during ancient
times (Marinos & Petrascheck, 1956). The district
includes two extensive mining centers, Plaka and
Kamariza, as well as several smaller ones, cov-

The Lavrion mines were operated almost contin-
uously from the 4" millennium BC until the Late
Roman period, and then until late 20*" century
(Conophagos, 1980; Morin & Photiades, 2012).
The Lavrion ore district hosts a carbonate-re-
placement Pb-Zn-Ag-Au deposit (Marinos &
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Petraschek, 1956). It is well established that in
addition to the carbonate-replacement style ores,
four types of mineralization occur at Lavrion
district: porphyry-type Mo-W ores in granodio-
rite, Cu-Fe-skarns, and Pb-Zn-Ag bearing brec-
cias, and Pb-Zn-Ag-Au rich veins (Skarpelis,

2007; Voudouris et al., 2008; Bonsall et al., 2011;
Scheffer et al., 2017, 2019). The ore deposits in
Lavrion are structurally and lithologically con-
trolled, and ore formation occurred under ex-
tensional kinematic conditions (Skarpelis, 2007
Berger et al., 2013; Scheffer et al., 2017, 2019).
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Fig. 1. (a) Simplified geological map of the Lavrion ore district (from Marinos and Petraschek 1956, Scheffer et al. 2016 and modified after Voudouris et al. 2021);
(b) Cross-section A-A’ of the Kamariza deposit (see geological map, figure 1a) (from Marinos and Petraschek 1956, modified after Voudouris et al. 2008).
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Carbonate-replacement Pb-Zn-Ag+Au deposits
at Kamariza are located in the central part of
the district (Fig. 1a; Voudouris et al., 2008). The
carbonate-replacement mineralization occurs in
the form of stratabound massive sulfide replace-
ment bodies (mantos) and chimneys, crosscut-
ting with respect to layering in the host marble
(Skarpelis, 2007; Voudouris et al., 2008; Bonsall
et al., 2011, Scheffer et al., 2017 and 2019; Fig.
1b). Stratabound massive sulfide bodies (mantos)
at Kamariza occur within the marbles as well as
along the contacts of rocks with different per-
meabilities (marbles and schists). Ore deposition
took place mainly from high-T magmatic fluids
during the transitional ductile/brittle and brittle
deformation stage of the host rocks (Bonsall et
al., 2011; Scheffer et al., 2017, 2019). Beneath the
individual manto orebodies, the rocks are cut by
N-S to NE-SW, and NW-SE to E-W trending and
steeply dipping veins that follow faults and fis-
sures. The veins are usually zoned and brecciat-
ed, and in the breccias, the fragments are cement-
ed by a sulfide-rich matrix. Pb-Zn-Ag veins are
generally found below but also above the Lavrion
detachment in the marbles of the Lavrion unit, in
the Upper marble, in the Kamariza schists and at
the interface between the Kamariza schists and
the Lower marble. N-S trending veins crosscut
the “Subordonnés” formation in the Jean Baptiste
deposit (Fig. 1b). The veins are thought to be flu-
id pathways and feeder zones for the stratabound
mineralization. The vein-style deposits were
formed as the rock entered the brittle regime,
by mixed seawater and meteoric fluids (Bonsall
et al., 2011; Scheffer et al., 2017, 2019). The Jean
Baptiste mine is located in the northwest area of
the Kamariza district (Figs. la and b). Its min-
eralization consists of several vertical veins that
have been the target of modern mining on the
first level (and above) of the mine in the begin-
ning of 20 century. The veins show ore zoning,
whereby the crystallized minerals are present in
the veins and in horizontal fissures. Tetrahedral
pyrite crystals were found by chance in 2001 in a
detached chamber within the Jean Baptiste mine
that used to be a small ore prospection. It was
obviously of no significant commercial value and
consequently abandoned. Euhedral tetrahedral
pyrite crystals grew within the banded marble
and in the open ore veins hosting crystallized ar-
senopyrite, sphalerite, galena, calcite, dolomite,
aragonite, and quartz.

Pyrite is the most widespread sulfide miner-
al that occurs in a wide range of morphological
shapes. It comes in the form of single crystals

belonging to cubic m3 point group (symmetry
further in text). The most frequent crystallo-
graphic forms are cube {100}, octahedron {111},
and pentagon dodecahedron, i.e. pyritohedron
{210} that dictate the basic crystal morphology,
which is further modified by many accessorial
crystallographic forms. Distorted, i.e. elongated
single pyrite crystals are common appearances.
Their symmetry depends on elongation direction.
If they are elongated in (111)- and (100)-direc-
tion they develop 3-fold form with morphologic
3m symmetry and 2-fold form with morphologic
mmm symmetry, respectively. All other orienta-
tions yield elongated crystals with 1-fold mor-
phologic symmetry. Situation changes if the crys-
tals are attached to a matrix. If they are attached
with their [111]- and [110]-axis they develop chi-
ral morphologic 3 and 2 symmetry, respectively.
All other attachment possibilities result in chi-
ral morphologic I symmetry, with a single ex-
ception of [001]-axis attachment that results in a
non-chiral mm2 morphology (Zorz, 2019). Pyrite
basic m3 symmetry does not allow the existence
of tetrahedral crystals. If this is the case then
the octahedron {111} transforms either to posi-
tive t{111} or to negative t{111} tetrahedrons with
the resulting lower cubic 4m3 or 23 symmetries.
Morphologic distortion of octahedral crystal
morphology that would lead to a predominance
of four octahedron faces and consequently to a
tetrahedral crystal shape is not known.

Pyrite is often associated with other miner-
als in epitactic, i.e. in oriented growth relation-
ships. Of them, the most frequent is epitaxy of
pyrite on marcasite and vice versa. Richards et
al. (1995) reported on oriented growth of single
pyrite crystals with their {001} face on {010} face
of a single marcasite crystal. In this case, pyrite
crystals have two orientations with respect to
the marcasite {010} face. The reason for that lies
in non-alignment of 2-fold axes between pyrite
in marcasite. Brock and Slater (1978) described
another epitactic relationship, where marcasite
(101)-twins grow on {001} face of a single py-
rite crystal, whereby their (101)-twin planes are
oriented perpendicularly with respect to pyrite
{001} face. This time the 2-fold axes of both min-
erals coincide, which results in a single orienta-
tion of twinned marcasite on pyrite. In these two
cases, the epitactic relationship was ascribed to
alignment of Fe-S chains in the structures. Gait
and Dumka (1986), and Gait et al. (1990) pub-
lished the case of single pyrite crystals growth on
a cyclic (101)-twinned marcasite. Miklavi¢ et al.
(2006) reported on oriented pyrite growth along
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the twinning planes of the (101)-twinned marca-
site. Orientation of pyrite with respect to marca-
site and vice versa is in these two cases the same
and results in a single pyrite orientation. Orient-
ed growths of pyrite on arsenopyrite and pyrite
on pyrrhotite were described by Zebec (2012). Py-
rite is attached with its {001} face to {001} face
of arsenopyrite. Non-alignment of 2-fold axes of
both minerals again requires two different ori-
entations of pyrite, which is observed on speci-
mens from Trepca. Pyrite is attached with its
{001} face to {001} face of pyrrhotite. Octahedral
{111} face of pyrite has a chiral trifold symmetry
without any mirror plane, whereas the pyrrho-
tite {001} face has a 6-fold symmetry with 6 mir-
ror planes. For that reason pyrite can have six
different orientations on the pyrrhotite that are
rotated by 60°, of which four are spatially equiv-
alent. The remaining two are rotated by 180°with
respect to each other. Chiral symmetry of the oc-
tahedron face requires another two orientations
of which one is left- and the other right-handed.
In the end, four different orientations remain, of
which two are left- and two right-handed, and at
the same time rotated by 180°. The outcome is in-
tergrown pyrite with the same surface symmetry
as pyrrhotite. Zebec did not specified individual
orientations of pyrite on arsenopyrite and pyr-
rhotite.

Twinned pyrite crystals are rare appearances.
The most common are “iron-cross” twins formed
by interpenetration of two crystals, rotated by
90° about [110]-axis with respect to each other.
The twin acquires the highest cubic m3m sym-
metry. The study of Donnay et al. (1977) found
no evidence of impurity metals at the (110)-twin
boundaries and that the twinning planes were
actually irregular surfaces. The study of Re¢nik
et al. (2016), on the contrary, showed that a mono-
layer of Cu atoms was necessary to stabilize the
{110} twin structure.

Goldschmidt (1922) published figures (No. 134
and No. 135) of pyrite crystals from Bosingsfelde
near Lippe in Germany that are twinned in ac-
cordance with two other laws. The first twin type
forms by 60°-rotation about the [111]-axis and
acquires a hexagonal 6/m symmetry. The second
type is generated by mirroring in (110) plane with
simultaneous 60°-rotation about [111]-axis and
yields a twin with the highest trigonal 3m sym-
metry. Pabst (1971) reported on pyrite crystals
with the unusual form that consist of a central
pyrite crystal to which six other are presumably
{001}-twinned. The composite crystal resembles a
cruciform steacyite twin. In absence of morpho-

logical details, an X-ray determination revealed
that they were single crystals.

Here, we report on five new twinning laws
that were determined on the pyrite crystals from
Jean Baptiste section in Lavrion mines.

Methods

In situ sampling of pyrite specimens took place
in the period between 2001 and 2020. Specimens
for morphological determination with Olympus
SZ-11 stereomicroscope were cleaned in an ul-
trasonic bath filled with a demineralized water.
Morphology of single and twinned pyrite crystals
was reconstructed using a program SHAPE 7.1.

Camera Sony Alpha III, equipped with
LAOWA 25 mm, F 2.8 ultra macro lens was used
to photograph specimens, using the focus stack-
ing method.

Three pyrite crystals were chosen for quanti-
tative chemical analysis. All samples were dis-
solved in hot aqua regia. Varian Spectra AA 110
instrument was used to determine Fe, Cu and Zn,
and Agilent 7900 ICP-MS instrument was uti-
lized to determine Bi.

Antimony content was analysed by means of
electron micro probe analysis (EMPA). The work-
ing conditions were set at 20 kV, 10-nA beam cur-
rent, 2-um beam size, and peak counting time of
20 s. Nine different crystals within the same pol-
ished section were analyzed.

A single crystal of the first generation and a
twinned crystal of the second generation, free of
visible sfalerite or quartz inclusions, were chosen
for a single-crystal X-ray analysis that was con-
ducted on Oxford Xcalibur3 single-crystal X-ray
diffractometer equipped with a CCD detector
(MoKalpha).

Results
Quantitative chemical analysis

Table 1 summarizes results of iron, copper,
zinc, bismuth, and antimony content obtained on
samples of tetrahedral pyrite crystals from Jean
Baptiste mine section. Iron content in the single
crystal of the first generation is close to a theo-
retical pyrite composition. Contents of other met-
als are below 0,06 wt%. (001)-twins of the second
generation are less pure, which is ascribed to me-
chanical inclusions of other minerals, especial-
ly sfalerite and quartz. Percentage of bismuth is
low in all cases and antimony was determined
below 0.1 wt % on the (001)-twin of the second
generation.
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Table 1. Percentage content of metals in pyrite from Jean Baptiste mine section. Sample 1 was a first generation crystal, pre-
pared from the marble, free of microscopically visible sphalerite and quartz inclusions. Samples 2 and 3 were of the second
generation and detached from the matrix covered with sphalerite and quartz crystals.

Sample Fe (wt%) Cu (wt%) Zn (wt%) Bi (wt%) Sb (wt%)
Single crystal - 15t generation 45,940,5 0,052+0,001 0,055+0,001 0,035+0,0010
(001)-twin - 2" generation 43,010,5 0,11340,009 | 0,944:0,009 | 0,0010£0,0001
(001)-twin - o generation 43,540,5 0,063+0,001 0,0491+0,001 | 0,000710,0001
(001)-twin - 2" generation 0,06 (0,03-0,12)
Theoretical content 46,56

Morphological analysis
First generation

Pyrite crystals of the first generation are im-
bedded in marble concordantly with respect to its
banding and cover the walls of open veinlets that
are perpendicular to the banding (Fig. 2). They
are attached to thin crusts of quartz crystals.
The smallest pyrite crystals (less than 1 mm) are
combinations of strongly striated cube a{100} and
pentagon dodecahedron d{210} faces (Fig. 3A).

Sizes of cube and dodecahedron faces on each
single crystal vary greatly, giving the crystals
the appearance of deformation. Those imbedded
in the marble are fresh and have a strong luster
on crystal faces, whereas those from the veins are
golden brown due to oxidation. An increase in
crystal dimensions is reflected in onset of tetra-
hedron t{110} faces. The larger are the crystals the
more developed are the tetrahedrons and the nar-
rower are cube a{100} and dodecahedron d{210}

Fig. 2. In situ photograph
of marble with mineralized
ore vein in Jean Baptiste
mine section. Pyrite crys-
tals of the first generation
are imbedded concordantly
with respect to the mar-
ble banding and along the
veinlets that are oriented
more or less perpendicu-
larly to the banding. Pyrite
crystals of the second gen-
eration with a characteris-
tic rugged pattern grow on
quartz and sphalerite crys-
tals in the ore vein. Field of
view: 17 cm x 11 em.

Fig. 3. Crystal morphology of the primary pyrite crystals. Smaller crystals are combinations of cube a{100} and pentagon do-
decahedron d{210} faces. Their alternations are responsible for characteristic striations on crystal faces (A). Larger primary
crystals are tetrahedral, and exhibit left- (B) or right-oriented striations on a and d faces (C). This is a reflection of the pre-
sence of positive t{110} or negative tetrahedron {111} faces. Symmetry-defining chiral class-specific forms of left ‘k{11.10.14}
(D) and right k’{11.10.14} (E) tetrahedral pentagon dodecahedron are frequently present on the crystals.
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faces. Striations on cube faces that are the result
of alternations of cube and dodecahedrons have a
quality of enantiomorphism, which is reflected in
crystals with left- or right-handedness. Crystals
with positive tetrahedrons t{111} are left-handed
and vice versa for those with negative t{111} tet-
rahedrons (Figs. 3B, 3C and Fig. 4). Consequent-
ly, the pentagon dodecahedron d gains on speci-

ficity by its transformation to class-specific left
’d{210} or right d’{120} tetrahedral pentagon do-
decahedron. Handedness of crystals is enhanced
by a presence of highly reflective faces of a tetra-
hedral pentagon dodecahedron k{11.10.14}. This
class-specific form clearly defines handedness of
crystals by its left *k{11.10.14} or right k’{ 1.10.14}
analogue (Figs. 3D and E, and Figs. 4A and B).

AN 2 ﬁ':ﬁ:

Fig. 4. Single pyrite crystals of the first generation on quartz matrix. Calcite crystallized later. Pyrite morphology is defined
by tetrahedron t and striated cube a faces. Photographs A and B show left-handed and right-handed crystal, respectively. Note
the class-specific faces of the corresponding left ‘k{11.10.14} and right k’{11.10.14} tetrahedral pentagon dodecahedron. Both
crystals measure one mm on their edges.

2 § A ~ i
i 55 B e W) / 4 * - < >

Fig. 5. (001)-interpenetration twins of the first pyrite generation. Photograph A shows the twin (one mm in diameter) with a
typical reentrant between tetrahedron t faces and characteristic striations on cube a faces. Better-developed twin on photo-
graph B is 2-fold in all (100) planes. Note the orientations of striations on its cube a faces. Twin dimensions: 1.3 mm x 1.3 mm.
Faces of dyakis-dodecahedron k are present on both crystals in mirror-symmetric positions with respect to (100) planes of
symmetry.
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Fig. 6. (001)-interpenetration of single left- (A) and right-handed (B) tetrahedral crystals yields a twin (C). Chiral faces of
tetrahedral pentagon dodecahedron forms ‘k and k’ transform to non-chiral dyakis-dodecahedron k (C).

Fig. 7. 6-fold (111)-interpenetration twin (C) is a combination of two left- (shown in the drawing) or two right-handed tetrahe-
dral single crystals, whereby one of them is simultaneously rotated by 60° (B) with respect to the other one (A).

Some of the first pyrite generation crystals are
twinned. Two twinning possibilities are noted.
The first is twinning by (001)-interpenetration of
two tetrahedral crystals of which one is left- and
the other right-handed. The resulting twin has
deep re-entrants and characteristic orientation
of striationson cube a faces. Tetrahedral penta-
gon dodecahedron faces ’k and k’ are present in
twinning positions, whereby they lose their chi-
ral character and consequently transform to dy-
akis-dodecahedron k (diploid). These twins are
rare (Figs. 5 and 6).

The second possibility is interpenetration of
two left- or two right-handed tetrahedral crys-
tals about [111]-axis by simultaneous 60°-rota-
tion. The resulting twinned crystal is 6-fold and
has a common face (pedion), composed of two tet-
rahedrons t{111} and deep re-entrants between
all other tetrahedron faces. The twin retains the

Fig. 8. (111)-interpenetration twins are never theoretically
developed. Real crystals exhibit lower 3-fold symmetry, be-
cause of the incomplete development of the crystal that sur-
rounds the central one. Drawings above and below show the
projection of the right-handed twin along its [111]-twin axis
and its projection perpendicularly to the same axis, respecti-
vely. Cube a faces are present only on the central crystal.
Note the characteristic chiral-specific patterns.




12

Mirjan ZORZ, Panagiotis VOUDOURIS & Branko RIECK

Fig. 10. Pyrite crystals of the second generation have a sim-
ple tetrahedral morphology and exhibit characteristic 3-fold
mirror symmetric pattern on their faces.

Fig. 9. A group of (111)-in-
terpenetrated twins of the
first pyrite generation. Twins
in the middle-left and at the
top are right-handed and
that in the middle-right is
left-handed. Heavily stria-
ted cube a faces are present
on the central crystals only.
Surrounding crystals are
without them - note their
sharp tetrahedral edges. The
largest twin measures three
mm on its edge.

handedness of the interpenetrated single crys-
tals. Faces of tetrahedral pentagon dodecahedron
k are not present on (111)-twinned crystals. Typ-
ical chiral-specific striations appear on tetrahe-
drons as the result of alternations between tetra-
hedron t and tetrahedral pentagon dodecahedron
d faces (Figs. 7, 8 and 9). This twinning type may
take place on any tetrahedron face, which leads
to the formation of more common multiple twins.

Second generation

Pyrite crystals of the second generation have
a dull luster and grow only on the walls of the
open veins (Fig. 2). If the crystals of the first
generation are present, then those of the second
generation may overgrow them. They also have a
tetrahedral morphology and reach up to 20 mm
on their edges. Crystals are sharp-edged due to
absence of cube a, and dodecahedron d faces and
lack any traces of handedness. Instead of that,
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Fig. 11. Pyrite crystals of the
second generation with characte-
ristic 3-fold mirror-symmetric
rugged pattern on their faces. The
largest crystal measures six mm
on its edge.
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Fig. 12. (001)-interpenetration of two tetrahedral crystals of the second pyrite generation. Crystal B simultaneously rotates by
90° with respect to crystal A. The resulting twin has deep reentrants between tetrahedrons and a mirror-symmetric pattern

along all symmetry planes (C).

they exhibit a characteristic mirror-symmetric
3-fold rugged pattern on their tetrahedral faces
(Figs. 10 and 11).

Twinned crystals occur in the second gener-
ation as well. Again, two twinning possibilities
are present. The first is an interpenetration along
[001]-axis. Twin is composed of two character-

istically patterned tetrahedral crystals and has
deep reentrants between them. All patterns are
mirror-symmetric in all (100) planes of the twin
(Figs. 12 and 13).

The second possibility is an interpenetration
along [111]-axis that yields a 6-fold twin that has
a common pedion face composed of two tetra-
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Fig. 13. (001)-interpenetration twins of the second pyrite generation. Photograph A shows the twin, measuring three mm on its
edge, with a typical reentrant between tetrahedron faces. Mirror-symmetric pattern on its faces is present but less-pronoun-
ced. Twin photographed along its 4-fold [100]-axis, is presented on photograph B. Its diameter is two mm.

Fig. 14. 6-fold (111)-interpenetration twin (C) is a combination of two tetrahedral crystals, whereby one of them (B) is rotated
by 60° with respect to the other one (A). Twin has deep reentrants between tetrahedrons. Note the mirror-symmetric pattern

in all symmetry planes of the twin.

hedron faces and with deep reentrants between
all other faces. Characteristic mirror-symmet-
ric rugged pattern is present on all faces as well
(Figs. 14, 15 and 16). Multiple (111)-interpenetra-
tion twinning is very frequent with crystals of
this generation (Fig. 16).

Third generation

Pyrite crystals of the third generation do not
exceed three mm on their edges. They are oxi-
dized, striated, and composed of cube a, penta-
gon dodecahedron d, and exceptionally octahe-
dron o{111} faces (Fig. 17). They cover partially
or completely pyrite crystals of the second gen-
eration. Crystals of the third generation are

preferentially attached with their cube faces in
parallel with respect to tetrahedron faces of the
second-generation crystals, yet in a completely
random manner (Fig. 18).

Single-crystal X-ray analysis

All the collected reflections obtained with this
structure-discerning method belonged to the
common pyrite structure defined by an m3 point
group. No evidence of tetrahedrite inclusions and
twin-related reflections were observed neither on
the crystal of the first nor on the (001)-twinned
crystal of the second generation, after the refine-
ment of the structureto R =2 %.
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Fig. 15. (111)-interpenetration twins of the
second generation are never theoretically de-
veloped. Real crystals exhibit lower 3-fold
symmetry, because of the incomplete de-
velopment of the crystal that surrounds the
central one. Drawings above and below show
the projection of the twin along its [111]-twin
axis and its projection perpendicularly to the
same axis, respectively. Note the characteris-
tic mirror-symmetric patterns.
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Fig. 16. (111)-interpenetration twins of the second pyrite generation. Photograph A shows a typical twin (lower right) with the
central crystal and less-developed surrounding crystal. It measures six mm on its lower edge. Twin at the top left shows its pe-
dion face. Crystals are partially covered with thin gypsum crusts. Photograph B shows a multiple (111)-interpenetration twin
attached to quartz and sphalerite crystals. A sharp tetrahedral edge of the central crystal protrudes out of the surrounding
crystals. Height of the twin is five mm. Characteristic mirror-symmetric rugged pattern is present on all crystals.
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Fig. 17. Pyrite crystals of the third genera-
tion have a cubic morphology that is slightly
modified by pentagon dodecahedron d and
octahedron o{111} faces.

Fig. 18. Oxidized pyrite crystals of the third generation cover pyrite crystals
of the second generation. Note their random orientations on the tetrahedron
faces of the secondary generation. The largest crystal measures 11 mm on its
tetrahedral edge. Bluish-white coatings are aragonite crystals.

Starting Twin symmetry

symmetry m3 6 4m3 m3m 6mm

I-23

I+r

r-23

am3

Twin generation 1% 2nd
Interpenetration mode (100) (111) (110) (100) (111)

Fig. 19. Schematic presentation of the observed pyrite crystals from Jean Baptiste section with respect to starting symmetry,
generation, and interpenetration mode. Pyrite crystals of the first generation appear as single tetrahedral crystals with left-
or right-handed 23 symmetry, as twins with isometric m3 symmetry and as simple or multiple twins with left- or right-handed
hexagonal 6 symmetry. The second pyrite generation is primarily twinned and has the corresponding 4m3 symmetry. Crystals
of this generation appear as tetrahedrons, as twins with the highest isometric m3m symmetry and as simple or multiple twins
with hexagonal 6mm symmetry.
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Discussion

The first to report on pyrite crystals with tet-
rahedral morphology from Lavrion mine was
Miigge in 1895 and 1903. His drawings show left-
and right-handed tetrahedral pyrite crystals of
the first generation. Crystallographic forms of
cube a{100}, tetrahedral pentagon dodecahedron
d{210}, and tetrahedron t{111} define the crystal
morphology, with chiral-specific striations on a
faces. The third drawing shows a crystal of the
second generation. The apparent low symmetry
of the crystals is, in accordance with his opinion,
the result of a pyrite pseudomorph after tetra-
hedrite, whereby he could not detect any traces
of tetrahedrite within the crystals, and chemical
analysis was negative for copper. Evident tetar-
tohedral symmetry of the pyrite would require
its twinning in accordance with “iron cross” in
order to adapt to a higher point group of tetra-
hedrite, which is 4m3, but no signs of such twin-
ning on the primary crystals existed. He con-
cluded therefore, that the evident morphologic
tetartohedry could lead to a wrong opinion that
the pyrite crystals from this location should have
such a low symmetry and stressed that the ex-
act pyrite symmetry was already known at that
time beyond any doubt. Miigge (1895) also add-
ed that the pyrite crystals appear together with
quartz and prismatic arsenopyrite in single and
(101)-twinned crystals. The proposed oriented
growth of pyrite on tetrahedrite can be under-
stood as a contact of pyrite octahedron {111} face
with a tetrahedron {111} face of tetrahedrite.
Symmetry of the tetrahedron face is 3-fold with
three mirror planes. This symmetry requires
left- and right-handed orientation of pyrite. In
this way, pyrite acquires the same planar sym-
metry on its {111} face, i.e. 3-fold with three sym-
metry planes. Tetrahedrite {111} face, completely
overgrown with pyrite in the discussed orienta-
tion, could indeed exhibit twinned structure as
observed on the second generation of pyrite from
Jean Baptiste section. However, it is very like-
ly that the scattered pyrite crystals would only
partially cover the tetrahedral faces of real tet-
rahedrite crystals in two distinctly recognizable
chiral orientations, which is not the case here.
Oriented growths of pyrite on tetrahedrite or
vice versa are not known.

Since then, no new works on the subject, and
no new material had appeared until 2001, when
a group of researchers from Athens rediscov-
ered the location and collected new specimens
(Voudouris et al., 2004). A preliminary SEM anal-
ysis was performed to determine which mineral

the tetrahedral crystals belonged to. It turned
out that they were pure pyrite without indication
for replacement of another mineral.

It is clear that Miigge described the primary
crystals from exactly the same location, because
the tetrahedral pyrite crystals from the new find
have the same morphology and come together
with arsenopyrite in single and (101)-twinned
crystals. Besides that, no other location with tet-
rahedral pyrite crystals has ever been encoun-
tered in Lavrion mines. It has to be stressed that
the pyrite crystals of the first generation exhibit
the evident morphological lowermost cubic sym-
metry 23. ICP-MS analysis of primary crystals
confirmed the purity of the first-generation py-
rite crystals with respect to their Cu, Zn, and Bi
content. EMPA analysis of the second-generation
pyrite crystals showed the comparably low anti-
mony content (see Table 1). Single-crystal X-ray
analysis excluded tetrahedrite inclusions in sin-
gle and in twinned crystals.

Discovery of different interpenetration twin
types on the new material sheds a completely new
light on the trivial symmetry of the tetrahedral
pyrite crystals at Jean Baptiste location. Forma-
tion of (001)-interpenetration twins, exhibiting a
cubic m3 symmetry as presented in Figure 5, is
not possible unless the starting symmetry is the
lowermost isometric 23 (tetartohedry). Figure
6 shows the formation of such a twin. (111)-in-
terpenetration twins are another proof of lower
primary symmetry, because they are chiral and
retain the handedness of the twinned single crys-
tals, which is only possible if the starting sym-
metry is 23. The resulting twins with symmetry
6 are for that reason either left- or right-handed
(see Fig. 7). Real twinned crystals of this type ex-
hibit lower, but evidently chiral 3 symmetry as
the outcome of the incomplete interpenetration
(Figs. 8 and 9).

All tetrahedral pyrite crystals of the second
generation have a characteristic 3-fold mir-
ror-symmetric pattern on tetrahedron faces.
This fact reflects a higher symmetry, which is
the result of (110)-interpenetration in which two
tetrahedral crystals of the opposite handedness
interpenetrate (Fig. 19).

All pyrite crystals of the second generation are
therefore twins with 4m3 symmetry, which enables
further twinning by (001)-interpenetration yield-
ing a twin with the highest cubic m3m symmetry.
Twins of this type exhibit sharp tetrahedral edges
and characteristic rugged pattern on their faces
that is mirror-symmetric along all (100) and (110)
planes of symmetry (Figs. 12 and 13).
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The highest twin symmetry appears when
two crystals of the second pyrite generation are
(111)-interpenetrated by simultaneous 60°-rota-
tion about the [111]-axis. The resulting twin has
a hemimorph 6mm symmetry with a characteris-
tic pattern on all tetrahedral faces that is mirror
symmetric along six mirror planes that are par-
allel to the twin’s main 6-fold axis (Fig. 14). Real
crystals exhibit lower symmetry due to incom-
plete interpenetration (Figs. 15 and 16A). Multi-
ple twinning of this type is frequent (Fig. 16B).
Figure 19 shows a schematic presentation of all
described twinning possibilities.

Pyrite crystals of the third generation are
cubes that are slightly moderated by pentagon
dodecahedron d and octahedron o{111} faces on
cube corners. There are no twinning signs on
them, which confirms their trivial m3 symmetry.

The cubic m3 symmetry of the first-generation
single crystals as well as of the (110)-twinned
crystals of the second generation derives from
the findings of the single-crystal X-ray analysis
conducted on them. It is therefore evident, that
the results of morphological and structural anal-
ysis do not match. It is not the aim of this study
to specify the environmental and structural de-
tails leading to the formation of the observed
twins. To explain this discrepancy, we may only
propose that the pyrite crystals of the first gen-
eration crystallized under conditions that fa-
vored their initial low isometric 23 symmetry,
and consequently the formation of tetrahedral
crystals and twins. Crystallization conditions
might change in the course of time and the initial
symmetries (crystal structures) of all single and
twinned crystals of the first and the second gen-
eration transformed to structures with higher m3
symmetry, whereas their morphologies remained
unchanged.

The other explanation might consider a pos-
sible insufficient specificity of the single-crystal
X-ray analysis. Namely, pyrite trivial m3 point
group ranks to a group of centrosymmetric Laue
classes. Two crystals measured in this study, on
the contrary, belong to morphologically evident
non-centrosymmetric 23 and 4m3 point groups
that may mimic the centrosymmetric m3 one if a
resonant scattering (anomalous dispersion) was
negligible or not detected.

Future work on this topic should therefore go
into direction of determining conditions during
the formation and growth of three pyrite genera-
tions, which would include the determination of
physico-chemical growth parameters, fluid in-
clusions in crystal paragenesis and into the op-

timization and refinement of the single-crystal
X-ray analysis.
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Abstract

This study discusses 1) the national legislative frameworks, terminologies, and criteria for the recognition of
natural mineral waters and thermal waters in selected European countries (Austria, Bosnia and Herzegovina,
Denmark, France, Hungary, Iceland, Italy, Lithuania, Poland, Portugal, Romania, Serbia, Slovenia, and
Spain), and 2) it provides a first extensive multi-national overview of hydrogeological and hydrogeochemical
characteristics of numerous water sources from those regions.

Natural mineral waters are well defined and regulated in the European Union by the Directives 2009/54/
EC and 2003/40/EC that are implemented by national law regulations. In contrast, no legal definition exists for
thermal waters on an EU level and national definitions commonly differ or are not present. Defining thermal
waters by water temperatures of at least 20 °C at the outlet is commonly found (6 out of 15 countries), but other
definitions like considering the difference to the average air temperature are also present. Furthermore, no
definitions on a national level are quite frequent (5 out of 15 countries), those countries preferentially refer to
expert recognitions.

We considered 678 natural mineral waters and 2,390 thermal waters in this study and collected information on
practical use, hydrogeological settings and hydrogeochemical conditions. The comparison of the datasets shows
commonalities like a predominance porous aquifers, especially sandy aquifers, and sedimentary carbonate rock
aquifers (limestone, dolomite, chalk). Furthermore, natural mineral waters commonly show TDS contents of
less than 1 g/1 and alkaline-earth-HCO, water types. Surprisingly, 21 % of the considered sources bear water
temperatures above 20 °C and could be considered as thermal waters as well. Thermal waters — the majority
(above 30 °C) is found in Hungary - usually show water temperatures between 20 and 70 °C and TDS contents
between 1 and 14.5 g/1. The hydrogeochemical properties show a larger variation in contrast to natural mineral
waters, but Na-(HCO,, Cl) waters seem to be most commonly found.
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Izvleéek

Studija razpravlja o: 1) nacionalnih zakonodajnih okvirjih, izrazoslovju in kriterijih za priznavanje naravnih
mineralnih in termalnih voda v izbranih evropskih drzavah (Avstrija, Bosna in Hercegovina, Danska, Francija,
Madzarska, Islandija, Italija, Litva, Poljska, Portugalska, Romunija, Srbija, Slovenia in Spanija), ter 2) predstavlja
prvi pregledni ve¢-nacionalni pregled hidrogeoloskih in hidrogeokemijskih znac¢ilnostih stevilnih vodnih virov
v teh regijah.

Naravne mineralne vode v Evropski uniji so definirane in regulirane z Direktivama 2009/54/EC in 2003/40/
EC, implementiranima z nacionalno zakonodajo. Nasprotno, na nivoju EU ne obstaja zakonodajna definicija za
termalne vode, nacionalne definicije so razli¢ne ali pa celo ne obstajajo. Kot termalna voda so obi¢ajno opredeljene
vode s temperaturo iztoka vsaj 20 °C (v 6 od 15 drzav), vendar obstajajo tudi definicije, ki upostevajo odstopanje
od povprecne letne temperature zraka. Nadalje, ponekod nacionalnih definicij nimajo (5 od 15 drzav), tam jih
obic¢ajno priznavajo na podlagi strokovnih mnenj.

V raziskavo smo vkljuc¢ili 678 naravnih mineralnih voda ter 2.390 termalnih voda in zbrali podatke o rabi,
hidrogeoloskih osnovah in hidrogeokemijskih pogojih. Primerjava podatkov je pokazala, da prevladujejo
medzrnski, Se posebej peSceni vodonosniki, in vodonosniki v sedimentnih karbonatnih kamninah (apnenec,
dolomit, kreda). Nadalje, naravna mineralna voda ima najpogosteje manj kot 1 g/1 skupnih raztopljenih snovi ter
je zemeljskoalkalijsko- HCO, tipa. Presenetljivo lahko kar 21 % naravnih mineralnih voda uvrstimo tudi med
termalne vode, saj imajo temperaturo nad 20 °C. Termalne vode imajo temperaturo obicajno med 20 in 70 °C in
TDS med 1 in 14,5 g/1, ve¢ino (z nad 30 °C) pa najdemo na Madzarskem. Hidrogeokemicne lastnosti termalnih

voda so bolj spremenljive kot pri naravnih mineralnih vodah, najpogosteje pa so vode Na-(HCO,, Cl) tipa.

Introduction

Thermal and mineral waters are special types
of groundwater. They are well known for thou-
sands of years and have an important role in soci-
ety, well-being and health (e.g. EuroGeoSurveys,
2016, Stober & Bucher, 2012; Lund, 2001). From
prehistoric use of natural thermal waters to Ro-
man public baths — the evolution of societies is
always accompanied by these waters. Today, as
these waters are widely used in our society for
societal and economic purposes, regulations have
been drawn up at the national and international
levels.

Today, natural mineral waters have an im-
portant role in the bottled water industry among
EU’s member states. According to the non-profit
trade association, “Natural Mineral Waters Eu-
rope”, 97 % of all bottled water sold in Europe
comes from a natural mineral water or spring
water source (Natural Mineral Waters Europe,
2021). The EU average consumption was approx-
imately 118 liters per capita in 2019; and Italy,
Germany, Portugal, Hungary and Spain were
biggest consumers.

Thermal waters or geothermal waters — the
water temperature is elevated due to geothermal
heat and they are a source of clean energy as well
as a valuable product with therapeutic, balneo-
therapeutic and recreational properties (Sow-
izdzal, 2018). For centuries, they are used for
balneological purposes and wellness. There are
numerous examples for famous spas in Europe,
like Gellert, Széchenyi and Rudas in Hungary,
Baden-Baden in Germany, Karlovy Vari in Czech
Republic or Grindavik in Iceland, while natural
mineral water sites e.g. Rogaska Slatina in Slove-

nia were used for drinking treatments for centu-
ries. Furthermore, the geothermal energy sector
has continuously grown over the last decades and
geothermal water is directly used for heating and
electric power generation. For example, already
1,028 megawatt (MWe) comes from 57 geothermal
power plants across Europe (EGEC, 2019) and the
Pannonian basin is one of most prominent and
historic geothermal places (Rman et al., 2020).
Several studies about the hydrogeology and
hydrochemistry of mineral and thermal wa-
ters have been published on a national level in
recent years, e.g. Haas et al., 2018; Elster et al.
2016, 2018; Eftimi & Frasheri, 2016; MioSi¢ & Sa-
mardzié, 2016; Rosca et al., 2016; Todorovic¢ et al.,
2016; Buric et al., 2016; Benderev et al., 2016; Bor-
ovié et al., 2016; Eggenkamp & Marques, 2013;
Dinelli et al., 2012; Brencic¢ et al. 2010; Lourenco
et al. 2010; Késs & Késs, 2008; Lapanje, 2006; Zotl
& Goldbrunner, 1993; Minissale, 1991. However,
less studies describe and compare sources from
multiple countries and regions in Europe (Po-
rowski, 2019; Brauer, et al. 2016; Papié, 2016, Bal-
derer et al., 2014; Borszéki, 2013; Szocs et al. 2013;
Gros, 2003; LaMoreaux & Tanner, 2001; Albu et
al., 1997, Michel, 1997; Carlé, 1975). Furthermore,
the comprehensive study on European Bottled
Waters by Reimann & Birke (2010) focuses on
Natural Mineral Waters to some extent, as well
as books by Evina (1992) and Kirschner (2009).
Certainly, extensive literature is available to
deepen the understanding of this topic. Howev-
er, used terminologies vary between countries
and can lead to misinterpretations. Divergent
or missing national legislative frameworks are
commonly the reason besides legal adaptions in
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time. The generally used glossary comprises a
large number of technical terms including min-
eral water, healing/curative water, natural min-
eral water and spring water in the bottling in-
dustry, and thermal water that have to be clearly
distinguished.

This study aims to assess first the national
legislative frameworks, terminologies, and cri-
teria for the recognition of natural mineral wa-
ters and thermal waters in the following Europe-
an and neighbouring countries: Austria, Bosnia
and Herzegovina, Denmark, France, Hungary,
Iceland, Italy, Lithuania, Poland, Portugal, Ro-
mania, Serbia, Slovenia, and Spain. All were in-
volved in Hydrogeological processes and Geolog-
ical settings over Europe controlling dissolved
geogenic and anthropogenic elements in ground-
water of relevance to human health and the sta-
tus of dependent ecosystems GeoERA (HOVER)
project. Second, it provides a first extensive mul-
ti-national overview of hydrogeological and hy-
drochemical characteristics of numerous water
sources from those regions.

Methodology

An overview of the legal recognition of ther-
mal and natural mineral waters was provided
within the project GeoERA HOVER by the na-
tional geological surveys based on the analysis
of each relevant national legislation (see supple-
ment information).

Furthermore, a database with a harmonized
structure was set up to collect the hydrogeologi-
cal and hydrochemical information at a multi-na-
tional scale (Table 1 and supplement information).
A focus was given to available vocabulary stand-
ards of Inspiring New Scientific Perspective in
Research and Ethics (INSPIRE) and Geoscience
Markup Language (GEOSCIML) to increase the
level of transparency. The data collection com-
prises hydrogeological and hydrochemical in-
formation (names of sources, locations, type of
sources, use, borehole depths, aquifer media and
type, aquifer lithology and age, hydrochemistry
and groundwater age) (see Table 1 for details).
Only representative single hydrochemical analy-
sis were collected instead of data series assuming
stable hydrochemical conditions with negligible
variations for both types of special groundwa-
ters (thermal and natural mineral waters). Sta-
ble conditions are a prerequisite requirement of
a natural mineral water definition, and in most
cases observed at thermal waters also. Howev-
er, the selection of the representative analysis is
based on expert evaluation. Post processing of
the dataset comprised a general data curation,
critical checks for outliers and anomalies, ion
balance calculations of representative analysis
(charge balance error (%) = 100 x m%) ;
see Freeze and Cherry, 1979) and water type cal-
culations (cations and anions > 20 eq%). Analyses

Table 1. Collected hydrogeological and hydrochemical information in the dataset.

General information

e name of source and country

o classification: thermal water, natural mineral water (Directive 2009/54/EC), natural mineral water (national law

recognition)

e type of water source: single well, well field, single artesian well, artesian well field, single captured spring, captured
spring group, single gallery, gallery group, single spring, combination of sources

e use: bottled natural mineral water, natural mineral water publicly available, thermal water for balneology, thermal
water for heating, thermal water for electricity production, other; multiple answers (up to 3) were possible.

yield classes in 1/s: <5, 5-25, >25

borehole depth and screen depths in m (true vertical depths)

Aquifer media type according to INSPIRE: http://inspire.ec.europa.eu/codelist/AquiferMediaTypeValue
Aquifer type according to INSPIRE: http://inspire.ec.europa.eu/codelist/AquiferTypeValue

Lithology of the aquifer according to INSPIRE: http://inspire.ec.europa.eu/codelist/LithologyValue

Proportion of the lithology according to GEOSCIML: http://resource.geosciml.org/classifier/cgi/proportionterm
Aquifer age according to INSPIRE: http://inspire.ec.europa.eu/codelist/GeochronologicEraValue/

Location

e the location is derived from 1 km and 10 km grids, https://www.eea.europa.eu/data-and-maps/data/eea-reference-

-grids-2 and no exact coordinates are provided

Information of a representative hydrochemical analysis

e water temperature classes at the outlet of the source in °C: <15, 15-20, 20-30, 30-40, 40-50, 50-60, 60-70, 70-80, 80-90,
90-100, >100. We chose those classes to provide detailed information on water temperature distributions. They may not

connect to national legislative frameworks.
e total dissolved solids (g/1): <1, 1-14.5, >14.5

e field parameters specific conductivity (nS/cm; 25°C), pH, redox potential (Eh), O, (mg/1)

*  hydrochemical compounds in mg/1: Na, K, Ca, Mg, Sr, Ba, Fe, Mn, NH4, HCO,, Cé ,F,Cl, Br,1,S0,, NO,, HS, Al, Sh, As,
Be, Pb, Cd, Cs, Cr, Co, Cu, Li, Mo, Ni, Hg,Rb Se U, V Zn Sn HSIO HBO

e gas phase dominance: Methane (CH4) Carbon dioxide (CO ), Nltrogen (Na) ﬁydrogen sulphide (H,S)

e  Apparent residence time: younger  than

60-10,000 years, older than 10,000 years.

Those threshold values for groundwater ages were estimated by available isotope data or estimated expert judgements,
however no raw data on relevant isotopes for groundwater age dating was collected. The categories were chosen by
common criteria connected to isotope interpretation: e.g. presence of *H, “C.
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with a charge balance error above 10 % were not
considered in the further data evaluation. Shares
of hydrochemical analyses below detection limit
(DL) were treated by DL/2 to consider them in
basic statistical figures (e.g. boxplots).

Results

EU and national legislations

Natural mineral waters
The exploitation and marketing of natural
mineral waters in the European Union is regu-
lated in Directive 2009/54/EC (see Annex 1- legal
norms) and it can be clearly distinguished from
ordinary drinking water by the following crite-
ria:

1. by its nature, which is characterised by its
mineral content, trace elements or other
constituents and, where appropriate, by cer-
tain effects;

2. by its original purity and constant level of
minerals.

This Directive shall not apply to:

3. waters which are medicinal products with-
in the meaning of Directive 2001/83/EC on
the Community code relating to medicinal
products for human use;

4. natural mineral waters used at source for
curative purposes in thermal or hydromin-
eral establishments.

An underground origin and protection from
all risks of pollution are required to meet those
criteria. The hydrochemical composition, tem-

perature and other essential characteristics of
natural mineral waters shall remain stable in
time (+20 %) and should only show natural fluc-
tuation. Furthermore, the extraction rate should
also not affect the composition.

Expert practice prior to Directive 2009/54/EC
(see also Directive 80/777/EEC, no longer in force
and adopted before from some states cooperating
in the project become EU Members) was that the
requirement for the legal recognition was differ-
ent especially for some of the States not yet EU
Members at that time and dependent on the lev-
el of total dissolved solids (TDS) or the content
of carbonic acid. Traditionally, mineral water
source needed to show pharmacological, physio-
logical and clinical properties or TDS of at least
1,000 mg/1 at the source and after bottling or a
minimum of 250 mg/1 of free carbon dioxide.

Directive 2003/40/EC established a list of rec-
ognized sources that is regularly updated and sets
concentration limits for public health purposes,
labelling requirements and limited possibilities
for water treatment (5 types of treatments are
permitted). Natural mineral waters and spring
waters may be treated at source to remove unsta-
ble elements and some undesirable constituents
in compliance with the provisions laid down in
Article 4 of Directive 2009/54/EC. Table 2 and 3
provide an overview of natural constituents, in-
dications, and criteria for water quality. Finally,
it should be mentioned that the hydrochemical
composition needs to be present on the label of a
bottled water as well.

Table 3. Criteria for natural mineral water indications according to Annex III of Article 9 in Directive 2009/54/EC.

Indications Criteria

Low mineral content

Mineral salt content, calculated as a fixed residue, not greater than 500 mg/1

Very low mineral content

Mineral salt content, calculated as a fixed residue, not greater than 50 mg/1

Rich in mineral salts

Mineral salt content, calculated as a fixed residue, greater than 1,500 mg/1

Contains bicarbonate

Bicarbonate content greater than 600 mg/1

Contains sulphate

Sulphate content greater than 200 mg/1

Contains chloride

Chloride content greater than 200 mg/1

Contains calcium

Calcium content greater than 150 mg/1

Contains magnesium

Magnesium content greater than 50 mg/1

Contains fluoride

Fluoride content greater than 1 mg/1

Contains iron

Bivalent iron content greater than 1 mg/1

Acidic

Free carbon dioxide content greater than 250 mg/1

Contains sodium

Sodium content greater than 200 mg/1

Suitable for the preparation of infant food

Suitable for a low-sodium diet

Sodium content less than 20 mg/1

May be laxative

May be diuretic
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Table 2. Constituents naturally present in natural mineral
waters and maximum limits which, if exceeded, may pose
a risk to public health according to Annex I in Directive
2003/40/EC.

Constituents Maximum limit in mg/1
Antimony 0.005
Arsenic 0.01 (as total)
Barium 1

Boron not fixed
Cadmium 0.003
Chromium 0.050

Copper 1.0

Cyanide 0.07
Fluorides 5.0

Lead 0.010
Manganese 0.50
Mercury 0.001

Nickel 0.02

Nitrates 50

Selenium 0.01

In 2021, 2.098 trade descriptions of natural
mineral waters are recognised by member states
including Northern Ireland (UK) and countries
in the European Economic Area (EEA countries).
Natural mineral waters are subject to an author-
ization procedure carried out by the competent
authorities of the EU countries. The lists of nat-
ural mineral waters officially recognised are
published by the European Commission in the
Official Journal of the European Union. These
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lists are regularly updated. It has to be added
that trade name can be associated with multiple
sources (e.g. boreholes or springs). Germany leads
the ranking with 827 accepted trade descriptions,
followed by Italy (305), Hungary (173), Spain (160)
and France (101). Another interesting note is
that member states can recognize natural min-
eral water sources in third countries, for exam-
ple Germany has accepted places of exploitation
in Armenia, Bosnia and Herzegovina, Canada,
China, Croatia, India, Iran, Kosovo, Macedonia,
New Zealand, Russia, Serbia, Switzerland and
Turkey. Therefore, sources of registered natural
mineral waters in Europe can be imported from
outside of Europe.

To avoid misunderstandings of used terms,
natural mineral waters regulated by Directive
2009/54/EC have to be clearly separated from the
following groundwater types:

e Bottled spring waters. They are intended for
human consumption, usually from a single
non-polluted groundwater source, are bottled
at source and comply with the present drink-
ing water regulations (Directive 2020/2184).
However, the original purity may vary, what
means that hydrochemical compositions do
not need to remain stable as requested for
mineral water (£20 % of variation not rele-
vant) over a lengthy period of time. Certain
provisions of the previously mentioned Di-
rective 2009/54/EC are also applicable to
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Fig. 1. List of natural mineral waters recognised by member states, United Kingdom (Northern Ireland) and EEA countries
according to Directive 2003/40/EC, update from April 9th 2021 (see legal norms).
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spring waters such as the microbiological
parameters and labelling requirements.
Bottled drinking water: A bottled drinking
water not necessarily has to have an under-
ground source, therefore bottling at a spring
or borehole is not a requirement (Directive
98/83/EC) and additional water treatment
are allowed to modify water quality. Its
quality has to comply with the drinking wa-
ter regulations.

e Healing/curative/therapeutic and geother-

mal or thermomineral water: There is no
Directive applicable, but national legis-
lative frameworks may consider from na-
tion-to-nation divergent definitions for those
types of groundwaters that are commonly
based on specific criteria (e.g. TDS content,
hydrochemical compounds and temperature,
pharmacological, physiological and clinical
properties).

The following national legal norms regulate natural mineral waters in selected countries of the
dataset (see also Annex 1: Legal norms; no information was delivered for Iceland and Lithuania):

Austria

In Austria, natural mineral waters are defined in the mineral water and spring water regulation:
Mineral- and spring water regulation, BGBI. II, Nr. 309/1999 However, the following laws and regula-
tions have to be considered as well: 1) water rights act: WRG 1959, BGBI. Nr. 215/1959 idgF. 2) drinking
water ordinance: TWV, BGBI. II Nr. 304/2001 idgF. 3) Health- and nutrition security law: GESG, BGBI.
I Nr. 63/2002 idgF. 4) food security and consumer protection law: LMSVG, BGBI. I Nr. 13/2006 idgF. 5)
Food labelling regulation: LMKV, BGBIL. Nr. 72/1993 idgF. Relevant threshold values are found in the
previously mentioned mineral water and spring water regulation and the Austrian food code: Chapter B
17 ,Bottled waters“ (BMGF-75210/0005-11/B/13/2016).

Bosnia and
Herzegovina

Natural mineral waters are defined in the Waters Act - Rulebook on natural mineral water, spring water
and table water (Official Gazzette of the Bosnia and Herzegovina No. 26/10, 40/10).

Denmark

The groundwater source has to be approved by the Danish Veterinary and Food Administration under
the Ministry of Environment and Food of Denmark and the following national legislation is relevant:
1) BEK nr 38 of 12/01/2016 Bekendtgorelse om naturligt mineralvand, kildevand og emballeret drik-
kevand; 2) VEJ nr 9105 of 10/04/2008 Vejledning om maerkning af naturligt mineralvand, kildevand og
emballeret drikkevand.

France

It is defined by transposition of the EU Directive 2009/54/EC into the Public Health Code (articles
L1322-1 to 13 et R.1322-1 to 1322-44-23) and in the following regulations: Decree No 2007-49 of 11
January 2007 on the safety of water intended for human consumption. Supplemented by five orders
relating to the constitution of the authorisation application files for public interest declaration, assign-
ment of a protection perimeter, water quality criteria, analyses of sanitary control and water monitor-
ing, etc. Before the application of the EU Directive, french mineral waters were also recognised for their
therapeutic properties by the French Academy of Medecine. By regulation, mineral water can be used
packaged (bottled), distributed in a public water supply (buvette publique) or used for therapeutic uses
in a spa establishment, each usage is cover by a strict legislation to ensure water quality and public
health (maximum limits, water treatment).

Hungary

Mineral water according to Hungarian law LVII from 1995 on water management is defined as water
which originates from a natural aquifer, which has a typically different mineral composition compared
to those used as a source for regular human drinking water, and its water composition meets the (bio-
logical and chemical) criteria defined in the relevant legislation. The 65/2004 (IV. 27.) FVM-ESzCsM-
GKM common ministerial decree (with its update according to the 59/2006 (VIII. 14.) FVM-EuM-SZMM
common ministerial decree) defines the requirements of bottled natural mineral water, spring water,
drinking water, and enriched, flavoured, or enriched and flavoured bottled water. This decree is the law
adopting and implementing the 80/777/EEC, 96/70/EC and 2003/40/EC EU laws. This decree does not
regulate those non-bottled natural mineral waters which are used at their abstraction location or are
used for medicinal purposes in balneological, health recuperation institutes. Those waters which are
recognised as medicinal waters, including recognised medicinal mineral waters, are regulated by the
74/1999 (XII. 25.) EiM ministerial decree on natural medical factors.

Italy

In Italy, natural mineral water is defined in the Italian Legislative Decree N.176 of 8 October 2011, which
adopts the EU Directive 2009/54/EC. Article 2.1 defines it as water which originated from a groundwa-
ter body, crops out at one or more natural of artificial springs and has peculiar purity conditions and
health relevant properties.

Poland

In Poland, natural mineral water is defined as groundwater which differs from water used for human
consumption in its original chemical and microbiological purity, its characteristic stable mineral com-
position and, in certain cases, its properties can have beneficial effects on human health. The above defi-
nition of water comes from Act of 25 August 2006 on Food and Nutrition Safety (Jour. of Law 2006 No
171 item 1563). The requirements concerning the composition and physical properties of natural mineral
water are set out in the Regulation of 31 March 2011 on natural mineral water, spring water and table
water (Jour. of Law 2011 No 85 item 466).

Portugal

In Portugal, natural mineral water is defined in Law no°® 54/2015 of 22 June (Geological Resources Law)
and the following specific regulations: Decree-Law no. 86/90 of 16 March (natural mineral waters) and
Decree-Law no. 84/90 of 16 March (spring water).

Romania

In Romania, natural mineral water is a pure microbiological water, originating in an underground aqui-
fer, protected from any possible risk of pollution according to Annex no. 1 from Government Decision
1020/2005. It is exploited by one or more natural sources and it is characterized by a stable composition,
temperature and other characteristics within the limits of natural fluctuation and in terms of source
flow variations.
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Serbia

In Serbia, natural mineral water is defined in the “Regulation on Quality and Other Requirements
for Natural mineral water, Spring Water and Bottled Drinking Water” (Official Gazette of Serbia and
Montenegro, number 53/05). Furthermore, the “Regulation on the Hygienic Acceptability of Potable
Water (Official Gazette of FRY, number 42/98 and 44/99) have to be considered.

Slovenia

In Slovenia, natural mineral water is defined in the Rules on natural mineral water, spring water and
table water (Official Gazette of Rep. of Slovenia No. 50/04, 75/05 in 45/08 — ZKme-1). Article 4 defines it
as water which beside microbiological requirements from the 5th article also: has a source in a subsur-
face water source (is groundwater), protected from any possibility of contamination, and springs or is
pumped at a spring from one or more natural outflows or wells; has properties which clearly distinguish
it from drinking water and may be connected to content of dissolved solids, trace elements or other
ingredients, and may have certain nutritional and physiological effects; has the same purity as at the
source. The deviation from the mean annual measured values for the main constituents specific to the
individual natural mineral water may not exceed + 20%.

Spain

required.

Natural mineral waters are regulated by the following legislation: 1) Law of Mines 22/1973, 21 of July
(BOE number 189, de 24-07-1973); 2) Royal Law 2857/1978, 25 of August (BOE number 295, de 11-12-
1978). Furthermore, natural mineral waters are also regulated by the Royal Law 1798/2010 regarding
the exploitation and commercialization of bottled drinking natural mineral waters and spring waters.
From the interpretation of this legislation, it can be understood that depending on the use or destina-
tion, mineral-medicinal waters could be classified into: 1) Natural mineral waters: Those are microbi-
ologically-free and with a constant chemical composition over time regardless of the water flow. They
have a specific mineral and trace elements composition and are characterized for its original purity and
2) Spring waters: Those are microbiologically-free but no constant chemical composition over time is

Thermal waters

In opposition to natural mineral waters, no
European directives exist to define thermal wa-
ters. Most definitions for thermal water are based
on water temperatures at the outlet. However,
thermal waters are not recognized or defined by
an EU legislative framework. National laws or
directives may set the criteria.

Results from this study show, that the major-
ity of countries define a thermal water by a min-
imum temperature of 20°C at the outlet of the
source (Table 4). However, several member states
don’t have any criteria on temperature, but apply
expert / professional recognitions according to
different water properties.

Detailed Information about the national legislation frameworks in considered countries is found
in Annex 1- Legal norms. No legislation framework for the definition of thermal waters is present
in Lithuania, Portugal and Iceland. In Denmark, no thermal waters are present as all groundwaters

show temperatures at the outlet below 15 °C.

Austria

In Austria, sources of thermal waters are not defined by a federal law, but by Acts on natural health-pro-
moting substances and spas for each state in Austria except Vorarlberg. However, they share the definition
that groundwaters with a temperature of 20°C or higher at the outlet are considered as thermal water.

Bosnia and
Herzegovina

In Bosnia and Herzegovina thermal waters are defined in the Waters Act - Rolebook on the categoriza-
tion, classification, the budget reserve of ground water and management of records about them (Official
Gazette of the Bosnia and Herzegvoina No. 47/11). Thermal waters are defined by a total mineralization
<1 g/1 and a water temperature greater than the mean annual air temperature of the area were the source
is located. Thermal waters with a total mineralization > 1g/1 are considered as thermomineral waters.
Several additional regulatory frameworks and laws are relevant for the definition of thermal waters.

France

authorities (Académie de Médecine).

In France, national regulations of thermal waters are based on the Public Health Code and the Decree
2007-49 11 January 2007 on the health safety of water intended for human consumption. There is no
definition according to temperature at the outlet. A thermal water is defined as a natural mineral water
used in a thermal establishment for its therapeutic properties (article R. 1322-52). Exploitation of thermal
mineral water is covered by a legal authorisation and strict water quality controls overseen by the health
authorities and covered by the Public Health Code. Thermal water is used on site or by direct adduction,
for the internal or external treatment of the curists diseases, water from one or more regularly authorized
mineral sources and/or sludges and/or gases. The therapeutic properties are recognized by the medicinal

Hungary

In Hungary, thermal water according to the Hungarian law LVII from 1995 on water management is
defined as (having its source from an aquifer) groundwater with an outflow temperature (at the surface)
of 30°C or above. Its use is regulated as already mentioned under natural mineral waters, those waters
which are recognised as medicinal waters, including recognised medicinal mineral waters, are regula-
ted by the 74/1999 (XII. 25.) EiM ministerial decree on natural medical factors. Thermal water resource
management, the management of used thermal water is regulated by the 147/2010. (IV. 29.) Government
Decree under the general rules on the use, protection and damage control of waters, and water utilities.
The Hungarian law XLVIII from 1993 on mining regulates when a geothermal energy usage requires con-
cession rights, and defines the criteria for mining royalties related to geothermal energy usage.

Italy

In Italy, thermal water is mentioned in the Italian Governmental Law N.323 of 24 October 2000 but this
act deals only with the exploitation permits and not with technical-scientific issues and, consequently,
there is not a definition according to temperature at the outlet.

Poland
of Law 2018 item 1563)

In Poland, thermal water is defined as groundwater with a temperature at the outflow not lower than 20°C.
The above definition of thermal water comes from Act of 9 June 2011 Geological and Mining Law (Jour.

Romania

In Romania, thermal water is defined in the Governmental Decision no. 1154/2004.
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Serbia

In Serbia, thermal water is groundwater which temperature is higher than the average annual tempera-
ture of a given place. To be considered as a thermal groundwater, it should meet certain requirements: to
have a stable regime and to be heated from the temperature of the Earth's crust, not from the Sun's heat,
which means that its temperature should be a consequence of geothermal processes in the Earth's crust.
Nevertheless, in practice groundwater with an outlet water temperature > 20°C are commonly considered
as thermal water. There are no precise terms from national laws or rulebooks.

Slovenia

In Slovenia, thermal water is defined in the Waters Act (Official Gazette of Rep. of Slovenia No. 67/02,
2/04 — Z7ZdrI-A, 41/04 — ZVO-1, 57/08, 57/12, 100/13, 40/14, 56/15). Row 6. of the article 7 defines it as a
groundwater from a well, spring or a capture which is heated in geothermal processes in Earth's crust and
has the temperature at the spring or wellhead at least of 20 °C.

Spain

In Spain, thermal waters are regulated by the following legislation: 1) Law of Mines 22/1973, 21 of July
(BOE number 189, de 24-07-1973); 2) Royal Law 2857/1978, 25 of August (BOE number 295, de 11-12-1978).
Furthermore, according to the Article 23.1 and 23.2 of the 22/173 Law of Mines and the Article 38.1 of the
2857/1978 Royal Law, thermal waters are defined as a Mineral Resource and are classified as a special
type of “mineral water”. In detail, mineral water is considered as thermal water when the outlet water
temperature is 4°C greater than the mean annual air temperature in the same location where the water
source is located.

Table 4. Minimum water temperatures at the outlet (°C) to define thermal waters in selected countries.

Minimum water temperatures at the outlet (°C) number of names
to define thermal water countries
Average water temperature has to differ 4 °C in relation to average 1 Spain

air temperature

water temperature greater than the mean annual air temperature of 1
the area where the source is located

Bosnia and Herzegovina

Austria, Czech Republic, Italy, Poland,

20 6 Romania, Slovenia
30 2 Hungary, Lithuania
no definition 5 France, Iceland, Latvia, Portugal,

Serbia

Constitution of the dataset

The dataset comprises hydrogeological and hy-
drochemical information from 3,068 sources (e.g.
springs or wells) from selected countries: Austria,
Bosnia and Herzegovina, Denmark, France, Hun-
gary, Iceland, Italy, Lithuania, Poland, Portugal,

Romania, Serbia, Slovenia and Spain including
Catalonia (see Table 5 and Fig. 3).

Limited data availability and missing rights
of data uses are the restricting reasons for a
complete dataset in some countries and regions
leading to the consideration of 2,390 thermal

Table 5. Overview of considered sources in the dataset. Natural mineral waters trade descriptions recognised by member sta-
tes derived from 2013/C95/03 (updated May 25th 2021).

classification of considered sources in the dataset & Natural mineral
data availability in the provided dataset waters trade
i ; descriptions
Sonrees i Natural mineral Natural mineral recognised by
countries water (Directive Thermal water water (Directive Thermal water member states
2009/54/EC) 2009/54/EC) (2013/C95/03)
Austria 40 62 All Yes 32
Bosnia and
Herzegovina 0 28 Yes None
No thermal waters
Denmark 17 0 All in Denmark 14
France 33 240 partially Yes 101
Hungary 224 1,432 all partially 173
Iceland 0 3 none Yes 1
Italy 0 241 none Yes 305
Lithuania 21 0 all 22
Poland 126 46 all Yes 89
Portugal 17 121 partially Yes 22
Romania 0 14 none Yes 79
Serbia 30 82 all? Yes none
Slovenia 9 33 all Yes 9
Spain 161 88 all Yes 160
Total 678 2,390
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water sources and 678 natural mineral waters in
this dataset. In a few cases - like in Hungary or
France - natural mineral water sources can be
also thermal waters if recognised according to
Directive 2009/54/EC. Those waters are counted
as natural mineral water source in the dataset.
Most important, no information on natural
mineral waters is available for Italy and Roma-
nia and partial information is only available for
France and Portugal. Also, no hydrochemical
information, but TDS is reported for Hungarian
thermal water sources. As it concerns Italy, this
information is not reported here since it is not
managed by the Geological Survey of Italy.

Hydrogeological characteristics of natural
mineral waters

The natural mineral waters considered in the
dataset are mostly used for bottling (r=565 out
of 678), other uses like a public easements (free
public access to a natural mineral water source;
n=21) are rarely found (Fig. 2). The yield of the
sources is usually below 5 1/s (=320) or 5 to 25 1/s
(n=219). Extraction rates above 25 1/s are rarely
found (n=16), but present in Spain, Austria, Ser-
bia and France.

Sources of groundwater extraction are usu-
ally single wells (n=300 out of 678), followed
by well fields (n=169) and single artesian wells

N I

Classification of considered water points in the dataset

= Natural mineral water source (according to Directive 2009/54/EC)
= Natural mineral water source (national law recognition)
© Thermal water source

Countries

[ not considered countries in the dataset

D considered countries in the dataset

Fig. 2. Map of natural mineral waters and thermal waters found in the dataset.
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(n=74). Captured springs (n=54) or captured
spring groups are less widespread (n=16), which
is expected as stable composition should prevail.
Depths of wells are usually between approx. 85
and 250 m. Many sources are confined sub-ar-
tesian (n=299) and artesian (rn=114). Unconfined
conditions are uncommon (rn=24) as they are not
suitable to meet the regulation criteria on geolog-
ical and hydrogeological conditions for mineral
water: water characteristics have to be preserved
intact because of the underground origin of such
groundwater, which has been protected from all
risk of pollution.

The aquifer media type (primary and second-
ary porosity) is in most cases porous (=275 out
of 678) or a combination of porous and fractured
(n=99). Karstic and fractured (n=78), fractured
(n=31) and entirely karstic (n=2) are less abun-
dant. Karstic aquifers often have issues with
microbiological pollution due to fast inflow of
freshwater, therefore they rarely supply natural
mineral waters resources. Porous aquifers with
higher self-purification capabilities most often
provide stable composition which is required for
natural mineral waters.

The lithologies of the aquifers are often clas-
tic sediments (n=264 out of 678) and sandy aqui-
fers are prevailing. Carbonate sedimentary rock
aquifers (n=202) are also numerous containing
limestone, dolomite and chalk. Sources associ-
ated with pyroclastic rocks (n=65), metamor-
phic rocks (n=27), igneous rocks (n=24) or clastic
sedimentary rocks (n=17) are less present. Most
common aquifer ages are Neogene (n=133 of 678),
Mesozoic (n=120) and Quaternary (n=103).

Most sources have temperatures of <15 °C
at the outlet (n=312 out of 678) and 132 sources

show temperatures between 15 and 20 °C (Table 7
and Fig. 3). Elevated temperatures above 20 °C
are found for 117 natural mineral water sourc-
es, mainly in Hungary (n=71) and less frequent
in Serbia (n=16), Spain. (n=14), Portugal (n=7),
France (n=4), Austria (n=3), Slovenia (n=1) and
Poland (n=1).

TDS are commonly below 1 g/l (n=342), less
sources show a range between 1-14.5 g/l (n=171)
and highly mineralized groundwaters with
>14.5 g/1 are very rare (n=10). Those highly min-
eralized natural mineral waters are entirely
found in Hungary. The pH is usually in a range
between 6.5 and 7.5 and EC mostly between 500
and 2,000 pS/cm (25 °C); green color intensity to
show higher numbers / percentages.

Calculations of the water types (>20eq%) of
major cations and anions for 462 sources show,
that (Ca, Mg)-HCO, waters are dominating
(n=164), followed by Na-HCO, waters (n=55), Ca-
HCO, waters (n=43) and (Ca, Mg, Na)-HCO, waters
(n=26). 30 different water types were identified in
the dataset proving a wide range of hydrochemi-
cal characteristics. Exclusively Na bearing types
are found for 91 sources. Furthermore, non HCO,
types are rarely found (n= 15 for Cl; n=2 for SO,).
An overview of available hydrochemical analyses
is found in Annex 2.

Under consideration of the indications of Di-
rective 2009/54/EC for special labeling, 38 % of
the sources are suitable for a low-Na diet, 33 %
contain HCO,, 31 % contain Fe, 26 % contain Na,
23 % contain Ca and Mg, 16 % contain F, 12 %
contain Cl and 9 % contain SO4.

Qualitative information on groundwater resi-
dence times is unfortunately scarce. Most sourc-
es show groundwater retention times above 60

Table 6. Natural mineral waters found in countries according to their temperatures at the outlet. Elevated numbers are visu-

alized by green color intensity.

Temperature class Total

at the outlet (°C) <15 15-19.9 20-29.9 30-39.9 40-49.9 50-59.9 60-69.9 70-79.9

(n=561 of 678) number
Austria 33 4 1 2 40
Denmark 14 14
France 16 10 4 30
Hungary 66 81 37 12 12 4 3 3 -
Lithuania 20 1 21
Poland - 1 126
Portugal 1 9 6 1 17
Serbia 4 10 14 2 30
Slovenia 7 1 1 9

Spain 26 16 9 1 1 3 56
Total number - 132 72 18 14 7 3 3 561
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Fig. 3. Characteristics of natural mineral waters found in the dataset.
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Fig. 4. Hydrochemical characteristics of natural mineral waters found in the dataset.
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years (n=79), however old groundwaters with
ages above 10,000 years (n=31) are present as well
as groundwaters with less than 60 years (n=28).

Data availability is also limited for free gas
phases, however, groundwaters rich in carbon di-
oxide seem to be relatively common (n=126). This
is expected as historically mineral waters were
enriched in CO,,.

Hydrogeological characteristics
of thermal waters

Thermal waters found in the dataset (not in-
cluding waters above 20 °C from the natural min-
eral water dataset) are mainly used for balneo-
logical purposes (=859 out of 2,390) and heating
(n=380). However, other uses (rn=512) are very
common. Sources that are entirely used for ener-
gy production are not present except for one site
in Italy. Other uses may comprise agricultural
purposes, aquaculture or in rare cases drinking
water if no other water resource are available.
Agricultural purpose is not uniformly classified
by all countries as some included this use into
the heating category. Extraction rates between 5
and 25 1/s (n=1,011) outweigh the yield class <5
1/s (n=598) and rates above 25 1/s (n=288). This
may occur as yield information is uncertain due
to variable values with time.

Sources of thermal groundwater extraction
are mostly wells (n=946 out of 2,390) or arte-
sian wells (n=860). Captured springs (n=302),
captured spring groups (n=98) and uncaptured
springs (n=78) are less common. The true verti-
cal depth of wells is usually within the range of

465 to 1,298 m (25 to 75" percentile); it has to
be added that absolute numbers were collected
for data on borehole depths. The deepest artesian
well that is used for heating is found in Poland
with a depth of 3,943 m, however thermal water
is extracted from a screen between 2,960 and
2,776 m at this site. Accordingly, the majority of
sources are confined artesian (n=902) or sub-ar-
tesian (n=694).

The abundant aquifer media type (primary
and secondary porosity) is porous (n=1,185 out of
2,390) and a combination of porous and fractured
(n=127) is less common compared to the previ-
ously described natural mineral water sources.
Karstic and fractured (n=316), fractured (n=246)
and compound (r=167) are also frequently pres-
ent, but entirely karstic (n=16) is rarely found.

The lithologies of aquifers are predominated
by clastic sediments (n=1,383 of 2,390), especially
by sandy aquifers. Carbonate sedimentary rock
aquifers (n=460) containing limestones, dolo-
mites and chalk are followed by clastic sedimen-
tary rocks (n=356), mainly sandstones. Sources
associated with igneous rocks (2=267) and met-
amorphic rocks (n=138) are less present and oth-
er types like chemical sedimentary (evaporitic
materials) (n=17), tuffite (n=10), pyroclastic rocks
(n=5) and biogenic sediments (rn=2) are rarely
found. Most common aquifer ages are Neogene
(n=1,064 of 2,390), Mesozoic (n=362) and Quater-
nary (n=187).

Most frequent classes of water temperatures at
the outlet are 30-40°C (r=638), 40-50 °C (n=424)
and 20-30 °C (n=355) (Fig. 5). A distribution of

Table 7. Thermal waters found in countries according to their temperatures at the outlet; green colour intensity shows higher

numbers.

Temperature

class

at the outlet (°C) 15- 20- 30- 40- 50- 60- 70- 80- 90- Total
(n=2,340 of 2,390) | <15 19.9 29.9 39.9 49.9 59.9 69.9 79.9 89.9 99.9 >100 | number
Austria 18 17 12 2 4 2 4 3 62
ggleézgﬁfw 1 11 8 4 3 1 28
France 39 26 37 38 32 29 14 4 1 220
Hungary 88 - 312 199 167 87 63 47 3 -
Iceland 1 1 1 3
Italy 121 58 34 13 3 4 4 3 240
Poland 2 21 2 4 5 5 6 1 46
Portugal 1 96 16 2 115
Romania 1 5 2 1 1 2 2 14
Serbia 24 22 6 8 8 10 78
Slovenia 7 9 3 5 8 1 33
Spain 2 4 16 19 16 11 1 69
Total number 45 137 356 - 424 2717 209 117 75 53 9 2,340
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Fig. 5. Characteristics of thermal waters found in the dataset.
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Fig. 6. Hydrochemical characteristics of thermal waters found in the dataset.
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the temperature classes is found in Table 6 and
it shows that the majority of sources are found in
Hungary (n=1,432). Sources with a temperature
below 15 °C are included due to national criteria
in some countries. Rarely existing thermal wa-
ters with >100 °C (n=9; no exact temperature was
gathered, only ranges) at the outlet are reported
from Austria, Hungary, Romania and Iceland and
can be usually associated with deep boreholes
with depths between 1,500 and 2,800 m. Howev-
er, a captured spring group in Iceland extracting
from a basalt aquifer is an exception.

The common TDS range is 1 to 14.5 g/1 (n=932)
and thermal waters with a mineralisation below
1 g/l (n=550) are less prevailing. Highly miner-
alized thermal brines with a TDS content above
14.5 g/1 are rather rare (n=49), located in several
countries: Austria, Spain, Romania, Bosnia and
Herzegovina, Poland, Italy and Hungary. The
common EC range of the considered thermal wa-
ters is overall between approx. 450 and 2,700 pS/
cm (25 °C) and pH is usually neutral to slightly
alkaline.

Calculations of the water types (>20eq%) ex-
cluding the Hungarian dataset where no informa-
tion is available show, that Na-(HCO,, Cl) waters
(n=83) are most common followed by Na-Cl wa-
ters (n=78), Na-HCO, (n=70) and (Ca, Mg)-HCO,
(n=44). However, the hydrochemical composition
of the considered sources is highly diverse, this is
shown by 34 present water types in the dataset.
An overview of available hydrochemical analyses
is found in Annex 2.

Qualitative information on groundwater resi-
dence times is rare. Most sources show ages above
10,000 years (n=118) and groundwaters older than
60 years but younger than 10,000 years (n=35) are

less frequent. Data availability is also limited for
free gas phases, however, groundwaters rich in
CO, seem to be common (n=126).

Discussion

Natural mineral waters are well defined and
regulated in the European Union by the Direc-
tives 2009/54/EC and 2003/40/EC. Those direc-
tives are implemented by national law regula-
tions.

Datasets for natural mineral and thermal wa-
ters comprise a large number of data, but also ex-
hibit large numbers of missing or partially miss-
ing information due to missing data availability
or limited data access. For example, data on trace
elements and groundwater retentions times are
not available in most cases. However, consider-
ing available information, the comparison of the
datasets from a hydrogeological point of view
shows common characteristics but also obvious
differences.

Porous aquifer media types are dominant in
both datasets and aquifer lithologies are most-
ly clastic sediments, especially sandy aquifers
followed by carbonate sedimentary rocks that
may contain limestones, dolomites and chalk.
Most important, unconfined conditions are rare-
ly present in the dataset. They are due to fast-
er recharge and more responsive dynamics less
capable of providing ground waters with stable
composition or warmer water.

Temperatures at the outlet of thermal waters
are commonly between 20 and 70 °C (82 %) and
temperatures above 70 °C are less common (11 %)
(Table 8). Furthermore, only 7% of sources that
are classified as thermal waters show tempera-
tures below 20 °C. In comparison, 79 % of natural

Table 8. Comparison of the datasets of natural mineral and thermal waters regarding temperatures at the outlet and total
dissolved solids; green colour intensity to show higher percentages.

T (°C) at the outlet of source %
TS @M 1 [ 15-] 20-| 30-| 40-] s0-| 60-| 70-] s0-| 90-] . |orn
199 299 | 39.9| 499 599 699 | 79.9| 89.9| 99.9 sources

natural mineral
water <1 35 18 9 2 1 0 0 0 0 0 0 -
gjci)re‘?“"e 2009/54/ | 1145 21 4 4 1 2 1 1 1 0 0 0 35
(n=490 out of 678) >14,5 04| 02 ol 02| 02 0 0 0 0 0 0 1

% of n

sources - 22,2 13 3,2 3,2 1 1 1 0 0 0 100
thermal waters <1 0,2 5 8 13 6 2 1 1 0 0 0 36
(n=1,523 out of 2,390) | 1-14,5 03] 1,2 7| 11,5] 125| 94 9| 43| 31| 24| 03 61

>14,5 ol 03| 12| 03| 03| 05| 02| 01| 02| 01| o1 3

% of n

sources 0,5 6,5 | 16,2 - 18,8 | 11,9 | 10,2 5,4 3,3 2,5 0,4 100
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Fig. 8. Piper diagram to compare the datasets of natural mineral waters (n=423 out of 678) and thermal waters (n=518 of 2,390).

Table 9. Water types versus water temperatures at the outlet of natural mineral waters; green colour intensity to show higher

percentages.
Natural mineral waters Water temperature at the outlet (°C) % of 1 sources
(n= 423 out of 678) <15 15-19.9 | 20-29.9 | 30-39.9 | 40-49.9 | 50-59.9 | 60-69.9 | 70-79.9
(Ca)-(HCO,) 7,1 0,9 0,5 0,0 0,0 0,0 0,0 0,0 8,5
(Ca)-(HCO,,Cl) 0,5 0,0 0,0 0,0 0,0 0,0 0,0 0,2 0,7
(Ca)-(HCO,,S0,) 0,2 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,2
(Ca,Mg)-(HCO,) o128 [35 1,2 0,2 0,0 0,0 00 [l
(Ca,Mg)-(HCO,,Cl) 0,2 0,2 0,0 0,0 0,0 0,0 0,0 0,0 0,5
(Ca,Mg)-(HCO,,S0,) 3,1 0,7 0,7 0,7 0,0 0,0 0,0 0,0 5,2
(Ca,Mg)-(HCO,,SO,,Cl) 0,0 0,0 0,2 0,2 0,0 0,0 0,0 0,0 0,5
(Ca,Mg,Na)-(Cl) 0,0 0,2 0,0 0,0 0,0 0,0 0,0 0,0 0,2
(Ca,Mg,Na)-(HCO,) 3,1 3,8 1,2 0,0 0,2 0,0 0,2 0,0 8,5
(Ca,Mg,Na)-(HCO,,Cl) 0,2 0,2 0,5 0,5 0,0 0,0 0,0 0,0 14
(Ca,Mg,Na)-(HCO,,SO,,Cl) | 0,2 0,0 0,0 0,0 0,5 0,0 0,0 0,0 0,7
(Ca,Na)-(Cl) 1,7 0,0 0,0 0,0 0,0 0,0 0,0 0,0 1,7
(Ca,Na)-(HCO,) 4,3 14 1,2 0,0 0,2 0,0 0,0 0,0 7,1
(Ca,Na)-(HCO,,Cl) 2,1 0,2 0,7 0,2 0,0 0,0 0,2 0,2 3,8
(Ca,Na)-(HCO,,S0,) 0,2 0,0 0,2 0,0 0,0 0,0 0,0 0,0 0,5
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(Ca,Na)-(S0,,C]) 0,2 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,2
(Mg)-(HCO,) 0,0 0,5 0,0 0,0 0,0 0,0 0,0 0,0 0,5
(Mg,Na)-(Cl) 0,0 0,2 0,0 0,0 0,0 0,0 0,0 0,0 0,2
(Mg,Na)-(HCO,) 0,5 0,2 0,5 0,0 0,0 0,0 0,0 0,0 1,2
(Mg,Na)-(HCO,,Cl) 0,2 0,0 0,2 0,0 0,0 0,0 0,0 0,0 0,5
(Mg,Na)-(HCO,,S0,) 0,0 0,0 0,2 0,0 0,0 0,0 0,0 0,0 0,2
(Na)-(Cl) 0,2 0,7 0,0 0,0 0,0 0,2 0,0 0,0 1,2
(Na)-(HCO,) BAD) 5,0 3.3 0,0 0,9 0,2 0,2 0,0 132
(Na)-(HCO,,Cl) 0,0 0,5 2,1 0,5 1,2 1,2 0,0 0,2 DAl
(Na)-(HCO,,S0,) 0,2 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,2
(Na)-(S0,,Cl) 0,2 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,2
% of n sources - 27,7 15,1 ) 3,3 1,7 0,7 0,7 100,0

Table 10. Water types versus water temperatures at the outlet of thermal waters; green colour intensity to show higher
percentages.

thermal waters <15 15- 20- 30- 40- 50- 60- 70- 80- 90- S100 | % of n
(n= 518 out of 2,390) 19.9 29.9 (399 |499 |599 |69.9 79.9 89.9 99.9 sources
(Ca)-(HCO,) 06 |06 1,5 1,2 |04 |00 |00 |00 |00 |00 |00 |42
(Ca)-(HCO,,C]) 0,2 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,2
(Ca)-(HCO,,S0,) 0,8 |00 06 |00 04 |02 |00 |00 |00 |00 |00 1,9
(Ca)-(HCO,,S0,,Cl) 0,0 02 |00 0,0 0,0 00 |00 |00 |00 |00 |00 |02
(Ca)-(SO) 0,0 0,0 0,2 0,0 0,2 0,0 0,0 0,0 0,0 0,0 0,0 0,4
(Ca,Mg)-(HCO,) 2,1 06 |31 1,9 |02 |00 |06 |00 |02 |00 |00 |87
(Ca,Mg)-(HCO,,C]) 0,0 0,0 0,0 0,0 0,2 0,0 0,0 0,0 0,0 0,0 0,0 0,2
(Ca,Mg)-(HCO,,SO,) 1,0 0,6 15 (08 |04 |02 |00 |00 |00 |02 |00 |46
(Ca,Mg)-(SO,) 0,0 02 |02 |06 |00 |00 |00 |00 |00 |00 |00 1,0
(Ca,Mg,K)-(HCO,) 0,0 0,0 0,2 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,2
(Ca,Mg,Na)-(HCO,) 02 |02 |08 |06 |00 02 |00 |00 |00 |00 |00 1,9
(Ca,Mg,Na)-(HCO,,Cl) 0,0 0,4 1,5 0,4 0,0 0,0 0,0 0,0 0,0 0,0 0,0 2,3
(Ca,Mg,Na)-(HCO,,S0O,) 0,0 0,0 06 |00 02 |00 |00 |00 |00 |00 |00 |08
(Ca,Mg,Na)-(HCO,,S0,,Cl) | 0,0 0,2 |00 08 |00 |00 |00 |00 |00 |00 |00 1,0
(Ca,Mg,Na)-(SO,) 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,2 0,0 0,0 0,0 0,2
(Ca,Mg,Na)-(SO,,C]) 0,0 0,0 02 |08 |00 00 |00 |00 |00 |00 |00 1,0
(Ca,Na)-(Cl) 0,0 0,0 0,2 0,6 1,9 0,6 0,0 0,2 0,2 0,0 0,0 3,7
(Ca,Na)-(HCO,) 02 |08 |23 |06 |00 02 |06 |00 |00 |00 |00 |46
(Ca,Na)-(HCO,,Cl) 0,4 0,2 1,5 |06 |00 |00 |00 |04 |00 |00 |00 |31
(Ca,Na)-(HCO,,S0,) 0,0 0,0 0,6 0,4 1,7 0,0 0,0 0,0 0,0 0,0 0,0 2,7
(Ca,Na)-(HCO,,S0,,C) 02 |02 |04 |06 |04 |06 |00 |00 |00 |00 |00 |23
(Ca,Na)-(S0,) 0,0 0,0 0,0 0,0 0,2 0,2 0,0 0,0 0,0 0,0 0,0 0,4
(Ca,Na)-(SO,,Cl) 06 |00 1,2 1,2 1,2 |04 |00 |04 |02 |00 |00 |50
(Ca,Na,K)-(HCO,) 0,0 0,0 0,0 02 |00 |00 |00 |00 |00 |00 |00 |02
(Mg)-(HCO,) 0,0 0,2 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,2
(Mg,Na)-(C1) 0,0 0,0 0,2 |00 02 |00 |00 |00 |00 |00 |00 |o04
(Mg,Na)-(HCO,) 0,0 0,0 0,0 0,6 0,4 0,0 0,0 0,0 0,0 0,0 0,0 1,0
(Mg,Na)-(HCO,,C]) 0,0 0,0 06 |00 0,0 00 |00 |00 |00 |00 |00 |06
(Na)-(Cl) 0,4 1,0 17 1,9 (29 |14 0,8 |06 |02 (00
(Na)-(HCO,) 0,4 1,2 2,5 3,1 1,4 1,7 1,2 1,0 0,2 0,0 0,0 12,5
(Na)-(HCO,,Cl) 0,0 0,2 39 (25 |17 1,5 |02 |04 |02 |06
(Na)-(HCO,,S0,) 0,0 0,0 0,4 0,2 0,4 0,4 0,4 0,2 0,0 0,0 0,0 1,9
(Na)-(HCO,,S0,,Cl) 0,0 0,0 06 |04 |02 |00 |00 |00 |00 |00 |00 1,2
(Na)-(S0,,Cl) 0,2 |00 04 |00 06 |00 |00 |00 |00 |00 |00 1,2
% of n sources 7,1 6,6 - 20,8 14,9 9’3 5,6 3,3 1,7 0,6 0,6 100,0
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mineral waters possess water temperatures be-
low 20 °C, but the remaining 21 % of source bear
temperatures above 20 °C and could be consid-
ered as thermal waters as well. However, those
sources are evaluated as natural mineral waters
in our approach. The mineralisation of natu-
ral mineral waters is usually below 1 g/1 (64 %),
whereas 1-14.5 g/l are common for thermal wa-
ters (61 %). Highly mineralized waters above
14.5 g/1 are very rare in both datasets.

Natural mineral waters show primarily al-
kaline-earth bicarbonate water types (Fig. 7).
In detail, 37 % of (Ca, Mg)-HCO, water type and
8.5 % a Ca-HCO, types are present (Table 9). On
the other hand, Na-HCO, type waters are less
abundant (13 %). The hydrochemical composi-
tions of thermal water found in the dataset clear-
ly exhibit a larger variation compared to natural
mineral waters, but Na-CI as well as Na-(HCO,,
Cl) types are commonly found (43 %). This indi-
cates that more complex hydrochemical settings
—e.g. ion exchange waters and diluted brines are
often found.

Conclusions

This overview paper discussed legal frame-
work and criteria for recognition of natural min-
eral water and thermal water in selected coun-
tries in Europe. It pointed out that especially for
thermal waters, there is no uniform approach,
despite the fact that most countries are within
the European Union. This might cause misun-
derstandings not only among consumers of such
goods but also for scientific research, due to var-
ying definitions of classifications and threshold
limits. In contrast, for natural mineral water it
has to be mentioned that the definition is based
on legislative definitions (Directive 2009/54/EC
and Directive 2003/40/EC within the European
Union, and national legislations in Bosnia and
Herzegovina, Serbia).

This research provides a summary including
a geological-hydrogeological statistical overview
of recognised sources of natural mineral and
thermal waters where comparison of both types
reveals evident differences. Natural mineral wa-
ters are, usually, colder and less mineralized as
thermal, but some can also be classified as ther-
mal due to national definitions. Both are mostly
tapped from confined aquifers, providing enough
stable chemical composition. (Ca, Mg)-HCO, wa-
ter type is prevailing at natural mineral water
group while Na-(HCO,, Cl) at thermal waters.
This latter is a result of more pronounced and

longer water-rock interaction having older water
ages and hotter which results also in higher min-
eralization, while in some cases can represent di-
luted brines.

The collected and classified dataset is
freely published at a webservice devel-
oped within the GeoERA project HOVER:
https://data.geus.dk/egdi/?mapname=hover_
wp3_d3bc#baslay=baseMapGEUS&ex-
tent=-4366900,-1320100,11512740,6181370. We
strongly encourage to use this research as a ba-
sis for further data collection which can be later
supplemented to this webportal.
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Annex 1 - Legal norms
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Directive 2020/2184 of the European Parliament and of the Council of 16 December 2020 on the quality
of water intended for human consumption. Internet: https://eur-lex.europa.eu/legal-content/EN/
ALL/?uri=CELEX:320201.2184 (25.10.2021)

Directive 80/777/EEC of 15 July 1980 on the approximation of the laws of the Member States relating
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legal-content/EN/ALL/?7uri=CELEX%3A31980L.0777 (25.10.2021)

Directive 98/83/EC of 3 November 1998 on the quality of water intended for human consumption.
Internet: https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=celex%3A31998L.0083 (25.10.2021)
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Austria

Austrian food code: Chapter B 17 ,,bottled waters“ BMGF-75210/0005-1I/B/13/2016. Internet: https://
www.lebensmittelbuch.at/lebensmittelbuch/b-17-abgefuellte-waesser.html (25.10.2021)

Drinking water regulation — TWV, BGBL. II Nr. 304/2001 idgF. Internet: https://www.ris.bka.gv.at/
GeltendeFassung.wxe?Abfrage=Bundesnormen&Gesetzesnummer=20001483 (25.10.2021)

Food labelling regulation:i- LMKV, BGBl. Nr. 72/1993 idgF. Internet: https:/www.ris.bka.
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Wasserrechtsgesetz 1959 — WRG 1959, BGBI. Nr. 215/1959 idgF. Internet: https://www.ris.bka.gv.at/
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Medicinal occurrence and health resort law of Vienna (state in Austria). LGBI1. Nr. 29/2013. Internet:
https://www.ris.bka.gv.at/GeltendeFassung.wxe?Abfrage=LrW&Gesetzesnummer=20000303
(25.10.2021)

Bosnia and Herzegovina

Waters Act - Rulebook on natural mineral water, spring water and table water. Official Gazette of the
Bosnia and Herzegovina No. 26/10, 40/10.

The law on Waters. Official Gazette of the Federation BiH No. 70/06.

The law on Geological Surveys. Official Gazette of FBiH, No. 9/10.

The law on Bottled Water in Bosnia and Herzegovina, No. 45/04.

The law on Concessions on Water and Public Property. Official Gazette of the Federation BiH, No. 8/00.

Rulebook on natural mineral and natural spring waters. Official Gazette of BiH No. 26/10

Rulebook on the categorization, classification, calculation of groundwater reserves and keeping records
on them. Official Gazette of the FBiH, No. 47/11.

Rulebook on conditions for determining sanitary protection zones and protective measures for water
sources used or planned to be used for drinking. Official Gazette of the Federation BiH, No. 51/02.

Rulebook on minimum technical, technological and personnel requirements for the production of re-
freshing soft drinks, fruit juices and syrups and bottled waters. Official Gazette of the Federation
BiH, no. 81/06.

Rulebook on table water. Official Gazette of BiH No. 40/10.

Rulebook on the health safety of drinking water. Official Gazette of BiH No. 40/10.

Rulebook on the manner of keeping records and creating Cadastre of deposits of mineral raw materi-
als, geological phenomena and approved investigative areas. Official Gazette of the Federation of
BiH, no.38/11.

Denmark

Executive Order on natural mineral water, spring water and bottled drinking water: BEK nr 38 of
12/01/2016. Internet: https://www.retsinformation.dk/eli/lta/2016/38 (25.10.2021)

Guidance on the labeling of natural mineral water, spring water and bottled drinking water: VEJ nr
9105 of 10/04/2008. Internet: https://www.retsinformation.dk/eli/retsinfo/2008/9105 (25.10.2021)

France

Public Health Codes, articles L.L1322-1 to 13 et R.1322-1 to 1322-44-23

Safety of water intended for human consumption, Decree No 2007-49 of 11 January 2007

https://www.legifrance.gouv.fr/codes/article_lc/LEGIARTI000021940425/

https://www.legifrance.gouv.fr/codes/article_lc/LEGIARTI000021940425/2010-02-26/

https://www.legifrance.gouv.fr/codes/article_lc/LEGIARTI000006909666#:~:text=Une%20eau%20
min%C3%A9rale%20naturelle%20est,fix%C3%A9es%20par%201'article%20R.&text=1'une%20
et%201'autre,de%20tout%20risque%20de%20pollution

Décret n° 2007-49 du 11 janvier 2007 relatif a la sécurité sanitaire des eaux destinées a la consomma-
tion humaine - Légifrance (https://www.legifrance.gouv.fr)
(https://www.legifrance.gouv.fr/loda/id/LEGIARTI000006259300/2007-01-12/)

National regulation on thermal waters. Article R. 1322-52 of the Public Health Code and the Decree
2007-49 11 January 2007 https:/www.legifrance.gouv.fr/codes/article_lc/LEGIARTI000006909777

Hungary

59/2006 (VIII. 14.) FVM-EUM-SZMM. Internet: https://net.jogtar.hu/jogszabaly?docid=A0600059.
FVM&txtreferer=A0400065.FVM (12.10.2021)

65/2004 (IV. 27.) FVM-ESzCsM-GKM. Internet: https://net.jogtar.hu/jogszabaly?docid=a0400065.fvm
(12.10.2021.)

Mineral water according to Hungarian law LVII from 1995. Internet: https://net.jogtar.hu/jogszabaly?-
docid=99500057.tv (12.10.2021.)

Ministerial decree on natural medical factors, 74/1999 (XII. 25.). Internet: https://net.jogtar.hu/jogsza-
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Abstract

Mapping of geological variables in the Croatian part of the Pannonian Basin System (CPBS) is mostly based
on small input datasets. In the case of the analyzed hydrocarbon field "B", reservoir "K", due to the complex
geological structure and pronounced tectonics, the interpretations are restricted on several blocks, where each
has very limited dataset. The porosity (19 data) and permeability (18 data) variables were analyzed. The applied
interpolation methods are the Inverse Distance Weighting (IDW) and the Moving Average (MA). They were
compared and analyzed by visual inspection of the obtained maps, comparison of mathematical background and
by calculation of cross-validation (CV). The cross-validation value for the porosity of the "K" reservoir in the case
of IDW application is 0.0011, and in the case of MA 0.0010; while in the case of permeability the IDW is 480.84,
and in the case of MA 1346.41. According to the visual review of maps, the values of descriptive statistics of
estimated values and the results of cross-validation, the IDW method is recommended for mapping the porosity
and permeability of reservoirs blocks in the Sava Depression.

Izvleéek

Kartiranje geoloskih spremenljivk v hrvaskem delu Panonskega bazena temelji ve¢inoma na majhnih vhodnih
podatkovnih nizih. V primeru preucevanega polja ogljikovodikov »B«, rezervoarja »K« je zaradi kompleksne
geoloske zgradbe in moc¢no izrazene tektonike, interpretacija omejena na nekaj blokov, od katerih ima vsak zelo
omejen nabor podatkov. Analizirane spremenljivke so bile poroznost (19 podatkov) in prepustnost (18 podatkov).
Kot interpolacijski metodi sta bili uporabljeni metoda inverzne utezene razdalje (IUR) in metoda drsecega
povprecja (DP). Metodi smo primerjali in analizirali s pomoc¢jo vizualnega pregleda dobljenih kart, primerjavo
matemati¢nega ozadja in z izracunom navzkrizne validacije. Vrednost navzkrizne validacije za poroznost
rezervoarja »K« pri uporabi IDW je 0,0011, v primeru uporabe DP pa 0,0010. Vrednost navzkrizne validacije v
primeru prepustnosti pa je bila pri uporabi IDW 480,84 in pri uporabi DP 1346,41. Glede na vizualni pregled kart,
vrednosti opisne statistike ocenjenih vrednosti in rezultate navzkrizne validacije, se je metoda IDW izkazala za
priporocljivo metodo pri kartiranju poroznosti in prepustnosti rezervoarskih blokov v Savski depresiji.

Introduction

Complex geological structures result in a rel-
atively small volumes and consequently small
datasets. The tectonics causes the fragmentation
in several block, often separate hydrodynamic
units, what negatively affected production. In
such complex conditions, it is necessary to set up
areliable spatial model of selected variables. Any

successful application of the recommended inter-
polation method is always welcome because can
be repeated in similar geological environments
as the best approach. Here are analyzed the po-
rosity and permeability of the Neogene reservoir
“K” using Moving Average (MA) and Inverse
Distance Weighting (IDW) methods.
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The MA method was applied in different re-
search areas: economics (Fan & Wang, 2020; Rau-
dys & Pabarskaité, 2018), food industry (Kolko-
va, 2018), medicine (Mustapa et al., 2019), geology
(Bali¢ et al., 2008), environment protection (Ku-
mar et al., 2020), agriculture (Hatchett et al.,,
2009), transportation (Adeniran et al., 2018; Len-
kutis et. al., 2021), energy (Alsharif et al., 2019;
Xin et al., 2020) etc.

The IDW method is also widely used in various
research areas (Achilleos, 2011; Al-Hassan & Ad-
jei, 2015; Moeletsi et al., 2016; Tuncay et al., 2016;
Ikechukwu et al., 2017; Maleika, 2020; Liu et al.,
2021). In petroleum geology, IDW is used to map a
small set of geological variables in the area of the
Croatian Pannonian Basin System (CPBS), which
has proven to be a reliable interpolation method
(Iv§inovié, 2018a; Malvié et al., 2019; Malvié et al.,
2020; IvSinovié¢ & Malvié, 2020). Also, this could
be often applied method in mapping of hydrocar-
bon reservoirs worldwide (Wenli et al., 2021; Liu
et al., 2020; Otchere et al., 2021) or subsurface re-
source in general (Busygin et al., 2019).

The paper analyzes the possibility of apply-
ing the MA on particular subsurface structure
in the CPBS, the reservoir “K” of the field “B”
located in the western part of the Sava Depres-
sion (Fig. 1). The analyzed input data set is less
than 20 points, which according to the classifica-
tion (Malvié et al., 2019) belongs to a small data-
set. The mapping can be also done with different
hybrid algorithms, no using pure interpolation,
but connecting points from the very dense seis-
mic, gravimetric or similar grids (e.g., Vrdoljak et
al., 2021; Lemenkova, 2021). As quality check the
MA results are compared with the IDW method,
which is previously proven as very reliable map-
ping method in the research area (Malvié et al.,
2019; IvSinovié¢ & Malvié¢, 2020).

This research is continuation of analyses of
different mathematical interpolation algorithms
application in the Miocene reservoirs of the CPBS.
This task is important, not only for better know-
ing of the geological subsurface of this part of the
PBS, but also because such algorithm is mostly
applied in hydrocarbon reservoirs, still in pro-
duction, and results have also economic value. The
testing of different mathematical interpolation
algorithms extensively started in this part more
than decade ago (e.g., Bali¢, et al., 2008; Malvié¢,
2008), where some of the knowing algorithms had
been compared regarding their efficiency in map-
ping of geological variables collected in Miocene
of the CPBS. So, Bali¢ et al., (2008) compared also
in the Sava Depression, in the Klostar Field, four

interpolations, namely: Inverse Distance Weight-
ing, Nearest Neighborhood, Moving Average and
Kriging, using 20 porosity values from Upper
Miocene reservoir. Interestingly, cross validation/
mean square errors formula resulted in very sim-
ilar values, orderly: Kriging 366.93, Moving Av-
erage 369.26, Inverse Distance Weighting 371.97,
Nearest Neighborhood 389.00. It was concluded
that limited dataset influenced variogram model
as well as successfulness of exact interpolators
like (Ordinary Kriging or IDW, especially be-
cause distribution could not be concluded. Au-
thors pointed out that calculation of residual map
can help in the interpretation of zones with higher
uncertainty. Simultaneously, Malvié¢ (2008) per-
formed comparison between three geostatistical
approaches — Kriging, CoKriging and stochasti-
cal simulation (i.e., deterministic vs. stochastic)
for datasets taken in the Drava Depression (also
in the CPBS). The analysis was done with only
14 data points, so the application of geostatistics
strongly depended on assumption of normal dis-
tribution (the 2" order stationarity assumption for
Kriging and related methods). The simulations are
described as the most descriptive approach, where
zones of errors are the easiest recognizable.

In analysis presented here, the input datasets
are not characterized with normal distribution
as well as the entire dataset can be set up in only
three classes, so distribution cannot be examined
with any statistical formal test for normality like
Shapiro-Wilk, Kolmogorov-Smirnov, Lilliefors
and Anderson-Darling (Razali & Wah, 2011). To
bypass the normality condition, we selected two
methods where such distribution is not strong
condition, namely Inverse Distance Weighting
and Moving Average, to improve conclusions ob-
tained in earlier publications, especially in (e.g.,
Balié et al., 2008).

Geological settings of analyzed area

Analyzed oil reservoir is part of the typical
hydrocarbon field in the CPBS. The geographi-
cal position of the analyzed field “B” is shown in
Figure 1.

The reservoir is composed of medium to fine-
grained sandstone, altered with marls. The age
is Upper Miocene. A typical geological column of
the western part of the Sava Depression is shown
in Figure 2.

The reservoir had been formed by the depo-
sition of turbidities originating from the eastern
part of the Alps. A schematic representation of the
sedimentary environment during the Upper Pan-
nonian and Lower Pontian is shown in Figure 3.
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HUNGARY

Fig. 1. Geographical positi-
on of the western part of the
Sava Depression and field
“B” (Ivsinovic¢ et al., 2020).
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Occasional addition
of turbidite currents
from the northwest direction

Moslavina mountain on the northern
edge of the Sava Depression

(Ivsinovié et al., 2021).

Fig. 3. Sedimentary environment during the Upper Pannonian and Lower Pontian western part of the Sava Depression
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Fig. 4. Structural map of reservoir “K”

(Malvié et al., 2020).
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Reservoir hydrodynamics is defined by faults,
which created several blocks with different per-
meabilities. In the beginning the contact oil-wa-
ter was unique for entire reservoir, i.e., reservoir
was single hydrodynamic unit. However, after
some recovery period, parts are characterized
with larger permeability caused that that fluids
faster moving upward as well as contact, and
consequently larger portion of water in produced
fluid, until the production was not ceased. The
structural map of the analyzed deposit “K” of the
field “B” is shown in Figure 4. The reservoir is
classified as layer type or with structural-strati-
graphic trap.

Simultaneously, reservoir pressure was
dropped, but also minor communication of fluids
had happened through fault zones.

Methodology

The applied interpolations were Moving Aver-
age (MA), and Inverse Distance Weighting (IDW).
Their results had been compared visually, nu-
merically and theoretically.

Moving Average (MA)

The MA method (Eq. 1) assigns values to spa-
tial points by determining the mean value of
measured data located within a particular area
around the grid node (un-known value that is es-
timated by MA). The minimum (sometimes also
maximum) amount of analyzed data should be
defined. The value calculated in each grid node
is equal to the arithmetic mean of the measured
data located within the defined range of spatial
dependence. The mathematical equation for cal-
culating the moving average value is (e.g., John-
ston et al., 1999; Ekhosuehi & Omorogbe Dick-
son, 2016; Rusdiana et al., 2020):

where: y, -interpolated value of moving average
method; n- number of data set; x, ;- input data.

Inverse Distance Weighting (IDW)

The IDW method is based on the distance
(ponder with exponent, mostly second power) be-
tween the measured data and the location where
unknown value is estimated. Such values are in
grid nodes. The measured data included in calcu-
lation are values inside the searching radius/ra-
dii, i.e. inside circle/ellipsoid of spatial depend-
ence. The mathematical expression for inverse
distance estimation (e.g., Setianto & Triandini,
2013; Ivsinovi¢, 2018D) is:

RIS Zn

df dy T dl @)
fwTT ]

s e

¢ d; d;

where: z,_-estimated value; d -distance to “i-th”
location; p-power of distance; z-measured values
at “i-th” location.

The result of IDW interpolation depends on
the value of the exponent p, which is obtained ex-
perimentally and has a different value in differ-
ent fields of science. In subsurface mapping, for

the CPBS, the proposed value exponent “p” is 2.

Cross-validation (CV)

Cross-validation (CV) or out-of-sample test-
ing is a method of assessing the quality of a map
obtained by implemented an interpolation meth-
od. It is based on the re-placement of the any
measured (original) data(s) from an entire meas-
ured dataset and is replaced by a new value(s)
estimating from the existing data set. In geolo-
gy the most often is applied “p=17, i.e., leaving-
one-out CV. Differences between measured and
estimated value on the same location is error. The
very often such error are calculated using mean
square error algorithm (MSE). The mathematical
formula for calculating MSE is (e.g., Malvi¢ &
Novak Zelenika, 2013):

MSE = 1 " (measured — estimated)’ 3)
noin

where: MSE- mean square error; measured-

s,

known value at location “i”; estimated- unknown
value (deleted) at location “i”; n - number of lo-
cations.

The quality of the map obtained by the inter-
polation method is based on the numerical value
of the MSE, the lower the value of the MSE the

better the applied interpolation method.

Mathematical differences in MA and IDW and
reflections of searching radius

Basically, both methods are considered as
mathematically simpler interpolation methods,
that highly depend on number of input data.
However, both use so called searching radius
or radii. If anisotropy could be recognized and
quantitatively described, two axes/ellipsoid of
dependency are defined, if not — the circle out-
lined area with hard data included in calculation.
The small datasets (n<20) hardly allow unambig-
uous recognition of anisotropy, even with lot of
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qualitative geological data, so the most often MA
or IDW works with searching radius or circle (of
spatial dependance), without any further sepa-
ration of circle in quadrants or octants, because
most of them would be without single hard value,
i.e., would be empty.

Definition of searching radius is much more
important in MA then IDW, because MA does not
honor distances among unknown value/location
and known, measured, hard data. However, one
of the geological axioms is that if what two meas-
urements are more distant in space, the differ-
ence must be larger. It is valid for any geological
variable, like thickness, granulometry, porosity,
permeability, depths etc., simply because any ge-
ological value is result of particular geological
environment, limited in space and time. Conse-
quently, the equally weighting of each measured
value (MA) inside searching radius surely does
not honor such rule (Equation 1), especially be-
cause area of spatial dependance has to cover
large part or entire analyzed area to include at
least one measured value.

Oppositely, the IDW honor the distances
among estimated and measured values, equally
for any direction (Equation 2). Even for single
reservoir this could be crucial advantage, be-
cause reservoir’s lithofacies is not homogeneous
and will gradually change from the center of
structure, especially if depocenter remained in
the current structure top, toward the reservoir

margins. This presumption has been tested in
this work and elaborated with results, discussion
and conclusions.

Results and discussion

The analyzed variables were obtained from
laboratory measurements of well cores and log-
ging measurements. Data from reservoir “K” are
shown in Figure 5.

The analyzed porosity (19 data) and permea-
bility (18 data) belong to a small datasets. They
are characterized by intervallic grouped data -
in the case of permeability two, and in the case
of porosity three groups, which is results of an-
alytical approximation and reservoir heteroge-
neity. However, the problem is what the formal
normality tests cannot be applied, and empirical
Q-Q plot cannot be calculated. It is why those two
interpolation algorithms, where normal distribu-
tion is not strong condition for their application,
had been selected.

Based on selected area and structural axes,
the searching radius was in both algorithms set
on 628 m. It is done using the “rule of the thumb”
that if data do not allow create reliable spatial
model, omnidirectional or anisotropic, for search-
ing radius is recommended to use structural or
depositional axes and their ration (if exists). So,
628 m is about half of the quadrat used to border
researched area and is used for omnidirection-
al/circle searching radius. The research area is

Well Surface X Surface Y Porosity (part of units) féflt; ;{nagv pdei?leseﬁ;tﬂ(i)tfyp?)£
J-101 6421096 5028877 0.217 reservoir “K” (Malvi¢ et al.,
J-120 6420658 5029068 0.272 2020).

J-161 6420957 5028870 0.217

J-162 6421034 5028593 0.217

J-167 6420529 5028674 0.217

J-168 6420699 5028475 0.315

J-169 6420724 5028825 0.217

J-170 6420349 5028926 0.223

J-174 6421298 5028863 0.217

J-175 6420475 5029136 0.223

J-158 6420303 5028910 0.223

J-171 6420576 5028970 0.223

J-172 6420928 5029147 0.223

J-102 6421208 5028926 0.217

J-148 6421126 5028437 0.217

J-149 6420959 5028501 0.217

J-166 6420771 5028650 0.217

J-25 6420546 5028460 0.315

J-173 6420539 5028382 0.217
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Table 1. Cross-validation values and descriptive statistics of estimated values for IDW and MA methods for geological vari-

ables porosity and permeability of reservoir “K”.

Variable Method Cross(—l\\/}asléc)lation Min Max Mean Standard deviation

Porosity IDW 0.0011 0.219 0.293 0.232 0.016

Porosity MA 0.0010 0.217 0.243 0.231 0.006
Permeability IDW 480.84 36.33 115.97 90.97 28.97
Permeability MA 1346.41 63.95 121.20 93.06 13.34

42.3 km?. Obtained permeability and porosity in-
terpolations by IDW and MA methods are shown
in Figure 6, while the results of cross-validation
and descriptive statistics are shown in Table 1.
The results given on Figure 6 are influenced
with, and reflected in, the complexity of the geo-
logical structure, and especially depositional en-
vironments that are responsible for clastic types
and their petrophysics. Here is also included the
problem of measurement errors and consequently
fitting of measured values into classes. It is well
known that laboratory and logging results can
differ, even for an order of magnitude, so some-
times they are not directly comparable or have
to be used jointly only with caution. The step of

caution had been selection of values in group, de-
creasing influence of measurement error, but also
decreasing data spectrum, what made interpola-
tion significantly less representative, especially
on smaller scales of changes.

The IDW porosity map (Fig. 6, a) shown many
outliners of individual points resulted in so-
called bull-eyes and even on NW part butterfly
effects. That was expected due to the distances
of measured data, applied power exponent and
values of minimum and maximum. According to
Table 1 IDW porosity values have standard devi-
ation of 0.016 and MSE 0.0011.

The MA porosity map (Fig. 6, b) is more uni-
formly shaped at first glance. No butterfly or bull-
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Fig. 6. Maps of reservoir “K” obtained by interpolation methods: (a) Porosity (IDW); (b) Porosity (MA); (c) Permeability

(IDW); (d) Permeability (MA).
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eyes are pronounced, which is understandable
because it is a local calculation of the mean val-
ue around the estimated data, i.e., in the search-
ing radius. So, if averaging is dominant, and to-
tal number of data is small, the consequence is
that many estimations will be averaged with the
same values. Furthermore, it means that complex
shapes like butterfly of bull-eye effects will not
be developed. Moreover, the transition area be-
tween the data is not emphasized, but island-like
irregularities are formed in this area (between
wells J-170 and J-175 or J-162 and J-174. Due to
the data averaging, the usual butterfly or bull-
eyes effects cannot occur, as in the IDW method.
That is clearly seen by the circular appearance of
the “green” surface in the center of Figures 6, b.
Comparing the data of descriptive statistics (Ta-
ble 1) the values of standard deviation (0.006) and
MSE (0.0010) are slightly smaller than in the IDW.

The IDW permeability map (Fig. 6, ¢) empha-
sized the butterfly or bull-eyes effects. In the
northwestern part of the reservoir, it is less pro-
nounced, while in the southeastern more. Fig. 6,
¢ clearly shows the zone of abrupt changes be-
tween wells J-169 and J-171 or J-167 and J-158.
The transition zone between the zone of higher
reservoir permeability and lower reservoir per-
meability can be follow along entire map and
correspond to fault zone shown on structural
map (Fig. 4). The data of the descriptive statistics
from Table 1 showed relatively small standard
deviation (28.97) and high MSE (480.84).

On the MA permeability map (Fig. 6, d) is
clearly seen no uniform transition zone between
the different permeability values. This can be
seen in Figure 6, d through the peninsula-like
shape between wells J-166 and J-167 or J-101
and J-102. The values are averaged as seen from
the descriptive statistics in Table 1 and although
standard deviation is smaller than by IDW (13.34)
the MSE is extremely high (1346.41). The differ-
ence between the original and estimated data
(MSE) is twice as large in the case of the min val-
ues of the set. This can be seen from the interpo-
lated map (Fig. 6, d) that the permeability values
of wells J-167 and J-169 differ significantly, and
the measured values are the same (121.2:10-° m?).
Regarding large difference between MSE(IDW)
and MSE (MA), here 480.84 vs. 1346.41, the range
of permeability is much higher than of porosity,
so consequently any estimation will varies sig-
nificantly depending on applied mathematical al-
gorithm, like it is shown in results.

As can be seen from Table 1, the cross-vali-
dation/MSE value has a lower value of MA than

IDW in the case of porosity, while in the case of
throughput it is the reverse case. The difference
in cross-validation in bandwidth between the
MA and IDW methods is 0.0001. This difference
can be ignored due to the other results of the de-
scriptive statistics in Table 1. It can be observed
that the coverage of the estimated values in the
IDW method is much more realistic than in the
case of the MA method. In such cases, the rule of
accepting the interpolation method to the amount
of the lower CV value can be deviated from. Most
importantly, the estimated values obtained by
interpolation methods must be an approximate
reflection of the measured data.

Conclusions

Here is solved one local problem of selection
the appropriate interpolation algorithm for small
datasets of petrophysics measured in the sub-
surface Miocene hydrocarbon reservoirs in the
Northern Croatia (CPBS). So, the results are of
interest for researchers engaged in the studying
of such reservoirs in the Sava Depression as well
as in all other depressions in the CPBS. Howev-
er, all researching that included interpolation
of small geological datasets (n<=20 points) could
find those achievements and conclusions worth of
testing in their own explorations, whatever the
data are collected from surface or subsurface.
The specific outcomes obtained with this analy-
sis are:

e Visual inspection of the obtained interpolat-
ed maps revealed that the maps obtained by the
IDW method are more acceptable for interpre-
tation of reservoir petrophysics compared to the
MA method.

e The permeability map of the “K” reservoir ob-
tained by the MA method can be described with
mosaic effect, with sharply wavy, peninsular,
and island shapes, which is not an unusual case
in mapping of small datasets, but cannot be in-
terpreted with sense. This is characterized by a
high value of cross-validation.

e Descriptive statistics, histograms and maps
showed that the values obtained by the IDW
method are closer to the ranges of original data-
sets. The differences between IDW and MA are
about 25 % for porosity and more than 200 % for
permeability.

e The calculated cross-validation/MSE for the
MA method in the case of porosity is 0.0010, and
permeability is 1346.41 for reservoir “K”. In the
case of the IDW method the MSE for porosity is
0.0011, while for permeability 480.84. The dif-
ference between the MSE values for porosity can
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be neglected with respect to the results of de-
scriptive statistics and visual inspection of the
obtained maps.

e This researching showed that mapping the
porosity and permeability of Neogene reservoir
in the CPBS highly depends on the experience
of the interpreter in the application of differ-
ent mathematical methods and geological un-
der-standing of spatial distribution of selected
variables. The MA showed one large disadvan-
tages — in the case of small datasets there is not
enough measured values inside searching ra-
dius for reliable calculation of average. So, the
“distance weighting” approach of the IDW is
far better approach for mapping of reservoirs in
such case.
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Carbon isotopic composition of methane and its origin
in natural gas from the Petisovci-Dolina oil and gas field
(Pannonian Basin System, NE Slovenia) — a preliminary study

Izotopska sestava ogljika v metanu in njegov izvor v naravnem plinu na obmocju
nafto-plinskega polja PetiSovci-Dolina (Panonski bazenski sistem, SV Slovenija) —
preliminarna raziskava
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Abstract

The carbon isotopic composition of methane (6**C,,,) in natural gas from the PetiSovci-Dolina oil and gas field
(NE Slovenia) was measured for the first time in August and September 2021. The gas samples from different
depths were taken from three wells: Dolina-deep (Pg-6) from the depth interval 3102-3104 m, PetiSovci-deep
(Pg-5) from the depth interval 2772-2795 m, and PetiSovci-shallow (D-5) from the depth interval 1212-1250 m.
According to the available composition dataset of gas, available from the Petrol Geo d.o.0. documentation, the
“deep” gases sampled from the Pg-6 and Pg-5 wells consist of 85 % methane (C1), 11 % hydrocarbons heavier than
methane (C2-C6) and 4 % CO,. The “shallow” gas from well D-5 contains more than 89 % methane, up to 11 %
C2-C6 gases, while the CO, content is negligible. The “deep« gas from the Pg-6 and Pg-5 wells has 6°C_,, -36.7 %o
and -36.6 %o, respectively, while the “shallow” gas from the D-5 well has the 6§"°C_,;, of -38.6 %.. The methane from
the “shallow” gas is slightly enriched in the lighter '*C isotope. §°C,, in the range from -38.6 to -36.6 %o clearly
indicates the thermogenic origin of methane formed during the catagenesis phase of gas formation.

Izvlecek

Izotopsko sestavo metana (6**C_,,) v naravnem (zemeljskem) plinu naftno-plinskega polja PetiSovci-Dolina
(Ormosko-selniska antiklinala, NE Slovenija) smo prvi¢ merili v avgustu in septembru 2021. Plinske vzorce
smo vzorcili iz razliénih globin iz treh plinskih vrtin: iz PetiSovci-globoka (Pg-6) iz globine 3102-3104 m, iz
PetiSovci-globoka (Pg-5) iz globine 2772-2795 m in iz Dolina-plitva (D-5) iz globine 1212-1250 m. Glede na
dostopne podatke o sestavi plina iz dokumentacije Petrol Geo d.o.o., so “globoki” plini iz vrtin Pg-6 in Pg-5
sestavljeni iz 85 % metana (Cl), iz 11 % ogljikovodikov, tezjih od metana (C2-C6) in 4 % CO,. “Plitvi” plin iz
vrtine D-5 je sestavljen iz ve¢ kot 89 % metana in do 11 % C2-C6, medtem ko je koncentracija CO, zanemarljiva.
“Globoki” plin iz vrtin Pg-6 in Pg-5 ima §°C_,, vrednost od -36.7 do -36.6 %o, medtem ko ima “plitvi” plin iz
vrtine D-5 6°C_,, -38.6 %o. “Plitvi”plin iz vrtine D-5 je obogaten na laZjem *C izotopu. Razpon 6°C,, od -38.6
do -36.6 %o jasno kaze termogeni izvor metana, ki je nastal v fazi katageneze nastajanja plina.

Introduction
(and coal) studies (Milkov, 2021). Biomarkers and

Correlation of petroleum fluids (oil and gas) the carbon and hydrogen isotopic composition of
with their source rocks based on their molecu- compounds in petroleum fluids facilitate to clari-
lar and/or isotopic characteristics is an impor-  fy relations between reservoir hydrocarbons and
tant task in fundamental and applied petroleum  their specific source rocks (Boreham et al., 2004;


https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.5474/geologija.2022.004
https://creativecommons.org/licenses/by/4.0/

60

Milo§ MARKIC & Tjasa KANDUC

Gratzer et al., 2011; Yang et al., 2017). Natural
gases contain relatively few compounds — most-
ly methane to hexane (CH,-C.H,,, i.e., C1-C6), N,
and CO,. Such a low molecular diversification
limits the ways for interpreting their sources
(Whiticar, 1994). Milkov and Etiope (2018) con-
siderably re-defined the boundaries for genet-
ic fields of thermogenic gas, primary microbial
gas from CO, reduction, primary microbial gas
from methyl-type fermentation, secondary mi-
crobial gas and abiotic gas. Their study bases on
the study of isotopic composition of carbon and
hydrogen in methane and CO, fractions of more
than 20,000 samples from different geological
realms worldwide. The revised gas diagrams of
Milkov and Etiope (2018) became therefore new
standard tools for gas genesis interpretations
(Buttitta et al., 2020; Wieclaw et al., 2020, Babadi
et al., 2021). There are still ongoing debates about
the definition of the exact burial depth and ul-
tra-deep resources (Ni et al., 2021). Natural gas
can form in deep parts of the sedimentary basin,
migrate upwards and accumulate in the shallow
layers. Studies have already shown that several
factors contribute to the origin of deep gas e.g.,
type of organic matter, thermal maturity, oil sta-
bility (Dyman et al., 2003).

In the last 20 years, numerous theoretical and
applied studies have been conducted and pub-
lished on gases in the intermontane Pliocene lig-
nite-bearing Velenje basin (Kandu¢ & Pezdic,
2005; Kandu¢ et al., 2011; Sedlar et al., 2014;
Kanduc¢ et al. 2021), about 100 km west of the
PDOGF area. There, the situation is much more
complicated. Reservoir “rock” in Velenje is lig-
nite, in which the gases are very heterogeneous
in composition, of different origins and a result
of different processes. Especially the ratio be-
tween methane and CO, varies greatly, and this
fact is more a risk of mining than an advantage
for example for coalbed gas exploitation (see e.g.,
Flores 2014).

The study presented in this paper on the iso-
topic composition of the carbon of the gases of
the PDOGTF is the first such study in the PetiSov-
ci-Dolina area. This preliminary study is based
on very few measurements. The aim of this pa-
per is to publish first analysed data on isotopic
composition of carbon of natural gas of the stud-
ied PDOGYF, which is predominantly methane —
mostly above 85 % in the deep gasses (INA Za-
greb, 2019) and above 89 % (Lisjak et al., 1988;
Lisjak et al., 2011;) in the “shallow” gases, and
to ascertain the question of its origin at different
reservoir levels.

Study area -
Petisovci-Dolina Oil and Gas Field (PDOGF)

Oil and gas in the PetiSovci-Dolina area E-SE
of Lendava (Figs. 1 and 2) were discovered in
1942 - as a continuation of an already known
Lovaszi field in neighbouring Hungary. Also in
Croatia, there were operating oil and gas fields
in the immediate vicinity, especially at Selnica
and Peklenica, which were exploited since the
mid-19* century (Plenicar, 1954). At some lo-
calities oil seeps were known, as well. The peak
of oil production was reached in a very narrow
time-period between 1950 and 1952, with an an-
nual production of between 50 and 70 thousand
tonnes of oil (Plenicar, 1954). In the following
years, oil production decreased. On the other
hand, gas production increased (Ker¢mar, 2018;
Internet 1).

From 1942 to 2011, a total of 145 oil and gas
wells were drilled in the PetiSovci-Dolina Oil
and Gas Field (PDOGF) and its surroundings
(Lendava, Murski Gozd, Kog) (Lisjak et al., 1988;
Lisjak et al., 2011; Marki¢, 2014). The most nu-
merous, 107, are the wells abbreviated as the “Pt”
(PetiSovei) wells, and 13 wells abbreviated as the
“D” (Dolina) wells. The PDOGF is 7.5 km long
and 2 km wide (Fig. 2), and the area is a flat land,
between +155 and +160 m above sea level. Numer-
ous deep seismic profiles were carried out prior to
drilling (Djurasek, 1988; and confidential data).

The “Pt” and “D” wells were up to 1775 m
deep and they drilled the “upper” sequence of
oil- and gas-bearing horizons (Fig. 3). These ho-
rizons (from the bottom at 1750 m depth to the
top at 1200 m depth) have been for a long time
known as the PetiSovci, Lovaszi, Paka, and Rat-
ka horizons of the Lendava Formation (Fig. 3).
The later used to be “conventionally” classified
as a formation of the Upper Pannonian/Pontian
age (e.g., Lisjak et al., 1988). However, in the last
decade, the Pontian interval - in Slovenia sensu
Skerlj, 1985; Stevanovié¢ & Skerlj, 1985; Skerlj,
1987; Turk, 1993; Pavsi¢ & Horvat, 2009) has been
excluded from the regional stratigraphic nomen-
clature of the Pannonian Basin System (Pavelié¢
& Kovacié¢, 2018; p. 464, and references therein).
Thus, the Lendava Formation is now classified as
a formation of the Upper Pannonian age (sensu
lato). The Petisovei, Lovaszi, Paka, and Ratka
horizons are 50 to 90 m thick and consist of al-
ternating impermeable marls and porous oil- and
especially gas-bearing sandstones. Each horizon
comprises several hydrocarbon-bearing sand-
stones, which are up to 3.5 m effectively thick.
Their porosity is 14-16 %, saturation with water
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Djurasek, 1988; Gosar, 1994/95). Study area (PDOGF) is shown on the E of the map.

varies between 30 % and 40 % (Lisjak et al,,
2011). Nowadays, the “upper” hydrocarbon-bear-
ing reservoir sandstones are depleted — offering a
possibility for storing imported gas, or for CO,
sequestration.

In this paper, we call hydrocarbons in the
“upper” sequence as the “shallow” hydrocarbons
and gases, respectively.
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Fig. 2. Gas sampled wells Pg-6 and Pg-5 (“deep” gasses), and
D-5 (“shallow” gas) within the PetiSovci-Dolina oil and gas
field (PDOGF). For the cross-section see Figure 3.

In 1960, the Pg-1 well was drilled to a depth of
2977 m and encountered “deep” gas (Fig. 3). The
“Pg” name means “PetiSovci-globoka” (in Eng-
lish: “PetiSovci-deep” well). Later, ten more Pg
wells were drilled. The last and the deepest two
were Pg-10 and Pg-11A wells from 2011, which
reached a depth of 3492 m (length: 3535 m, but
deviated) and 3500 m, respectively.

More than 15 gas-bearing early to middle Mi-
ocene (Karpatian to Badenian) sandstone reser-
voirs (“A-Q” reservoirs) were discovered by the
“Pg” wells in a depth from 2200 m downwards to
3500 m (Toth & Tari, 2014; Ker¢mar, 2018). Maybe
there are even more reservoirs in a greater depth.
The formation for “deep” gas used to be termed
Murska Sobota Formation, while in the last ten
years the Murska Sobota Formation is known
as the Spilje Formation (e.g., Toth & Tari, 2014,
Sram et al., 2015). The “deep” reservoirs are even
thicker than the “shallow”, but porosity is lower,
7-11 %. The “deep” PetiSovci gas is characterized
as the “tight gas” (Markic et al., 2016).

In the frame of the study presented in this pa-
per, we sampled gases from three wells, from the
depth intervals: 1212-1250 m (D-5), 2772-2795 m
(Pg-5), and from 3102-3104 m (Pg-6) (Table 1).



62 Milo§ MARKIC & Tjasa KANDUC
Pg-10 . Pg-11A
g PETISOVCI  ° DOLINA
Pg-4 Pg-6: Pg-1 Pg-5;0 Pg-7 Pg-9 D5
_ 23 1518 \1312. 46 | Pt.83 \8997. 71| Pt D-6 )
sWm N MR AT AL LA T A N Legend
c[g .
s00M | w g_ g | | Oil and gas wells:
g2 |
.D_. - — | 1] | Pt : PetiSovci well
1000k | Z| Z | € 1 N e et 0 S N
2l Paka I [ — Pg: Petisovci “globoka” well
w 3 E: . - ("globoka” = deep)
1s00M[H(2|2] | Rete I Il D: Dolina well
g2 Jlowesd —— K 1575m
2000 o % PetiSovci ‘ Gas samples - this study
£
B I ol -y Lithostratigraphic
= o < | 2274m y
z 2500 — 'é boundaries
o zlg - Paka 2
a - <DE < Pe\lso‘ll;l’__—- 0
3000 @ é — globo ] Ratka = 5
s||2 - 1km iy
g s200m | 3324m 1 Lovaszi N'®
3500 g 3492m (vertical depth) 3500 E S cg_
m
///// - —_ X PetiSovci ¢ e
0x |z IE - -— =
woonl 5 g %% S~ Petigovci globoko @
SR |Ez| €Mz im Te—
4500 w 8 Ro eStOneS d - _ — Oil,
&L“ ga ’ OIOStOne S~ —~—— gas
4800 = S, C’aStic accumulations
(thickness is schematic - see the text)

Fig. 3. A “classical” cross-section along the PetiSovci-Dolina oil and gas field (PDOGF) adopted after Lisjak (1988). Thicknesses

of oil and gas reservoirs are somewhat exaggerated.

According to geophysical data (Djurasek, 1988),
the basement rocks in the study area occur at a
depth greater than 4 km (Fig. 1). Based on avail-
able data from the MG-6 well (3858 m) located in
Murski Gozd few kilometres E from the PDOGF
the basement rocks (only reached by the men-
tioned well) are composed of cataclastic brec-
cia and shale (3732-3858 m) of “? Mesozoic” age
(Brodarié, 1985). In the Mura-1 and Mura-2 wells
in the Mura Depression in Croatia, the basement
rocks consist of Mesozoic carbonates (Baric et al.,
1996).

The PDOGF is now the only active oil and gas
field in Slovenia with a small but permanent pro-
duction of hydrocarbons (oil, gas, and a little of
condensate). In the last 15 years, oil production
varied between 150 and 365 tonnes per year and
that of gas between 1.8 and 5.4 million Sm?, with
an extreme of 16 million Sm?in 2018 (Mineral re-
sources in Slovenia, 2020). The highest gas pro-
duction in the past was between 1988 and 1995
when it reached more than 30 million Sm? (1988)
but dropped to 15 million Sm?® (1995) (Ker¢mar,
2018; Internet 1). This “high” production was
achieved with “mechanical stimulation” of hy-
drocarbon-bearing strata (Fig. 9 in Kerémar,
2018), and the same case was with a mentioned
gas-peak in 2018. “Mechanical stimulation” is in
general known today as “hydraulic fracturing”.

Concessionaire for the exploitation and explo-
ration of hydrocarbons in the PetiSovci-Dolina
oil and gas field (PDOFG) is the company Petrol
Geoenergo d.o.o.

Study of source rocks and of thermal histo-
ry of the Mura-Zala Basin (then called the Mura
Depression) started in the late 1990s (Bari¢ et al.,
1996). A group of Slovenian and Austrian geolo-
gists initiated further investigation in the early
2000s, and two fundamental studies were pub-
lished by Hasenhiittl et al. (2001) and by Sachsen-
hofer et al. (2001).

Geological setting

It is well known that the PDGOF is related to
the Ormoz-Selnica Anticline, more precisely to
its northern segment, which is in Hungary named
Lovaszi Anticline, while the southern segment is
called the ijfalu—Budafa Anticline (Toth & Tari,
2014). The northern anticline segment could be
termed as the PetiSovci-Lévaszi anticline, which
“bears” both oil and gas. The Ujfalu Budafa an-
ticline is hydrocarbon-bearing only in Hungary.
The Ormoz-Selnica Anticline, and the divid-
ed PetiSovci-Lévaszi and Ujfalu Budafa anti-
clines are both a consequence of tectonic inver-
sion (“up-lifting”) between two regional reverse
faults, the Ljutomer Fault, and the Donat Fault
(Fig.1); (Djurasek, 1988; Hasenhiittl et al., 2001,
Sachsenhofer et al., 2001, Toth & Tari, 2014).



Carbon isotopic composition of methane and its origin in natural gas from the PetiSovci-Dolina oil and gas field 63

The Ormoz-Selnica Anticline with the PDOGF
is composed of numerous alternating hydrocar-
bon-bearing sandstones and isolating marls (in
detail Lisjak et al. 1988, Lisjak et al., 2011; and
confidential data). It is a typical anticlinal hy-
drocarbon trap as are broadly known worldwide
(e.g., Tissot & Welte, 1984; North, 1985; Ercegov-
ac, 2002; Flores, 2014, Internet 2, and many oth-
ers).

The host basin of the PDOGF is the Mura-Zala
Basin (Fig. 1) situated in the SW part of the Pan-
nonian Basin System — Central Paratethis (Plac-
er, 1998; Fodor et al., 2002; Marton et al., 2002
Jelen et al., 2006; Pavsi¢ & Horvat, 2009; Markic
et al., 2011; Nadér et al., 2012; Sram et al., 2015;
Sachsenhofer et al., 2018). Slovenian part of the
Mura-Zala Basin was earlier known as the Mura
Depression (Grandié¢ & Ogorelec, 1986; Djurasek,
1988; Royden & Horvath, 1988; Gosar, 1994/1995;
Mio¢ & Markovi¢, 1998; Hasenhtittl et al., 2001,
Sachsenhofer et al., 2001), while the Hungarian
part was termed as the Zala Basin. This integra-
tion of the Mura Depression and the Zala Basin
in the last twenty years was based on the above
cited regional geologic, stratigraphic, tectonic,
geophysical and paleomagnetic studies, and well
confirmed by studying transboundary geother-
mal resources and management (e.g., Nadoér et al.,
2012). However, Mura Depression extends also to
Croatia in a territory between the Mura and the
Drava rivers where it is still termed as the Mura
Depression (Bari¢ et al., 1996; Safti¢ et al., 2003;
Velié et al., 2012) and the Hrvatsko Zagorje Basin
(Paveli¢ & Kovacié, 2018), respectively.

Tectonic structures of the Mura-Zala Basin
in Slovenia characteristically consist of “an-
tiforms” and “synforms” termed from NNW
to SSE (Fig. 1): The South Burgenland Swell,
Radgona Depression (or Sub-basin), Murska So-
bota Massif (or High), Ptuj-Ljutomer Synform (or
Ljutomer Depression), Ormoz-Selnica Antiform
(or Anticline) (Voncina, 1965; Djurasek, 1988;
Mio¢ & Markovi¢, 1998; Hasenhtittl et al., 2001,
Sachsenhofer et al., 2001; Fodor et al., 2002). All
these structures extend in a typical WSW-ENE
direction. In the deepest “synform” structures,
the thickness of Neogene sediments reaches 4 to
extremely more than 5 km. A neighbouring basin
to the Mura-Zala Basin is the WNW-ESE trend-
ing Drava Depression in N Slavonia in Croatia,
also hosting numerous oil and gas fields (Saft-
i¢ et al., 2003; Veli¢ et al., 2012; and references
therein). Along its depocenter, thickness of the
Neogene sediments also reaches more than 5 km,
extremely 6 km at Virovitica.

Source rocks - based on previous studies

Bari¢ et al. (1996) studied source rocks and
hydrocarbon accumulations in the Croatian
part of the Mura Depression. Based on study-
ing sediments in two wells (Mura-1 and Mura-2,
about 3.8 and 4 km deep) they concluded that
in the Mura Depression of Croatia source rocks
for natural wet gas and condensate are Lower
Miocene — Eggenburgian silty marls and limy
pelites. Hydrocarbons derived from thermally
altered kerogen III organic facies with hydrogen
index HI < 70 mgHC/gTOC, having TOC con-
tents mostly in a range of 0.5-1 wt % and matu-
rity by vitrinite reflectance between 1 and 2 %
R,. The Eggenburgian source rocks being en-
countered at depths usually more than 3 km are
up to 200 to 500 m thick. Next younger source
rocks are Middle Miocene — mainly Sarmatian
fine grained sediments (marlstones), but they
are less spread than the Eggenburgian sedi-
ments, and up to 120 m thick. Their TOC content
is 1-2 wt % and organic facies is characterized
as the kerogen type II, therefore potentially gas
and oil-prone. Sarmatian source rocks are in an
oil window, not reaching the gas window, gener-
ating only oil.

Hasenhitittl et al. (2001) studied source rocks
and generation of hydrocarbons of the whole
Mura Depression in Slovenia using source rock
analysis (organic carbon, Rock-Eval, gas chro-
matography, vitrinite reflectance) and numer-
ic modelling techniques. They stated that most
silty and marly Tertiary sediments of the Mura
Depression in Slovenia ranging from Egerian/
Eggenburgian to Upper Miocene host kerogen
type III and are therefore gas prone. Oil-prone
marly and silty sediments characterized by the
kerogen type II organic matter occur in Lower
Miocene (Egerian/Eggenburgian) strata in the
Boc¢ Anticline (Rogatec-1 well), in Karpatian
sediments of the Radgona Depression (Somat-1
well), and in Sarmatian sediments of the Lju-
tomer Depression (Ljutomer-1 well). TOC val-
ues in different hydrocarbons prone strata vary
mostly in a range of < 0.5-1.5 wt %. In some stra-
ta they are somewhat greater. “Extreme” TOC
contents of up to 4.1 wt % were measured in the
Upper Miocene (?) brackish strata (marls, shales,
sandstones, coals, coaly sediments). But these
sediments are generally immature.

Hasenhiittl at al. (2001) finally concluded that
the generation of hydrocarbons in different parts
of the Mura Depression occurred during differ-
ent time intervals. On the W (Maribor — Somat —
Benedikt — Radgona/Radkersburg — Pichla) and
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on the SW (Boc¢), Karpatian sediments are over-
mature, and hydrocarbons are interpreted to be
most probably lost. Over-maturation was caused
by the so-called “Karpatian heating event” in
the mentioned areas with an estimated heat flow
density of 375 mW/m? (Sachsenhofer et al., 1998)
and could be a consequence of a shallow hidden
pluton (Sachsenhofer et al., 2001). Also, the pres-
ent heat flow density is the highest and spatial-
ly the widest in the Maribor — Somat — Benedikt
- Radgona/Radkersburg — Murska Sobota area,
reaching 110-130 mW/m? (Rajver, 2018).

For the Ormoz-Selnica Anticline, Hasenhiit-
tl et al. (2001) measured hydrogen index (HI)
to be below 130 gHC/gTOC for Lower Miocene
sediments, and thus clearly showing the kero-
gen III type of organic matter and the gas prone-
ness, respectively. In this area of the (present)
Ormoz-Selnica Anticline an early generation
of hydrocarbons “probably” (Hasenhiittl et al.,
2001) occurred in the Lower/Middle Miocene
i.e.,, Karpatian/Badenian times as well, while
the second hydrocarbon generation phase lasted
from Middle/Late Miocene times to Early Plio-
cene (Hasenhiittl et al., 2001). According to the
mentioned authors, the first phase of generation
of hydrocarbons was probably caused by the
heating event in Karpatian/Badenian (heat flow
density about 150 mW/m?), while the second one
due to deep burial in Late Miocene. The heating
event was the most outstanding in the previously
mentioned W area, while it ceased towards the
E and the Ormoz-Selnica Anticline, respective-
ly. The present heat flow density in the Petisovci
area is similarly 110-130 mW/m? (Rajver, 2018a).
From the maps of expected temperatures at dif-
ferent depths, it is evident that temperatures at a
depth of 4 km exceed 180 °C (Rajver, 2018 b) and
at 2 km depth, they exceed 100 °C (Rajver et al.,
2016). Lisjak et al. (2011) cite temperature data
for the upper hydrocarbon-bearing strata of the
PDOGF in depths of 1240 to 1730 m in a range of
62-80 °C.

As concluded by Hasenhiittl et al. (2001), the
second phase terminated in the Pliocene times
because of the basin inversion between the Do-
nat and the Ljutomer Faults (Djurasek, 1988).
Inversion of the basin, giving a rise of the Or-
moz-Selnica Anticline, is also evident by a typ-
ically slight convex structure of the Uppermost
Panonnian (“Pontian”) brown coal measures in
the Lendava-Benica/PetiSovei-Mursko Sredisée
area (Markic et al., 2011).

Fig. 4. Left - steel cylinder for sampling natural gas (volume
0.475 1; maximal pressure 150 bar); Right — sampling of na-
tural gas from the Pg-5 well (gas field PetiSovei, photo: Tjasa
Kanduc¢, August 2021).

Sampling and methods - this study

Sampling of natural gas was performed in
August and September 2021 at the gas station
in PetiSovci from wells Pg-5 and Pg-6 (deep gas)
and in Dolina for well D-5 (shallow gas). Gas was
collected with the use of steel cylinders (manu-
facturer: Swagelok, USA) as shown in Figure 4.
Natural gas was sampled from the pipeline be-
fore entering the process of “cleaning” (removal
of the other than methane components) under the
(reduced) pressure of 5 bar. In fact (see Results
and Discussion - last paragraph), also sampled
with gas was condensate. Samples were then
transferred to a 12 ml glass Labco ampoules fit-
ted with a gas-tight septum using a vacuum line.

The isotopic composition of methane (6"°C_,,)
was determined using a Europa 20-20 mass spec-
trometer in continuous flow isotope ratio mass
spectrometer with ANCA-trace gas (TG) prepa-
ration module. For CH, measurements, CO, was
first removed and then the CH, was combusted
over hot 10 % platinum CuO (1000 °C). The CH,
completely converted to CO, was then analysed
directly for the isotopic composition of carbon
(0"*C). Working standard with ¢"C_,, value of
-53.4 %0 £0.1 %o calibrated to International Atom-
ic Agency (IAEA) reference material was used
with known 6"C_,, values. The analytical preci-
sion for carbon isotope composition is estimated
to be 0.6 %o for CH,.

The relative difference of isotope ratios (also
called relative isotope-ratio or delta values) has
been reported using the short-hand notation ¢¥E.
The isotope — delta value is obtained from isotope
number ratios R(E, J'E)p as follows (Brand et al.,
2014):
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Where 'E denotes the higher (superscript i) and
E the lower (superscript j) atomic mass number
of element E. The subscript P denotes the sub-
stance used to determine the respective values,
R(E, J'E)p is isotope number — ratios.

A free web-based machinelearning tool (Snod-
grass & Milkov, 2020) was used to determine the
origin of natural gases. The input geochemical
parameters are: CH,/(C,H+C,H,), 6"°C_,,, 0"H_,,
0"C,, and 0°H_,,, and the output parameters
are gas origin, confidence scores, model accura-
cy. In our study, the following input parameters
were considered: for D-5 well C,/C, ratio of 9.0
(90/10) and 6%C,,, = -38.6 %o, for Pg-5 well C,/C,,
ratio of 7.72 (85/11) and ¢"C_, = -36.6 %0 and for
Pg-6 well C1/C,, ratio of 7.72 (85/11) and 6"C_,
= -36.7 %o. The coding also works with reduced
number of parameters.

At this stage of our investigation, we did
not perform gas composition analyses. Howev-
er, we included in our study some existing gas
composition data as summarized in Lisjak et
al. (1988) and Lisjak et al. (2011). A more re-
cent chromatographic analysis using HRN EN
ISO 6974-5: 2014 standardization was done by
Zuvela (2019) from INA Zagreb. The data were
kindly provided by the Petrol Geo company in
Lendava.

Table 1. Results of carbon isotopic composition of methane (5°C

Results and discussion

Our results of analysed ¢°C_,, values together
with existing major gas components are summa-
rized in Table 1. All samples are methane domi-
nant up to 92 % (CH,). The “deep” natural gases
from the Pg wells (Pg-1, Pg-3, Pg-5-Pg-9), which
provide with gas the “CPP Lek pipeline” consist
of about 85 % methane (C1), 11 % hydrocarbons
heavier than methane (C2-C6) and of 4 % CO,
(Zuvela, 2019). The “shallow” gas contains more
than 89 % methane, and up to 11 % C2-C6 gas-
es, while the CO, content is negligible (Lisjak et
al., 1988; Lisjak et al., 2011). Also, according to
personal communication with engineers of the
Petrol Geo company, CO, content is often de-
tected (in few %) in the “deep” gases, while it is
insignificant in the “shallow” gases. According
to existing data, composition of gases in close
hydrocarbon-bearing strata is stable. It varies
within a range of around + 1.5 % for the meth-
ane concentration. In this paper we attribute the
concentrations as approximations for the isotop-
ically studied “shallow” and “deep” gases in the
wells D-5, Pg-5, and Pg-6 (Table 1).

If supposing in general a unique source rock
and gas formation realm, isotope fractionation
can be explained in a way that CO, is heavi-
er than CH, which is more mobile and migrates
easier upwards than CO,. This effect quite often
occurs in e. g. thick coal beds as for example in
the Velenje lignite seam (Kandu¢ & Pezdi¢, 2005;
Kanduc et al., 2021).

cns) in D-5, Pg-5, and Pg-6 wells as measured for this study

in 2021, approximate gas concentrations of methane (C1), C2-C6 gases, and carbon dioxide (CO,) after Lisjak et al. (1988) as
average for “shallow” gas-bearing layers (PetiSovci, Ratka, Paka), and one available datum considered in this preliminary
study for deep gas-bearing layers (the Lek pipeline) (INA Zagreb; Zuvela, 2019 - for Petrol Geo, d.0.0.), and classification into
genetic typology after Snodgrass & Milkov (2020).

CH,
- C2-C6| CO
Well- sar(r;laiin (C1) 2 S13C Genetic type of gas in
Well | depth dep th € | Gas layer % §H4 classification after
(m) (111)1) Approximate o Snodgrass & Milkov (2020)
concentrations (%)
Thermogenic, confidence score:
“Shallow” thermogenic = 84 %, secondary
D-5 1575 1212-1250 (Paka) 89-92 | <11 <0.1 | -38.6x0.4 microbial: 14 %, abiotic: 2 %,
model accuracy: 91 %
Thermogenic, confidence scores:
Pg-5 | 3324 | 2772-2795 -36.6+0.2 | thermogenic: 84 %, abiotic 16 %,
model accuracy: 90 %
“Deep” 85 11 4
Thermogenic, confidence scores:
Pg-6 | 3200 | 3102-3104 -36.7x0.6 | thermogenic: 98 %, second. mi-
crob.: 2 %, model accuracy: 90 %
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Fig. 5. Origin of methane
from the PetiSovci-Dolina
oil and gas field (PDOGF)
based on ranges of ¢“C_,,
values (%o) in diagram after
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The gas composition in terms of the methane
(C1) versus all alkanes (2Cn) ratio (from Tissot &
Welte, 1984) around 0.89 (<0.98) is characteristic
for both the shallow and deep wet gases gener-
ated during main stage of the catagenesis evolu-
tion.

The isotope signature of methane (6"°C_,,)
shows that the ¢"*C_,, values in the D-5, Pg-5
and Pg-6 wells range from -38.6 to -36.7 %.. The
“deep” gases from the wells Pg-5 and Pg-6 show
very similar ¢**C_,, values, -36.6 %o and -36.7 %,
respectively, while the “shallow” gas around
-38.6 %o. In the diagram done by the Petroleum
Geochemistry Group CSIRO (2000), the whole
range of our isotopic values indicates the “meth-
ane associated with petroleum” (i.e., predomi-
nantly thermogenic origin) (Fig. 5).

Gas concentration from Table 1 and measured
8"C,,;, were put in the “web-based machine learn-
ing tool” developed after Snodgrass and Milkov
(2020) to decipher genetic type of gas (Fig. 6) The
output data in Table 1 (the right-most column) are
genetic type-origin of gases, confidence score and
model accuracy in correspondence to revised ge-
netic diagrams for natural gases (Milkov & Eti-
ope, 2018). Methane to ethane plus propane ratio
versus carbon isotopic composition of methane
(0"°C,y,) in the diagram after Milkov et al. (2020)
(Fig. 6) shows clear thermogenic origin of investi-
gated gas samples. Black dots refer to characteri-
zation of more than 20.000 natural gas samples all
around the world from different geological hab-
itats (Milkov & Etiope, 2018). Abbreviations CR,
F, SM LMT, EMT, and OA refer to different gen-
esis processes of gas formation — see Milkov et al.
(2020). Petisovci-Dolina (PDOGH) gas fall close

to the“oil-associated (mid-mature) thermogenic
gas“, thus confirming their thermogenic origin.

The results show that the investigated natu-
ral gases are predominantly thermogenic in ori-
gin (Table 1). Almost entirely thermogenic is the
“deep gas” from the Pg-6 well (98 % thermogen-
ic, secondary microbial 2 % ), while the deep gas
from the Pg-5 is 84 % thermogenic, and 16 %
abiotic. The “shallow” gas from the D-5 well is
by confidence 84 % thermogenic, 14 % secondary
microbial, and 2 % abiotic.

105 3
Primary

_| microbial
Abiotic

10 T T

-90 -80 -70 -60 -50 -40 -30-20 -10 0
5'3C-CH, (%o)

Fig. 6. Methane to ethane-plus-propane ratio (C1/C2+C3)
versus carbon isotopic composition of methane (6"°C_,,) plot
after Milkov et al. (2020). Red circle (PDOGF) represents the
Petisovci-Dolina gas samples. CR, F, SM LMT, EMT, and OA
refer to different genesis processes of gas formation CR - CO,
reduction (hydrogenotrophy), F — methyl-type (acetate) fer-
mentation, SM - secondary microbial, EMT - early mature
thermogenic gas, OA - oil-associated (mid-mature) thermo-
genic gas, LMT - late mature thermogenic gas.

+10
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At the present preliminary level of our knowl-
edge, a question about the role and processes giv-
ing the shares of abiotic and secondary microbial
gases, respectively, remains unanswered. Some
artificial, un-natural effects of drilling are not
excluded.

Methane from the “shallow” gas (D-5 well)
has slightly more negative ¢**C_, value. This dif-
ference may be due to isotope fractionation due
to migration from the primary reservoir, or pos-
sible mixing.

In Slovenia, based on research of natural gas-
es and their dynamics in the last decades, it is
interesting to compare results from different
realms, e.g., from the Velenje lignite-bearing ba-
sin and the here studied from the PDOGF.

If we compare gas composition and 6*C_,;, and
CO, from the PDOGF with free coalbed gas sam-
pled from excavation fields from the Velenje lig-
nite-bearing basin (Kandu¢ et al., 2021) we can
conclude that they are completely different in or-
igin. We found out in the Velenje basin that the
major coalbed gas constituents were CO,, meth-
ane, and nitrogen, while in the PDOGF natural

gas is by far predominantly composed of meth-
ane. Coalbed gas samples from excavation fields
from the Velenje basin have gas concentration
and isotopic values that reveal methane of bio-
genic origin and rarely thermogenic origin with
0"C .y, values of -69.4 to -29.5 %o, °H,, values of
301.4 to -221.9 %o, and a fractionation factor (a,-
cne) 01 0.998 to 1.073, suggesting that methane de-
rives from microbial acetate fermentation and
CO, reduction (Fig. 5). High ¢"*C_,, values (from
-40 %o to -29.5 %o) indicate thermogenic meth-
ane, which could be originated in shales forming
pre-Pliocene basement of the Velenje Basin (Kan-
duc et al., 2021). The Carbon Dioxide Methane
Index (CDMI) values ranged from 50 to 98.3 %
and 0"C_, values from -11.8 to 0.54 %o, indicating
that CO, is biogenic and endogenic in origin. In
the PDOGF, the major gas component is methane
with very low concentrations of CO, and higher
hydrocarbons (Table 1), and ¢*°C_,, reveals meth-
ane associated with petroleum - i.e, thermogenic
gas (Figs. 5 and 6).

Our study clearly revealed that the gases in the
PDGOF are prevailingly thermogenic in origin.
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Due to increased geothermal gradient, between
the normal 33 °C/km to nowadays ca. 50 °C/km
(Rajver et al., 2018a, b), generation of hydrocar-
bons occurred at shallower depths than at nor-
mal gradients (Fig. 7). The Karpatian heat event
did not most probably reach the Ormoz-Selnica
Anticline, and this effect of not too high maturi-
ty, and the alternation of porous and non-porous
(impermeable) sediments as a trap was the reason
that hydrocarbons were trapped and not lost.

According to Hasenhiittl et al. (2001), and
Sachsenhofer et al. (2001) the gas was formed in
the source rocks of the Lower Miocene Karpa-
tian organic matter rich marls and shales. How-
ever, considering the source rocks studies in the
Mura depression — Croatian part of Barié¢ et al.
(1996) and the Troskot-Corbié's study from INA
Zagreb (personal communication 2022), source
rocks within the PDOGF could also be older than
Karpatian, i.e., of the Eggenburgian age. Fur-
ther stratigraphic investigations and correlations
would be welcome to clarify this question. We
suppose that the generated gas did not overcome
a considerable migration from deeper to younger
strata. Vitrinite reflectance measurements of or-
ganic clasts in the deepest shales and marls (Kar-
patian) (Sachsenhofer et al., 2001) showed matu-
rity by vitrinite reflectance of up to 1.5 %Rr (Pt-5
well), extremely to 2.0 %Rr (Mg-6) (Sachsenhofer
et al. (2001), while by Bari¢ et al. (1996) in a range
of 1.3-1.5 %Rr for the Eggenburgian shales and
2 %Rr for Mesozoic shales within carbonates. At a
normal geothermal gradient of 33 °C/km this in-
dicates a depth of about 4.5-5 km (Fig. 7 - left).
Nowadays accumulations in PetiSovci of hydro-
carbons are at a depth of 1200 to 3500 m. If an
increased geothermal gradient is considered, e.g.,
about 50 °C/km (Rajver, 2018 b) the depths of hy-
drocarbons generation would be considerably
shallower (Fig. 7 —right). The vitrinite reflectance
of source rock indicates transition to late cata-
genesis and thermogenic gases associated with
condensates (LMT in Milkov et al, 2020). The gas-
es are associated with condensates according to
Schoell (1980, 1983, 1988), as well.

Conclusion

Both the “deep” methane from wells Pg-5 and
Pg-6 and shallow methane from the well D-5 have
0"C,,, values which clearly indicate thermogenic
in origin. According to the Milkov's et al. (2020)
diagram, the investigated gases are classified as
“oil-associated (mid-mature) thermogenic gas”.
Because the PetiSovci area was gradually lifted

into antiform (Djurasek, 1988; Mio¢ and Mark-

ovié, 1998) the initially formed gas might mi-
grate via fractures upwards into reservoir sands
termed as the “deeper” reservoirs (or “deeper”
gases), and the “shallower” reservoirs (or “shal-
lower” gases). Lower 6"C_,, value observed in
D-5 is maybe due to migration from deeper to
shallower gas reservoirs. We presume that mi-
gration paths were not very long.

Furthermore, based on available literature
data, thermogenic gas in PetiSovei was formed
in source rocks within Lower Miocene (Karpa-
tian or even older?) sediments composed mainly
of marls and shales rich in organic matter. Meas-
urements of the vitrinite reflectance of organic
clasts in the deepest shales and marls (Sachsen-
hofer et al., 2001) showed maturity of up to about
1.5 %Rr, extremely to 2.0 %Rr.

If we consider a normal geothermal gradient
a depth of about 4.5-5 km is inferred. The depths
of hydrocarbons generation would be considera-
bly shallower if the geothermal gradient is about
50 °C/km (Rajver, 2018 b).

During the reverse uplifting between the Do-
nat and Ljutomer faults a system of fractures
was formed enabling migration of hydrocarbons
upwards from source rocks into numerous reser-
voir sandstones. Further study with taking more
samples for isotopic (with deuterium in addition
to carbon) and accompanying gas chromato-
graphic analyses is continuing in 2022 to get bet-
ter insight and more representative results of gas
characterization and typology of gases generat-
ed and occurring within the PetiSovci-Dolina oil
and gas field.
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Abstract

Cold mineral and thermal waters from Tertiary aquifers in the Mura Basin mainly belong to the Ca-(Mg)-(Na)-
HCO, and Na-HCO, hydrogeochemical facies, respectively, and the concentrations of yttrium (Y) and lanthanides
or rare earth elements (REEs) are far below (102 — 10-*) the abundances in the aquifer sediments. Mineral waters
are high pCO,, and the plots of concentrations of YREEs normalised to Post Archean Australian Shale (PAAS)
show fractionation of Y and heavy REEs (HREEs) over light REEs (LREEs), and a significant positive europium
(Eu) anomaly. Thermal water from regionally developed aquifer Thermal I (recently also termed the Mura/
Ujfalu Formation aquifer) shows a similar PAAS-normalised pattern with an obvious positive Eu anomaly and
the tendency of enrichment with middle REEs (MREESs). The plots of PAAS-normalised YREE concentrations
in thermal waters from the underlying low-permeability aquifers with poorly developed fracture porosity and
abundant CO, are flat with insignificant positive Eu anomaly. The abundance and fractionation of YREEs in
mineral and thermal waters seems to be mainly controlled by the presence of carbonate complexing ligands,
permeability of the aquifers and the related time of water-rock interaction.

YREEs have been used for geochemical recognition of overexploitation of the Sob-1 well that yields mixed
waters from Thermal I and the underlying low-permeability aquifers. The well overexploitation has resulted
in continuous 30-to-80-minute changes in hydrodynamic pressure in Thermal I, and the related change in
temperature and chemical composition of abstracted water. Leakage from clayey-silty layers rich in coal and
organic matter has beenrecognised over a several-year time scale by increased abundances of total organic carbon
(TOC), YREEs, gallium (Ga), thallium (T1) and selenium (Se). PAAS-normalised plots of YREE concentrations
have shown significant positive anomalies of samarium (Sm), terbium (Tb) and holmium (Ho) and indicate the
YHREE complexing ligands could be, beside carbonate species, humic and/or fulvic acids.

Izvleéek

Hladne mineralne vode iz terciarnih vodonosnikov Murskega bazena vec¢inoma pripadajo Ca-(Mg)-(Na)-
HCO, ali Na-HCO, hidrogeokemi¢nemu faciesu, koncentracije itrija (Y) in lantanoidov oziroma elementov redkih
zemelj (REE) pa so za faktor 10-* do 10-* nizje od vsebnosti v prikamnini vodonosnika. Za mineralne vode je
znacilen visok pCO,, grafi koncentracij YREE, normaliziranih na vsebnosti Po arhajskega avstralskega skrilavca
(PAAS) pa kazejo na frakcionacijo, ki se odraza v sorazmerno visji vsebnosti Y in tezkih REE (HREE) glede na
lahke REE (LREE), ter na znacilno visoko pozitivno evropijevo (Eu) anomalijo. Termalne vode iz vodonosnika
Termal I, kijerazvit v globinah Murskega bazena, kazejo podobno graficno razporeditevna PAAS normaliziranih
koncentracij YREE z jasno izrazeno pozitivno Eu anomalijo in teznjo po obogatitvi s srednjimi REE (MREE).
Grafi na PAAS normaliziranih koncentracij YREE v termalnih vodah iz vodonosnikov, ki leZe pod Termalom I
in ki imajo nizko prepustnost in slabo razvito razpoklinsko poroznost ter so bogati s plinom CO,, pa so bolj ravni
s komaj zaznavno pozitivno Eu anomalijo. Vsebnosti in frakcionacija YREE v mineralnih in termalnih vodah je
najverjetneje odvisna od prisotnosti karbonatnih ligandov, prepustnosti vodonosnika in ¢asa interakcije vode in
prikamnine.
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YREE so se izkazale kot dober pokazatelj prekomernega izkoris¢anja vrtine Sob-1, kjer so bile zajete vode
iz Termala I in slabo prepustnih vodonosnikov pod njim. Prekomerno izkoriS¢anje vrtine je imelo za posledico
zvezno cikliéno spreminjanje hidrodinamicnega tlaka v Termalu I, s hkratnim spreminjanjem temperature
in kemijske sestave vode v ¢asovnih intervalih 30-80 minut. Izcejanje iz glinasto-meljastih plasti bogatih z
le¢ami premoga in organske snovi smo zaznali v ¢asovnem obdobju vec let kot povecanje vsebnosti celokupnega
organskega ogljika (TOC), YREE, galija (Ga), talija (T1) in selena (Se). Grafi na PAAS normaliziranih koncentracij
YREE so pokazali visoke pozitivne anomalije samarija (Sm), terbija (Tb) in holmija (Ho) in kazejo, da so bile poleg
karbonatnih ligandov v kompleksnih spojinah YHREE najverjetneje pomembne tudi huminske in/ali fulvi¢ne

kisline.

Introduction

The series of lanthanides or rare earth ele-
ments (REEs) and yttrium (Y) - here abbreviated
as YREEs, have been recognised exceptionally
important in various aspects of hydrogeochem-
ical research. The early studies refer to ma-
rine waters and hydrothermal vents associated
with mid-ocean spreading centres (Elderfield
& Greaves, 1982; DeBaar et al., 1985; 1988;
Klinkhammer et al., 1994; Bau & Dulski, 1999;
Douville et al., 1999; 2002) while in continental
areas, the abundances of REEs were first investi-
gated in thermal waters in France and the Him-
alayas (Michard & Albarede, 1986; Michard et
al., 1987; Michard, 1989). REEs have been used as
geochemical tracers in several studies of ground-
water regional flow and mixing (e.g., Johannes-
son et al., 1996; 1997; 2000; 2005; Dia et al., 2000;
Tweed et al., 2006; Moller et al., 2007; Biddau et
al., 2009; Yuan et al., 2014; Liu et al., 2017), explo-
ration of power-producing geothermal systems
and identification of potential high-level nuclear
waste repositories (Moller, 2000; Shannon et al.,
2001; van Middlesworth & Wood, 1998; Moller et
al., 2003; Wood, 2006). During the past four dec-
ades the potential of REEs as environmental
pollutants exponentially increased as they have
become indispensable in several sectors of mod-
ern industry such as clean-energy, electronics or
military, and have been utilised in a number of
medical, agricultural and zootechnical applica-
tions (e.g., Moéller et al., 2000; Kulaksiz & Bau,
2011; Hissler et al., 2014; Gonzales et al., 2014;
Hatje et al., 2016; Nigro et al., 2018; Aide, 2018;
Ladonin, 2019).

The utility of REEs as geochemical tracers is
based on their conservative behaviour in many
natural systems although several processes relat-
ed to the REE aqueous chemistry can cause their
fractionation. The most important are solubility
and precipitation of REE hosting minerals, REE
chemical speciation and complexation in solution
and on mineral surfaces, ion distribution in the
electric double layer attached to mineral sur-
faces, the changes in pH, redox conditions and

temperature of the aqueous medium, and hydro-
geological factors such as flow pathways or resi-
dence time (Brookins, 1989; Wood, 1990; Drever,
1997; Moller, 2000). Furthermore, while REEs ex-
ist mostly in trivalent state, europium Eu?** and
Ce? can be reduced or oxidised to Eu? and Ce*,
respectively (Sverjensky, 1984; Smedley, 1991;
Bilal, 1991; Bau, 1991; 1999; Johannesson et al.,
1996; Liu & Byrne 1998). REEs, especially heavy
rare earth elements (HREESs), are known for their
affinity to form strong solution complexes with
carbonate ions and are commonly relatively en-
riched in CO,-rich cold mineral or thermal wa-
ters although surface complexation can reduce
their abundance in solution (Cantrell & Byrne,
1987; Lee & Byrne, 1993; Michard et al., 1987,
Guo et al., 2005; Shand et al., 2005).

Absolute concentrations of REEs are highly
variable in natural waters and they are custom-
ary displayed as plots of normalised values on a
logarithmic scale versus atomic number or ionic
radius on a linear scale (Coryell et al., 1963). Yt-
trium is plotted at about the position of holmium
(Ho). Commonly used datasets for normalisation
are Cl-chondrite (Anders & Grevesse 1989) and
Post Archean Australian Shale (PAAS, McLen-
nan, 1989) as the use of such reference materials
enables easy comparison of large number of anal-
yses worldwide. Recently, an improved data set
for the European Shale has been proposed for en-
vironmental studies in Europe (Bau et al., 2018).
Sometimes reservoir rocks are used in order to
obtain more specific information on water-rock
interaction, pathways of flow or mixing of waters.

In Slovenia, the first study on REE abun-
dances in natural waters has been related to
thermal and mineral waters in the Mura Basin,
north-eastern Slovenia (Kralj & Kralj, 2000a),
and up to the present, an upgraded and extend-
ed research of this topic has been the only avail-
able source of data (Kralj & Kralj, 2000b; 2009;
2012; Kralj, 2001; 2004a). In the end of the year
2021, a common Slovenian-Austrian project on
geochemistry of water and stream sediment of
the river Mur started (https://www.geo-zs.si/
index.php/projekti/drugi-projekti; https://aach.
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unileoben.ac.at/en/news). The project has been
termed MURmap, and the research is focused
on classical heavy metal (HM) pollutants and
technology-critical elements (TCEs), including
YREEs. Therefore, a need for critical review of
state-of-the-art of research of YREEs in natural
waters and sediments in north-eastern Slovenia
occurred, and that is the primary aim of the pres-
ent contribution.

North-eastern Slovenia forms a part of the
Pannonian Mura Basin (Fig. 1) which has been
known for centuries for sources of mineral and
thermal water. During the past five decades,
thermal water from a particular intergranular

aquifer named Thermal I (and recently also the
Mura/Ujfalu Formation aquifer) has become a
basis of economically important spa tourism in
the area (Zlebnik et al., 1988a; b; Ravnik et al.,
1992; Kralj, 1993; 1994; 1995; 2001; Rman, 2014;
Szdcs et al., 2018). Mineral waters are high pCO,
and belong to the Na-Ca-HCO,, Ca-Na-HCO,,
Ca-Mg-Na-HCO, or Ca-Mg-(Na)-HCO, hydro-
geochemical facies. The plots of PAAS-normal-
ised concentrations of YREE in mineral waters
are characterised by high positive Eu anomalies
and the enrichment of heavy REEs (HREESs) over
light REEs (LREES), (Kralj & Kralj, 2000a).
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Fig. 1. Structural map of the Mura Basin and geographic position of the discussed geothermal wells, and springs and shallow
drill-holes capturing mineral waters (modified after Rajver et al., 1994; Kralj & Kralj, 2000a; 2012). Recent geological models
(e.g., Sram et al., 2015) use modified naming of geological structures in comparison to those listed in the present contribution.
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Thermal waters are low- to medium-tempera-
ture (~30-60 °C) and essentially belong to the Na-
HCO, hydrogeochemical facies. The abundances
of YREEs and their PAAS-normalised patterns
are not uniform, and for the water from Thermal
I they resemble those of mineral waters. Thermal
waters from poorly fractured aquifers in the Len-
dava, Haloze and Spilje Formations have higher
concentrations of YREEs and their PAAS-nor-
malised plots are flatter. From the wells Sob-1
and Sob-2, a mixture of thermal waters from
Thermal I and several underlying low-yield aq-
uifers in the Lendava Formation has been pro-
duced, and the plots of PAAS-normalised YREE
concentrations are specific owing to temporal
variations of chemical composition of abstracted
mixture of thermal waters (Kralj, 2004a; b; Kralj
& Kralj, 2009; 2012).

In the present contribution the significance of
YREESs in recognition of water-rock interaction,
well overexploitation and mixing of waters from
various aquifers in the Tertiary sedimentary suc-
cession of the Mura Basin is discussed. Abundant
analytical data, normalisation technique using
various materials and its interpretation have
been included in the article in order to serve as a
basis for future studies of YREESs in natural wa-
ters and sediments in the Mura Basin and also
broader, the catchment area of the river Mur.

Analytical techniques

The measurements of pressure and temper-
ature in the aquifer Thermal I were performed
in the Sob-1 well simultaneously with, i) Am-
erada-type survey clock with mechanical tem-
perature and pressure recorder, and ii) Leutert
pressure-temperature gauge having a resolution
of 0.007 bar and 0.01 °C, with measurements tak-
en every 10 seconds and computer-managed data
output. In the Sob-1 well, the measurements have
been performed in the years from 1990 to 1999, at
a depth of 600 m, four times a year in a period of
one week. Since September 1995, the well-head
water temperature (+ 0.3 °C), electrical conduc-
tivity (= 0.5 % of the measured value), pH (= 0.1
unit), redox potential Eh (+ 0.3 mV) and dissolved
oxygen DO (= 0.5 % of the measured value) were
measured at the well-head using WIT'W MultiLine
P3 pH/LF/Oxymeter portable instrument.

In the same week, water samples were collect-
ed from the well-head outflow using pre-cleaned
polyethylene bottles of one-liter and two-deci-
liter volumes for the analysis of major ions and
minor ions/elements, and trace elements, respec-
tively. The bottles were rinsed three times with

the sampled water, and for the analysis of trace
elements the samples were acidified by ultrapur
HNO, (Merck) to pH<2 without prior filtration.
After collection, the samples were sent immedi-
ately in the laboratories.

The major ions (Na*, K+, Ca*, Mg*, HCO,-, CI,
SO,*), minor ions/elements (F-, J-, Br, NH, Fe,
Mn), the dissolved CO,-gas and total organic car-
bon (TOC) were determined in 95 samples. The
concentrations of major cations were analysed by
ion chromatography (IC). The concentration of
bicarbonate was determined by potentiometric
titration using 0.1 N HCI. The chloride and flu-
oride ions were analysed by IC and ion-selective
electrode (ISE), respectively, and the bromide
and iodide ions by Inductively Coupled Plasma
Source Emission Spectroscopy combined with
Mass Spectroscopy (ICP-MS). The charge bal-
ance between the sum of milliequivalent concen-
trations (meq/L) of major anions and cations

((Z[Anions]-X[Cations]/(Z[Anions]+X[Cations]))

was assessed and the analyses with deviations
of <5 % accepted.

Trace elements Li, Be, B, Al, Sc, Ga, As, Se,
Rb, Sr, T1, Y and REEs (along with V, Cr, Co, Ni,
Cu, Zn, Zr, Nb, Mo, Ag, Cd, In, Sn, Sb, Te, Cs,
Ba, Hf, Ta, W, Hg, Pb, Bi, Th and U that are not
discussed in this paper) have been determined in
36 samples of thermal water from the Sob-1 well
that were collected from May 1997 to June 1999.
Trace elements were analysed in X-RAL Acti-
vation Services Inc., Ann Arbor, Michigan, the
United States of America. The abundances of Y
and REE were determined by ICP/MS (inductive-
ly coupled plasma source emission spectroscopy
combined with mass spectroscopy) techniques
without using any preconcentration method such
as solid phase extraction, solvent extraction (e.g.,
Shannon & Wood, 2005) or coprecipitation with
iron hydroxide (Zhu et al., 2010).

From June 1988 till December 1996, the sam-
ples of thermal water from the Sob-2 well have
been collected in the same time period, and the
sampling and analytical procedure performed in
the same manner as for thermal water from the
Sob-1 well. Major ions (Na*, K+, Ca?, Mg*, HCO,",
Cl, SO,*), minor ions/elements (F-, J-, Br, Fe,
Mn), the CO,-gas and total organic carbon (TOC)
were determined in 53 samples. In October 1998
and June 1999, altogether 8 samples were col-
lected for the analysis of major ions, minor ions/
elements, the CO,-gas, TOC and trace elements
including Y and REEs.
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The same well-head measurements of water
temperature, pH, Eh, conductivity and DO, and
sampling procedure and analytical technique
for determination of major ions, minor ions/el-
ements, the gases CO, and H,S, TOC and trace
elements as carried out for thermal water from
the Sob-1 well were applied for thermal waters
from the wells Le-2g and T-4, and mineral wa-
ters from shallow drill-holes/walled springs at
Benedikt, Nuskova, Ivanjseveci, Oceslavci, and
StavesSinci. In each thermal well and drill-hole/
walled spring 3 and 1 samples, respectively, were
collected.

The abundances of major oxides and trace
elements in Tertiary sediments including Y
and REE were determined in ACME analytical
Laboratories, Vancouver, Canada. The analysis
of trace elements was performed using ICP/MS
and XRF (X-ray fluorescence) techniques. Min-
eral composition of aquifer sediments was deter-
mined by X-ray diffraction analysis of powdered
samples using Philips diffractometer PW 3719
and goniometer PW 1820 owned by the Depart-
ment of Geology, Faculty of Natural Sciences and
Technology, University of Ljubljana. Digital data
were processed with peak-fitting program X’Pert
HighScore Plus 4.0.

Geological setting

The most important tectonic structure in
north-eastern Slovenia is the Mura Basin
(INA-Projekt Zagreb & Geoloski zavod Ljublja-
na, 1991) which has been also considered as a
part of much larger structural complexes of the
southern Pannonian Basin System, namely, of
the Mura-Zala Basin (sensu Fodor et al., 2002;
Jelen et al., 2006) and the Zala-Drava Basin (e.g.,
Royden, 1988; Malvi¢ & Veli¢, 2011), respective-
ly. In the west, the Mura Basin terminates along
the Pohorje Mountains that belong to the Eastern
Alps (Fig. 1) and deepens toward the east where
it reaches maximum depths of over 4 km in some
isolated compartments near the Slovenian-Hun-
garian border. The formation of the Mura Basin
begun in Late Ottnangian as a result of continen-
tal rifting and the following extension and sub-
sidence along two fault zones, more specifically,
the Raba Fault in the north and the Ljutomer
Fault in the south. The faults have regional ex-
tent and they evolved into the Radgona-Vas and
Haloze-Ljutomer-Budafa sub-basins (Fodor et
al., 2002; Méarton et al., 2002; Jelen & Rifelj 2011).
The sub-basins have been separated by the Mur-
ska Sobota Swell (INA-Projekt Zagreb & Ge-
oloski zavod Ljubljana, 1991).

Pre-Tertiary basement of the Mura Basin
consists of Paleozoic metamorphic rocks, Upper
Carboniferous and Lower Permian sedimentary
deposits, and rare erosional remnants of Trias-
sic dolomite and limestone (KoScec & Jovanovic,
1968). The oldest Neogene deposits are Ottnan-
gian fluvial-limnic and Lower Badenian marine
deposits, and the successions are united in the
Haloze Formation. Sarmatian to Early Pannoni-
an depositional environment was brackish. Sar-
matian deposits are developed as well compacted
and partially lithified sand, silt, clayey silt and
marl, and Lower Pannonian sediments are dom-
inated by silt, siltstone, fine-grained sand and
marl. The successions are united in the Spilje
Formation (Rijavec et al., 1985; Jelen et al., 2006).
During Late Miocene, the Mura Basin became a
part of extensive Lake Pannon. The environment
gradually changed from brackish to freshwater
owing to its isolation from Western Parathetys
and advance of fluvial systems draining the East-
ern Alps (Rijavec et al., 1985; Piler et al., 2007,
Kovac et al., 2017). Deltaic systems developed and
fine-grained turbidites fed from delta slopes form
the Middle Pannonian to Lower Pontian Lenda-
va Formation. Delta front and delta plain depos-
its are united in the Upper Pannonian to Upper
Pontian Mura Formation. The overlying Dacian
and Romanian deposits are related to the systems
of alluvial fans and braided rivers (Kralj, 2010),
and the successions are united in the Ptuj-Grad
Formation (Jelen & Rifelj 2011; Nador et al., 2012;
Sram et al., 2015). Some 3 My ago, alkali basaltic
volcanism occurred in the vicinity of the South
Burgenland Swell and produced a variety of vol-
canic and mixed volcaniclastic-fluvial deposits
(Plenicar, 1968; Kralj, 2010).

Cold mineral waters spring out along the mar-
gins of the Radgona Depression at the place of Ben-
edikt and the village of Nuskova (Fig. 1), and in the
Séavnica valley (Stavesinci, Ivanjsevci, Oceslavci)
just above the westernmost extending of the Mur-
ska Sobota Swell (e.g., Kralj & Kralj, 2000; Gabor
& Rman, 2016). In the area Badenian and Sarma-
tian deposits of the Haloze and Spilje Formations
outcrop, and deep-seated faults enable uplift of the
CO,-gas from pre-Tertiary basement.

In the Mura Basin, thermal aquifers occur
in pre-Tertiary basement, and in Haloze, Spil-
je, Lendava, Mura and Ptuj-Grad Formations
(Fig. 2), (Kralj, 2001; Nador et al., 2012; Sram et
al., 2015). Pre-Tertiary aquifers are commonly
fractured or cavernous. In the deepest confined
and semi-confined compartments brines of es-
sentially Na-Cl composition prevail, and in some
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shallower carbonate aquifers thermal waters of
the Na-HCO,, Na-HCO,-CI or Na-SO,-HCO, hy-
drogeochemical facies have been encountered
(Kralj, 1993; 1994; Kralj & Kralj, 2000a). In the
Haloze and Spilje Formations low-permeability
thermal aquifers occur and chemical composition
of waters depends on their depth and paleoenvi-
ronmental conditions that locally enabled infil-
tration of younger fresh-waters. The amount of
total dissolved solids commonly exceeds 10 g/L
(Szocs et al., 2013) and the CO,-gas is common
(INA-Projekt Zagreb & Geoloski zavod Ljubljana,

1991; Kralj, 2001). In the Lendava Formation iso-
lated aquifers occur (Szocs et al., 2013), the yield
of thermal water is low, and the CO,-gas originat-
ing from lithospheric mantle (Brauer et al., 2016)
is abundant. The waters have high amount of to-
tal dissolved ions (TDI) that commonly exceeds 10
g/L, and they essentially belong to the Na-HCO,
hydrogeochemical facies (Table 1, T-4). The con-
centrations of the Ca*, K+ and Mg?* may be much
higher than in the waters from pre-Tertiary base-
ment (Kralj & Kralj, 2000a; Szocs et al., 2013).
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Fig. 2. Idealised model of sedimentary formations with thermal aquifers in the Mura Basin and a typical productive well
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Table 1. Average chemical composition of thermal waters; major ions, minor ions/elements, dissolved CO,-gas, dissolved silica
(Si0,), total organic carbon (TOC), total dissolved ions (TDI), pH, temperature of water at well-head (T,,) and yttrium and
rare earth elements (YREESs). The wells T-4 (Radenci), Sob-1 and Sob-2 (Murska Sobota) and Le-2g (Lendava) tapped thermal
aquifers in the Haloze, Spilje and Lendava Formations, Lendava and Mura Formations, and Mura Formation, respectively.
For the Sob-1 and Sob-2, low-TDI and high-TDI indicate 30-to-80-minute variations of chemical composition (also referred

as well cycling), and low and high pumping rate, respectively.

Well Le-2g* Sob-1* Sob-1 Sob-1 Sob-2* Sob-2 Sob-2 T-4*
(low-TDI) | (high-TDI) (low-TDI) | (high-TDI)
Average 3 71 1 1 46 1 1 3
Ion/Oxide/ Unit
Parameter
Na* mg/L 280 731 450 970 653 300 1,100 2,087
K* mg/L 7.8 92 70 105 39 31 52 440
Ca?® mg/L 5.3 37.0 15 71 12.2 7 18 233
Mg* mg/L 7.7 8 5 7 3.7 4.0 2 147
Fe mg/L 0.28 0.15 0.06 0.21 1.12 0.15 0.12 0.047
Mn pg/L 9 13 6 21 8 7 69 72
Br- mg/L 0.11 0.61 0.45 0.92 0.9 0.41 1.52 0.80
J- mg/L <0.01 0.16 0.10 0.09 0.34 0.08 0.67 0.17
mg/L 0.53 0.78 0.45 0.75 1.40 0.20 0.55 0.84
Cl- mg/L 3.3 141 95 175 117 85 180 133
HCO, mg/L 856 2,214 1,500 2,900 1,645 960 2,600 7,633
SO,* mg/L 2 30 12 48 7 13 2 233
Co, mg/L 1 677 440 869 303 88 713 1,476
SiO, pg/L 14 18 14 19 15 3 26 32
TOC mg/L 2.4 2.5 2.5 2.0 5.1 2.5 5.5 2.3
TDI mg/L 1,173 3,263 2,165 4,300 2,491 1,407 3,989 10,939
pH 7.30 7.0 6.81 6.85 7.9 7.02 6.78 6.85
T .. °C 58.3 49.0 48.7 49.1 46.6 45.8 47.4 29.8
La pg/L 0.03 0.19 0.04 1.09 0.06 0.02 0.14 0.39
Ce pg/L 0.02 0.27 0.06 2.21 0.08 0.03 0.23 0.82
Pr pg/L <0.01 0.04 0.01 0.27 0.02 0.01 0.05 0.11
Nd pg/L 0.02 0.17 0.06 1.08 0.07 0.02 0.17 0.42
Sm pg/L 0.03 0.11 0.05 0.21 0.10 0.04 0.21 0.18
Eu pg/L 0.04 0.99 0.07 0.08 0.12 0.06 0.20 0.08
Gd pg/L 0.03 0.08 0.03 0.24 0.08 0.02 0.16 0.19
Tb pg/L 0.01 0.13 0.06 0.03 0.02 0.01 0.04 0.01
Dy pg/L 0.03 0.05 0.04 0.13 0.06 0.02 0.09 0.16
Y pg/L 0.03 0.29 0.10 0.75 0.10 0.03 0.19 0.79
Ho pg/L <0.01 0.08 0.01 0.03 0.02 0.01 0.03 0.01
Er pg/L 0.02 0.04 0.03 0.06 0.04 0.01 0.10 0.09
Tm pg/L 0.01 0.01 0.01 0.01 0.02 <0.01 0.03 <0.01
Yb pg/L 0.02 0.03 0.03 0.04 0.05 <0.01 0.11 0.07
XYREEs pg/L <0.30 2.48 0.60 6.23 0.84 <0.28 1.75 3.32

*data from Kralj, 2004a and Kralj & Kralj, 2009

The Mura Formation comprises a subsurface
interconnected delta-front sand body that de-
veloped into thermal aquifer (Nador et al., 2012;
Sram et al., 2015; T6th et al., 2016) locally termed
Thermal I (INA-Projekt Zagreb & Geoloski zavod
Ljubljana, 1991; Ravnik et al., 1992; Kralj, 2001;
Kralj & Kralj, 2012). In the Mura Basin Ther-
mal I encompasses a subsurface area of about
1,372 km? (Kralj, 1995; Kralj & Kralj, 2000a, b;

2012; Kralj, 2001; Rajver et al., 1994) although
it extends on the territory of Hungary, Austria,
Slovakia and Croatia as a large transboundary
thermal groundwater body (TTGWB) occupying
a subsurface area of over 22,128 km? (Nador et
al., 2012; Szocs et al., 2013; Rman, 2014; Sram et
al., 2015; Téth et al., 2016; Rotar-Szalkai et al.,
2017; Szo6ces et al., 2018).
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Thermal I outcrops in the west of the Mura
Basin near the town of Radenci and deepens to-
ward the east reaching a depth of over 1000 m at
the Slovenian-Hungarian border. In general, the
waters belong to the Na-HCO, hydrogeochemical
facies, TDI commonly ranges from 1,000 — 1,500
mg/L, and free CO, is practically absent. Isotop-
ic studies indicate the Pleistocene age of waters
from the Mura Formation and the replacement
of formation waters by infiltration has been as-
sumed (Szocs et al., 2013). At greater basin’s
depths where Thermal I is underlain by thick
deposits that still belong to the Mura Formation,
the concentrations of the chloride ions are low

(Table 1, Le-2g). In places where the underlying
deposits are thin and/or tectonically displaced,
some thermal waters seem to have naturally ad-
mixed minor quantities of waters from the Len-
dava Formation, and as a result, the concentra-
tions of the chloride ions are higher (Table 1,
Sob-1 and Sob-2). In the Sob-1 and Sob-2 wells
chemical composition of abstracted water has
varied in time owing to the well overexploitation
(Kralj & Kralj, 2000b; 2012). Recently, hydrogeo-
chemistry, mixing of waters and well cycling and
overexploitation during several-year period have
been recognised by changes in the abundance of
halide ions (Kralj & Kralj, 2020).

Table 2. Chemical composi-

%oar;/a?;:;‘:iee! Unit Begiglikt IvanjSevei  Oceslavei  StaveSinci  Nuskova ‘Fion of mil}eral waters; ma-
jor ions, dissolved CO,-gas,

Na* mg/L 51 104 685 162 276 dissolved silica (SiO,), total

K me/L 2 15 6 13 3| faFdissolved tons (TDD) pi

Caz mg/L 300 487 417 375 398 and yttrium and rare earth
elements (YREEs). Data

Mg?* mg/L 180 203 69 32 47 from Kralj & Kralj, 2000.

Fe mg/L 7.2 6.7 1.2 2.7 0.9

Mn mg/L 0.170 0.143 0.178 0.359 0.428

J- mg/L <0.01 0.02 0.21 0.05 0.02

F mg/L 0.04 <0.01 0.78 0.22 0.40

Cl- mg/L 3 7 170 25 32

HCO mg/L 3,400 2,590 2,970 1,690 1,790

SO,* mg/L 23 2 118 19 68

Co, mg/L 1,830 2,500 3,800 3,300 3,300

Sio, pg/L 43 18 15 17 11

TOC mg/L 1.3 0.9 0.8 0.6 0.9

TDI mg/L 4,536 3,420 4,499 2,321 2,547

pH 6.37 6.22 6.22 6.02 6.00

La pg/L 0.07 0.02 0.06 0.10 0.11

Ce ng/L 0.14 0.01 0.01 0.15 0.19

Pr ng/L 0.02 <0.01 <0.01 0.02 0.02

Nd ng/L 0.08 <0.01 0.09 0.12 0.10

Sm pg/L 0.06 <0.01 0.02 0.02 0.02

Eu pg/L 0.17 0.21 0.04 0.08 0.03

Gd pg/L 0.01 0.01 <0.01 0.05 0.02

Th pg/L 0.01 <0.01 <0.01 0.01 0.01

Dy ng/L 0.02 <0.01 0.01 0.08 0.02

Y ng/L 0.24 0.70 0.03 1.00 0.28

Ho pg/L 0.01 <0.01 <0.01 0.02 0.01

Er pg/L 0.03 0.01 0.01 0.07 0.04

Yb pg/L 0.02 <0.01 <0.01 0.05 0.02

~YYREEs pg/L 0.87 <1.03 <0.32 1.84 0.86
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Rare earth elements and yttrium in cold mineral
and thermal waters

Cold mineral waters

Cold mineral waters belong to the Na-Ca-
HCO,, Ca-Na-HCO,, Ca-Mg-Na-HCO, or Ca-Mg-
(Na)-HCO, hydrogeochemical facies. The amount
of total dissolved ions (TDI) is variable and rang-
es from about 2,300 mg/L to over 4,500 mg/L
(Table 2). The waters are high pCO, and in the
analysed samples, the amount of dissolved car-
bon dioxide ranges from 1,800 to 3,800 mg/L. The
concentrations of the chloride and sulphate ions
are generally low and the highest recorded were
in the spring Oc¢eslavci where they amounted to
170 mg/L and 118 mg/L, respectively. The content
of YREE ranges from <0.32 pg/L to 1.84 pg/L and
is not proportional to TDI or the amount of dis-
solved CO,-gas.

To compare YREE concentrations in cold min-
eral waters normalised to PAAS and aquifer sed-
iment, Sarmatian calcareous siltstones, the Spil-
je Formation, from the well Be-2/03, Benedikt at
a depth of 122-124 m, have been used (Kralj et al.,
2009). The abundances of YREEs in the aquifer
sediment show a proportional depletion with the
increase in calcite present either as cement, mi-
crofossils or limestone lithic fragments (Table 3).

10

Sediment/PAAS

0.1

Fig. 3. The plots of PAAS-normalised YREE abundances in
aquifer sediments from the wells Be-2/03, Benedikt (B1, B3)
and Sob-1, Murska Sobota (S1-S5). For detailed information
see Table 3.

The PAAS-normalised plots are alike (Fig. 3) but
well below the shale abundance, and MREEs and
HREEs are slightly fractionated over LREEs.
The plots of YREE concentrations in mineral wa-
ters normalised to PAAS and to the average of 3
aquifer sediments do not differ significantly in
the shape but only in the magnitude of about <10
(Fig. 4). They are characterised by fractionation
of YHREESs over LREEs and a significant posi-
tive Eu anomaly, while Ce anomaly is absent or
slightly negative.

Table 3. YREEs in aquifer sediments and PAAS (after McLennan 1989). B1-B3, Spilje Formation, the well Be-2/03, Benedikt;
S1-S5, Mura and Lendava Formations, well Sob-1, Murska Sobota.

Sample/ .
Well Seglmeent La | Ce | Pr [ Nd [Sm | Eu | Gd| Tb | Dy | Y | Ho | Er | Tm | Yb | Lu
Depth yP
Siltstone
Bl Be-2/03 | (30'wt% | 10.0 | 18.3 | 1.94 | 7.9 | 1.6 | 0.33 | 1.62 | 0.23 | 1.40 | 9.0 | 0.36 | 0.83 | 0.13 | 0.90 | 0.11
122-124m | & 45
3
Siltstone
B2 Be-2/03 | ‘55"t o, | 135 | 25.1 | 278 | 11.1 | 2.2 | 0.47 | 2.01| 0.33 | 174 | 11.9| 0.37 | 0.96 | 0.17 | 1.09 | 0.14
122-124m | (@) WL
3
Siltstone
B3 Be-2/03 | “g 00 | 318 | 63.0 | 705 | 279 | 56 | 110 | 473 | 0.64 | 416 | 208 | 0.81 | 1.95 | 025 | 2.10 | 0.33
122-124m | G000
3
561335‘1’1';"1 Sand | 32.9 |106.0| 7.6 |31.6| 58 | 17252 | 09 | 47| 20 | 095 | 2.6 | 0.4 | 2.8 | 0.40
582025‘1’1?'1 Sand | 384|810 | 91 |361| 74 |1.93|69| 1.0 | 64 | 28 [ 1.35| 39| 06 | 40 | 0.60
Ssgzsrng Silt 376 | 80.9 | 86 | 337 | 67 [1.56| 6.2 | 1.0 | 48| 22 | 096 | 3.1 | 04 | 2.8 | 0.44
Ss‘f,)gsgl"l Silty sand | 34.4 [109.0| 7.4 [338| 6.4 [152| 52 | 09 | 51| 20 | 099 | 3.0 | 03 | 2.8 | 041
Ss%z*?%)_l Silt 38.2 | 823 | 85 |328| 73 |167] 60 | 1.0 | 48| 22 | 105 |32 | 04 | 2.8 | 046
PAAS Shale |[38.2 79.6 883 339 555 1.08 4.66 0774 4.68 27 0.991 2.85 0.405 2.82 0443
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Fig. 4. a, The plots of PAAS-normalised YREE concen-
trations in mineral waters; b, The plots of concentrations
of YREEs in mineral waters normalised to the average of
3 aquifer sediments from the well Be-2/03, Benedikt (122-
124 m). Solid line — Stavesinci, dotted line - Ana (Benedikt),
dashed line — Nuskova.

T T T
Nd Sm Eu

Thermal waters from the T-4, Le-2g, Sob-1 and
Sob-2 wells

Thermal water from the T-4 well in the town
of Radenci belongs to the Na-HCO, hydrogeo-
chemical facies and is abstracted from a depth
of 400-540 m in the Haloze and Spilje Forma-
tions. TDI and the dissolved CO,-gas amount to
nearly 11 g/L and 1.5 g/L, respectively (Table 1),
and the sum of YREE concentrations averag-
es to 3.32 pg/L. The plots of PAAS-normalised
YREE abundances in the water have shown that
MREEs and YHREEs are slightly fractionated
over LREEs, and there are very small negative

Ce and moderate positive Eu anomalies (Fig. 5).
The well Le-2g in the town of Lendava pen-
etrated Thermal I at a depth of 825-950 m and
captures some underlying aquifers in the Mura
Formation at a depth interval of 970-1,500 m
as well. The water belongs to the Na-HCO, hy-

<,

Water/PAAS

<

107

la Ce Pr Nd Sm Eu Gd To Dy Y Ho Er Tm Yb
Fig. 5. The plots of PAAS-normalised YREE concentrations in
thermal waters from the Mura Basin; a, Le-2g; b, Sob-1, low

TDI; ¢, Sob-1, high TDI; d, T-4 (modified after Kralj, 2004a).

drogeochemical facies, TDI amounts to about
1.2 g/L and the dissolved CO,-gas is practically
absent (Table 1). The sum of YREEs averages to
< 0.28 pg/L, and the plots of PAAS-normalised
values show small negative Ce and moderate pos-
itive Eu anomalies, and fractionation of MREEs
and HREEs over LREEs (Fig. 5).

The wells Sob-1 and Sob-2 reached depths
of 870.0 m and 855.8 m and tapped Thermal I at
600-646 m and 605-660 m, respectively, as well as
some underlying aquifers in the Mura and Len-
dava Formations. The water belongs to the Na-
HCO, hydrogeochemical facies, TDI ranges from
<1.4 g/L to over 4.3 g/L and averages to 3.2 g/L
and 2.5 g/L for the Sob-1 and Sob-2 well, respec-
tively (Table 3). The amount of dissolved CO,-gas
is variable and ranges from some 10 mg/L to over
1,500 mg/L (Kralj, 2001).

Chemical composition of thermal water from
the Sob-1 and Sob-2 wells has been varying in
time and often considerably deviated from the av-
erage (Table 1). In the Sob-1 well, hydrodynamic
pressure and temperature in Thermal I have been
commonly changing within the time interval of
about 70-80 minutes, although during severe over-
exploitation conditions, the intervals have been as
short as 30-40 minutes. When the pressure in Ther-
mal I increased, the temperature decreased, and
vice versa. The maximum recorded difference in
pressure and temperature is 0.8 bar and 2.5 °C, re-
spectively. The changes are continuously reoccur-
ring during the well operation, and for that reason,
they have been arbitrarily termed well cycling and
the time interval of 30-40 and 70-80 minutes a cy-
cle (Kralj, 2004a; Kralj & Kralj 2009; 2012).

Chemical composition of abstracted thermal
water varied with the changing temperature and
hydrodynamic pressure as well. With the increase
in temperature TDI, the amount of dissolved CO,
and the concentrations of almost all major ions,
minor ions/elements and trace elements including
YREEs increased in nearly the same manner (Figs.
6,7), (Kralj & Kralj, 2000a; 2012; Kralj, 2001). When
hydrodynamic pressure in Thermal I increased
and the temperature decreased, the composition
of abstracted thermal water began to change to-
ward lower TDI, lower amount of dissolved CO,,
and lower concentrations of nearly all major ions,
minor ions/elements and trace elements. As the ab-
stracted water is a mixture supplied from Ther-
mal I and the underlying aquifers in the Mura and
Lendava Formations, the change in hydrodynamic
pressure in the aquifers and the change in temper-
ature and chemical composition of water indicates
the changing supply from the aquifers.
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Fig. 6. Temporal variation of concentrations of some ma-
jor ions, minor ions/elements, trace elements and YREEs in
thermal water abstracted from the Sob-1 well on November
11, 1997, from 10:00 h to 11:43 h. The peak of concentrations
correlates with the decrease in hydrodynamic pressure in
Thermal I (data from Kralj & Kralj, 2000a; 2012).
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Fig. 7. Temporal variation of concentrations of some major
ions, trace elements and YREEs in thermal water abstracted
from the Sob-1 well on April 7, 1999, from 09:45 h to 11:10 h
(data from Kralj & Kralj, 2000a; 2012).
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In thermal water abstracted from the wells
Sob-1 and Sob-2, the sum of concentrations of
YREEs is, in general, relatively low. For water
from Thermal I it amounts to <0.30 pg/L (Table
1; Le-2g and Sob-2, low TDI). The highest sum
of 6.23 pg/L has been recorded in water from the
Sob-1 well, and the average for the Sob-1 and
Sob-2 wells is 2.48 pg/L and 0.84 pg/L, respec-
tively.

The concentrations of YREEs in thermal wa-
ters have been normalised to PAAS rather than
the aquifer sediment (Table 3). YREE abundanc-
es in silty and sandy aquifer sediments from the
Sob-1 well-core show some variations (Fig. 3) re-
lated to the grain-size and the amount of heavy
minerals such as monazite, allanite and xeno-
time (Ce, Sm, Gd, Dy, Tb), or light minerals, in
particular plagioclases (Eu). For that reason,
the YREE abundances in the aquifer sediments
normalised to PAAS commonly show positive Ce
anomaly and positive fractionation of MREEs
over HREEs. Yet, the abovementioned heavy min-
erals have very low solubility in water and there-
fore unlikely contribute significant amounts of
YREESs in thermal water.

The PAAS-normalised YREE concentrations
in thermal water from the Le-2g well (Fig. 5) and
mixtures of waters from the Sob-1 and Sob-2
wells sourced from or dominated by ThermalIare
characterised by fractionation of HREEs and to
a lesser extent MREEs over LREESs, with slightly
negative Ce and pronounced positive Eu anoma-
lies. In mixed waters from the Sob-1 and Sob-2
wells having higher TDI (Fig. 5), MREEs are pos-
itively fractionated over LREEs and HREEs, and
the Eu anomaly is moderately positive.

o*

Water/PAAS

0°

10°%

Nd Sm Eu Gd To Dy Y Ho Er Tm VYb

Fig. 8. The plots of PAAS-normalised YREE concentrations
in low-TDI thermal water from the Sob-1 well sampled on
October 28, 1998 (modified from Kralj & Kralj, 2009). Dotted
line — sample taken at 13h 00 min; solid line — sample taken at
13h 35 min; dashed line — sample taken at 13h 45 min.

Similar trends can be seen for temporal var-
iations in chemical composition of abstracted
thermal water from the Sob-1 well sampled on
October 28, 1998 (Fig. 8) and November 11, 1997
(Fig. 9). On April 7, 1999, the concentrations of
YREEs were substantially increased and their
PAAS-normalised plots show more pronounced
negative Ce anomaly, very high positive Sm and
Tb anomalies and very high and moderate posi-
tive Ho and Tm anomaly, respectively (Fig. 10).
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Nd Sm Eu Gd Tb Dy Y Ho Er Tm Yb
Fig. 9. The plots of PAAS-normalised YREE concentrations
in high- (H) and low-TDI (L) thermal water from the Sob-
1 well sampled November 11, 1997, from 12:57 h to 13:43 h
(data from Kralj & Kralj, 2009). Dotted line — sample taken
at 10h 26 min 30 sec; solid line — sample taken at 10h 28 min
45 sec; dashed line — sample taken at 10h 30 min 15 sec; dash-
-dotted line — sample taken at 10h 32 min 00 sec.
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Fig. 10. The plots of PAAS-normalised YREE concentrati-
ons in high-TDI thermal water for the Sob-1 well sampled
on April 7, 1999 (modified from Kralj & Kralj, 2009). Dashed
line — sample taken at 9h 45 min; dash-dotted line — sample
taken at 9h 55 min; solid line — sample taken at 9h 58 min;
dotted line — sample taken at 10h 00 min.

Discussion

Rare earth elements and yttrium analysed in
mineral and thermal waters from Tertiary aqui-
fers in the Mura Basin occur in concentrations
far below (10 to 10-*) the abundances in the aq-
uifer sediments. The original idea of the present
study was to identify similarities of the YREE
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distribution patterns in water and aquifer sed-
iment as they have been reported from various
hydrological environments worldwide (e.g., Sme-
dely, 1991; Gosselin et al., 1992; Johannesson &
Lyons, 1996; Fee et al., 1992; Moller, 2000; Zhou
et al., 2005; Moller et al., 2007). Yet, the normali-
sation to PAAS seems more convenient. The first
reason is mineralogical and geochemical diversi-
ty of Tertiary sedimentary successions cold min-
eral and particularly thermal waters migrated
through during their geochemical and thermal
evolution. The second reason is carbonate type of
waters that influences the solubility and compl-
exation reactions of YREEs and is an important
control of their fractionation (Lee & Byrne, 1993;
Luo & Byrne, 2004; Guo et al., 2005).

In the areas of cold mineral water springs,
Badenian and Sarmatian sediments of the
Haloze and Spilje Formations outcrop. Their
deeper compartments comprise low-permeability
aquifers with waters of diverse hydrogeochem-
ical facies varying inside the composition range
of Na-Ca-K-CIl-HCO,-SO, (Kralj & Kralj, 2000a;
2012; Brauer et al., 2016; Nador et al., 2012).
Deep waters and carbon dioxide ascend toward
the surface through fault systems and mix with
shallower groundwaters. Owing to the presence
of carbon dioxide, the mixed waters undergo fur-
ther geochemical change related to water-rock
interaction. The resulting diverse major ion com-
position of mineral waters (Table 2) indicates
rather individual evolution patterns.

The plots of YREE concentrations in cold min-
eral waters normalised to PAAS show fraction-
ation of Y and HREEs (YHREESs) over LREEs,
and positive Eu anomaly. The observed YHREE/
LREE fractionation can be explained by the sol-
ubility and complexation of Y and REEs in car-
bonate waters as they increase with the increas-
ing atomic number or smaller ionic radius (Lee
& Byrne, 1993; Luo & Byrne, 2004; Guo et al.,
2005). Positive Eu anomalies have been typically
encountered in anoxic thermal waters (Michard
& Albarede, 1986; Michard et al., 1987; Michard,
1989; Klinkhammer et al., 1994; Douville et al.,
1999; 2002) as europium tends to be reduced to
more soluble Eu? state (Sverjensky, 1984; Bilal,
1991), and when in solution, the large Eu? ion is
not easily incorporated in precipitating minerals
but commonly remains in solution and/or ad-
sorbed onto mineral surfaces (Méller, 2000).

Low-temperature thermal water (30 °C) from
the Haloze and Spilje Formations captured in the
well T-4 at Radenci has relatively flat PAAS-nor-
malised YREE pattern with insignificant posi-

tive Eu anomaly, although MREESs, Y and HREEs
are fractionated over LREEs (Fig. 5). Thermal
aquifers in the Haloze and Spilje Formations are
characterised by very low permeability, the flow
of fluids is slow, and the water-rock interaction
times are much longer than in fractured aquifers
of mineral waters.

Similar relationship can be recognised for
thermal waters captured in the wells Le-2g, Sob-
1 and Sob-2. The aquifer Thermal I has relatively
well-developed intergranular porosity and good
permeability. The plots of PAAS-normalised
YREE concentrations in thermal waters cap-
tured or sourced from or mainly from Thermal I
resemble, in general, those of cold mineral waters
showing a distinct positive Eu anomaly and frac-
tionation of MREEs and HREEs over LREEs (Fig.
5). For mixed waters with a higher proportion of
waters from the Lendava Formation the YREE
PAAS-normalised plots become flatter with a
weak positive Eu anomaly and slightly acquired
other MREEs, whilst the fractionation of HREEs
over LREEs disappears. In the Lendava Forma-
tion the aquifers have similar characteristics
as in the Haloze and Spilje Formations, carbon
dioxide is abundant, the aquifer sediment and
water are more equilibrated, and longer times of
water-rock interaction enable LREEs to undergo
complexation with carbonate ligands and enter
the solution the last, after more soluble HREEs
and MREEs.

The plots of PAAS-normalised YREE concen-
trations obtained for thermal waters produced
from the Sob-1 well on April 7, 1999 (Fig. 10)
differ from those typical for Thermal I or vari-
ous mixtures with waters from the Lendava For-
mation. Beside moderate negative Ce anomaly, a
pronounced positive Sm, Eu, Tb and Ho anoma-
lies have been recognised. In Table 4, six selected
analyses of majorions and trace elements from the
cycles sampled on November 11, 1997 and April 7,
1999 are shown. The cycle of April 7, 1999, shows
a general increase in the concentration of the po-
tassium ions (K*), total organic carbon (TOC) and
several trace elements, in particular, lithium (Li),
boron (B), scandium (Sc), gallium (Ga), selenium
(Se), rubidium (Rb), strontium (Sr), caesium (Cs),
barium (Ba), thallium (T1) and YREEs. Chemical
composition of thermal water from this cycle and
PAAS-normalised YREE concentrations could
only be explained by activation of an addition-
al source of thermal water with specific chemi-
cal composition and possibly low permeability as
it has been recognised as late as during severe
overexploitation conditions in the well.
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Table 4. Chemical composition of selected samples of thermal water from the Sob-1 well collected on November 11, 1997
(10:00 - 11:43 h) and April 7, 1999, (09:45 — 11:10 h); major ions, dissolved CO,-gas, dissolved silica (SiO,), total organic carbon
(TOC), total dissolved ions (TDI), pH, temperature of water at well-head (T, ,) and trace elements with yttrium and rare earth

elements (YREES).

Sample 180* 184* 190 210 218 221
Date 11.11. 97 11.11.97 11.11.97 7.4.99 7.4.99 7.4.99
Time 10 10%840” i 94’ 103 i
Ions (mg/L)

Na* 490 990 530 620 450 820
K* 32 98 33 190 70 190
Ca? 14 63 21 43 15 57
Mg? 8 6 5 19 5 3
HCO,- 1600 3100 1830 2600 1500 2700
Cl 120 220 91 159 95 124
F 0.45 0.92 0.73 0.47 0.45 0.62
I 0.05 0.07 0.04 0.15 0.10 0.19
Br 0.41 0.64 0.36 0.60 0.45 0.77
SO,* 8 51 8 75 12 48
TDI 2,273 4,530 2,519 3,708 2,148 3,944
Oxides/Dissolved gas

SiO, (ng/L) 18 17 18 13 14 24
CO, (mg/L) 546 744 637 575 440 712
Parameters

TOC (mg/L) 1.2 1.9 1.4 2.3 2.5 12.1
T, (°C) 48.4 48.7 48.7 48.8 48.6 48.9
pH 6.44 6.67 6.49 6.69 6.81 6.86
Trace elements (pg/L)

Li 170 440 180 854 343 700
Be 0.2 1.1 0.3 1.5 0.7 1.3
B 559 1480 678 4000 1100 2800
Al 31 22 17 28 19 75
Sc 1.8 2.2 1.9 7.1 7.6 7.1
Ga 0.09 0.12 0.10 0.62 0.64 0.62
As 2.7 2.9 2.3 3.0 3.8 3.1
Se 2.1 4.8 1.3 6.5 4.4 7.1
Rb 181 668 166 654 258 656
Sr 775 969 827 1470 982 1530
Y 0.05 0.24 0.06 0.76 0.64 0.76
Zr 0.1 0.3 0.1 1.3 0.4 1.0
Cs 6.1 26.8 6.3 34.4 13.2 32.3
Ba 140 190 150 477 292 477
La 0.02 0.24 0.03 0.63 0.09 0.63
Ce 0.05 0.42 0.06 0.26 0.11 0.25
Pr <0.01 0.05 <0.01 0.04 0.02 0.04
Nd 0.04 0.21 0.04 0.18 0.10 0.20
Sm <0.01 0.07 0.01 0.12 0.09 0.12
Eu 0.04 0.05 0.03 0.13 0.09 0.14
Gd 0.03 0.07 0.01 0.10 0.05 0.09
Tb <0.01 0.01 0.01 0.61 0.60 0.61
Dy 0.02 0.06 0.01 0.10 0.06 0.10
Ho <0.01 0.02 <0.01 0.60 0.01 0.60
Er <0.01 0.03 <0.01 0.06 0.04 0.08
Tm <0.01 0.01 <0.01 0.02 0.02 0.02
Yb <0.01 0.02 <0.01 0.06 0.04 0.08
Tl 0.17 0.37 0.11 0.86 0.62 0.79

*data from Kralj & Kralj, 2009
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The increased concentrations of the K+ ions
and Li, B, Rb, Ba and Cs in the water from the
assumed additional source indicate a possible or-
igin in dissolution of illite and muscovite, which
are the principal phyllosilicate minerals of the
aquifer sediments in the Sob-1 well (Zlebnik
et al., 1988a; Kralj, 2001). Illite contains trace
amounts of YREEs and its decomposition could
also be the source of YREEs and their fraction-
ation. Many studies carried out worldwide have
shown that during water-rock interaction LREEs
are retained at the site of reaction by adsorption
to residual phases while YHREESs are preferen-
tially mobilized by solution complexation reac-
tions (e.g., Duddy, 1980; Braun et al., 1993; Johan-
nesson and Zhou, 1999; Zhou et al., 2005). Guo et
al. (2005) have shown for carbonate waters that
there is a steady increasing trend of REE solu-
bility according to atomic number or decreasing
ionic radii for (+3) ions, except for Sm and Ho, and
to a lesser extent Tb that show relatively higher
solubilities. The observed PAAS-normalised pat-
tern in the waters from the cycle of April 7, 1999,
could be explained by the process of decomposi-
tion of illite and muscovite, and preferential mo-
bilisation of HREESs into solution.

On the other hand, the increased concentra-
tions of TOC, gallium, selenium, thallium and
the iodide ions I- also indicate the assumed addi-
tional (or another additional) source. This group
of elements could have an origin in waters leaked
from silty and clayey layers rich in organic mat-
ter and coal, that have been activated only during
severe overexploitation conditions. In that case
the ligands complexing YHREES could be, beside
carbonate species, humic and/or fulvic acids.

Conclusions

Rare earth elements and yttrium analysed in
mineral and thermal waters from Tertiary aqui-
fers in the Mura Basin occur in concentrations
that are far below (102 to 10-*) the abundances in
the aquifer sediments. Mineral and thermal wa-
ters are carbonate waters, and the concentrations
of YREEs and their PAAS-normalised patterns
strongly depend on the YREE solubility, compl-
exation reactions and the duration of water-rock
interaction. In aquifers with moderate to high
permeability and high flow rates YREE concen-
trations in water indicate lower degree of equi-
libration with the aquifer sediment. The plots of
YREE concentrations normalised to PAAS show
fractionation of YHREEs over LREEs which could
be attributed to the higher solubility of YHREESs
and their preferential mobilisation into solution

by complexation reactions. In low-permeabili-
ty aquifers the retention times and water-sedi-
ment interactions are longer and equilibration
reactions more advanced as the fractionation of
YHREESs over LREEs disappears. The same trend
has been recognised for the positive Eu anoma-
ly which is outstanding in cold mineral waters
and thermal waters from Thermal I, and weak in
the waters from low-permeability aquifers in the
Haloze, Spilje and Lendava Formations.

In the Sob-1, uncommonly high concentra-
tions of YREEs and their specific PAAS-normal-
ised plots indicate the well overexploitation and
the consequent leakage from low-permeability
clayey and silty lenses rich in organic matter and
coal. Here, the YHREE complexing ligands could
be, beside carbonate species, humic and/or fulvic
acids.
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Abstract

In our paper Diercks et al. (2021) we presented geomorphological data and field observations from W Slovenia
and NE Italy to develop a model for the formation of the Pradolino (slov. Pradol) dry valley. After publication
we were kindly pointed to existing studies on the area that we were unaware of. To fill that gap and to properly
credit previous work, in this addendum we summarise the research history on the study area and briefly compare

earlier views with our model.

Introduction

In our paper Diercks et al. (2021) we developed
a model for the formation of the Pradolino (slov.
Pradol) dry valley using geomorphological anal-
yses and field observations. After publication, we
were made aware of previous studies that investi-
gated the geomorphological evolution of the area.
These papers were mainly published in the 1980s
and 1990s in Italian geoscience journals. In or-
der to give proper credit to earlier work, we sum-
marise these studies here. For the sake of com-
pleteness, we also include older studies from the
Italian and German literature that date back to
the 19" and early 20™ centuries. In the following
we will use Italian names for locations that are
on Italian territory today, and Slovenian names
for locations that are on Slovenian territory. For
clarity, such toponyms in the respective other
language are put in parentheses and in italics.
For the same reason, original quotes from earlier
papers are also put in italics.

Research history

The Pradolino dry valley is located in NE Italy
and interpreted as a former course of the Nadiza
river (ital. Natisone), when the valleys now oc-

cupied by the river were blocked by glaciers. Its
entrance lies about 200 m above the course of the
Nadiza and it is deeply incised between Monte
Mia and Monte Vogu. The Nadiza takes a highly
curved course around Monte Mia (Fig. 1) at pres-
ent. Notably, it does not enter the wide valley be-
tween Robi¢ (ital. Robis) and Kobarid (ital. Capo-
retto), where it could join the Soca (ital. Isonzo)
river, but it turns sharply south towards Stupizza
(slov. Supca). This conspicuous geomorphology
has caught the attention of various scholars.

The general geology of the study area was
studied in a modern sense since the 19" century,
for example by Stir (1858). He already described
the low drainage divide between the present-day
Nadiza and the Soca east of Robi¢. The divide
is only a few meters higher than the floor of the
wide and U-shaped valley and mainly consists
of a landslide deposit that originates from the
northern flanks of the Matajur mountain (Fig. 1.).
Stur, however, classified all moraines as of Ter-
tiary age. This notation made it even into the map
of Stache (1889), although Taramelli (1870) point-
ed out this erroneous age assignment.

The evolution of the fluvial system and the ge-
omorphology in the area has, however, already


https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.5474/geologija.2022.006
https://creativecommons.org/licenses/by/4.0/

94 Manuel DIERCKS, Christoph GRUTZNER, Marko VRABEC & Kamil USTASZEWSKI

been a matter of debate much earlier. This de-
bate rested on field observations and the inter-
pretation of historical texts, especially on the
change of geographical names. It would lead too
far to summarize the discussion, which started
as early as in the 16" century, and the interested
reader is referred to the extensive work of Tellini
(1898), who provided a broad overview. The de-
bate about the Nadiza and Soca rivers, together
with the birth of modern geology, can be seen as
the driver of an intensification of research on the
area. Especially the work of Kandler was used as
a starting point for a long-lasting discussion.

Pietro Kandler, a historian from Trieste, ar-
gued that the Soca had flown from Kobarid to-
wards the west in Roman times, occupying the
Staro Selo (ital. Starasella) valley. It had then
joined the Nadiza near Robi¢, from which it
reached south towards Stupizza (Kandler, 1864,
1867). He claimed that the landslide near Robi¢
occurred in 586 or 587 AD due to a flood event.
With the valley being blocked, the So¢a would
have been dammed and finally occupied its pres-
ent-day course towards Tolmin (ital. Tolmino)
and Most na Soci (ital. Santa Lucia d’Isonzo).
Kandler’s theory faced harsh criticism based on
archaeological and geological arguments.

Taramelli (1871) argued against Kandler’s
theories. He considered it impossible that the
Soca once had flown to the west. Instead, he held
the view that the western branch of the Soca
glacier blocked the Staro Selo valley and forced
the Nadiza to flow south, instead of continuing
to the east and joining the Soca. He also already
stated that the Nadiza might have occupied the
Pradolino valley. In later publications, Taramel-
li described glacial deposits in the Nadiza val-
ley and reaffirmed the view that the glacier ad-
vanced via the Staro Selo valley from Kobarid
as a branch of the Soca glacier (Taramelli, 1875).
Taramelli (1882) summarized the debate about a
possible connection of the Nadiza/Natisone and
the Soca/Isonzo system based on archaeological
and historical arguments by Kandler and others
(Kandler, 1864, 1867). Again, he strongly opposed
Kandler’s views and argued that the course of the
Nadiza towards Stupizza was established fol-
lowing the abandonment of the moraine of Staro
Selo, which blocked the connection between the
Nadiza and the Soc¢a. Taramelli was the first one
to have established a more or less correct view on
the Soca glacier according to Penck and Briick-
ner (1909).

Von Czoernig (1873) was fond of Kandler’s in-
terpretation and suspected that the Soca once

flowed from Kobarid to the west in the Staro Selo
valley, where it joined with the Nadiza at Robic.
He argued based on the wide valley floor, the al-
most flat morphology between Kobarid and Ro-
bic¢, and fluvial gravels. He detailed historical ar-
guments based on ancient texts, going back even
to Plinius and Strabo, from which he concluded
that the Nadiza once must have had more erosive
power. However, even with von Czoernig’s asser-
tive support, Kandler’s ideas could not prevail for
long.

In his dissertation, Gumprecht (1886) worked
on the relation between the So¢a and Nadiza riv-
ers. He outrightly rejected Kandler’s hypotheses
and argued that the Nadiza once (after the Ter-
tiary) followed the valley of Staro Selo to Kobar-
id, where it joined the Soca river. Only later, he
argued, did the Nadiza turn south at Robi¢ to oc-
cupy its present-day course. Gumprecht reported
that the drainage divide near Staro Selo is made
up of moraine material, and that the landslide
masses only form the very top of the divide. He
detailed on the distribution of glacial deposits in
the area and on the slope of the Staro Selo valley,
which he reported to be clearly inclined towards
the east with a vertical drop of ca. 20 m along a
5 km stretch between Robi¢ and the Soca bridge
near Kobarid. He concluded that there were four
stages of drainage development: First, after the
Tertiary, the Nadiza used the Staro Selo valley
to join the Soca. Second, during the pre-glacial
period, backward erosion in the Pulfero-Stupiz-
za valley caused the Nadiza to flow to the south,
at least partly. Third, during the glacial period,
the Soca glacier blocked the Staro Selo valley up
to Sedlo and Logje; the Nadiza had to turn south
at Robi¢ and perhaps even used the Pradolino
gorge. Fourth, in post-glacial times the Nadiza
continued to use the course it has today. A small
tributary to the Soca originating in the Staro
Selo valley, the Idrija, got repeatedly dammed by
material from the Sjak stream, causing tempo-
rary lakes and leaving lacustrine deposits in the
Staro Selo valley.

Gumprecht’s arguments against Kandler were
partly confirmed by the archaeologist Gregorut-
ti (1890) based on the interpretation of historical
and archaeological data. However, Gregorutti
claimed that there never was a communication
between the Nadiza and the Soca systems at all —
a claim that should never find wide support.

Marchesetti’s (1890) work did not add any more
observations to the distribution of glacial depos-
its other than Gumprecht’s, although Marcheset-
ti dealt in detail with the age of the Staro Selo
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Fig. 1. Map of the study area in NE Italy and W Slovenia. Digital elevation data are from ARSO (2020) and Tarquini et al.

(2007).

valley. For example, he assumed that the rockfall
near Robi¢ might have occurred in 586 AD based
on local oral tradition and the limited amount of
erosion that can be seen in the rockfall boulders.
He argued that the Nadiza could not enter the
Stupizza valley in pre-glacial times, such that it
had to flow towards the Soc¢a, where large lakes
had formed between Kobarid and Most na So¢i.
A later glacial phase would then have left mo-
raines near Staro Selo, forcing the Nadiza to flow
towards Stupizza. It is argued that the finding
of Roman roads and necropolises in the Kobar-
id area exclude Kandler’s hypotheses. In general,
Marchesetti followed Gumprecht’s ideas, but dif-
fered in the timing of the change of the hydrolog-
ical system. According to him the Soca started
to flow towards Stupizza at Robic¢ as soon as the
Soca glacier advanced into the Staro Selo valley.

Briickner (1891) also rejected Kandler’s hy-
pothesis. He praised Gumprecht for his insight-
ful work and agreed with him that archaeolog-
ical data prove Kandler wrong — a Roman floor
was found in Robi¢ and a Roman graveyard was
unearthed near Kobarid, both showing that the
palaeolandscape in Roman times was similar to
today’s. Briickner, however, also noted that the

drainage divide near Staro Selo is almost exclu-
sively formed by mass movement deposits from
the Robi¢ landslide, thereby disagreeing with
Gumprecht.

Marinelli (1894) interpreted the Pradolino
valley as a former course of the Nadiza/Natisone
mainly based on observations on the morphology
and the elevations of the past and present river
courses. He stated that the abandonment of the
Pradolino gorge must significantly pre-date the
formation of the moraine that can be found in the
Staro Selo valley (here he was citing Marchesetti,
1890, because he himself was not able to verify a
moraine near Staro Selo). Due to backward in-
cision, the Nadiza then occupied its present-day
course. Marinelli also reported that the Prado-
lino valley exhibits W-dipping Triassic to Eo-
cene strata and claimed that knowledge on the
Friulian hydrography is still incomplete.

Tellini (1898) reported in detail on the gla-
cial remains and lake deposits around Logje
and Prossenicco, which testify to the Pleistocene
glaciers having reached this area and to the fact
that the present course of the Nadiza was once
blocked by a glacier that created a glacial lake.
According to him, sedimentological observations
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indicate repeated glacial advances and retreats.
Interestingly, Tellini remarked that this observa-
tion demonstrates the considerable length of the
interglacial period, and he regretted that the lack
of quarries does not allow a detailed paleontolog-
ical study to prove his hypothesis. He regarded
conglomerates found near Robi¢, Robidisce (ital.
Robedischis), and Svino (ital. Svina) as pregla-
cial and concluded that the NadiZza/Natisone oc-
cupied the Pradolino valley in preglacial times.
Tellini stated that he follows the earlier ideas of
Gumprecht (1886) and Marinelli (1894) that the
Pradolino valley is a former course of the Na-
diza/Natisone, which was occupied by the river
when the Soca glacier blocked the main valley
near Robi¢. The deep incision of the gorge led
him to assume that it must have been occupied
by the Nadiza/Natisone for longer times. The ide-
as of a long-lasting lake system between Most na
Soc¢i and Kobarid lacks geological evidence ac-
cording to his observations. He mentioned that
no moraines can be found in the Nadiza/Natisone
valley south of Robi¢, which led him to assume
that the incision of this valley is mainly post-gla-
cial. Tellini also mentioned earlier observations
by Taramelli (1870) that the Soca glacier reached
at least until Robi¢ and discussed the field ob-
servations of Gumprecht (1886). In Tellini’s opin-
ion, Gregorutti (1890) was too strict when stating
there was never a connection between Nadiza
and Soca. He also mentioned that glacial deposits
in that area were depicted on the geological map
of von Hauer (1868) and in the one that accompa-
nied the publication of Gumprecht (1886).

Penck and Briickner (1909) rejected Tellini’s
(1898) hypothesis that conglomerates of the low-
er Natisone valley are of Villafranchian age and
would, thus, testify to a ~Pliocene occupation of
the Pradolino valley by the river. Instead, Penck
and Brickner (1909) interpreted these deposits
as typical “Niederterrassenschotter”, i.e., from
the Wiirm stage. Based on Kossmat’s report of
such terrace deposits near Logje (Kossmat, 1907,
and private communication between Penck and
Briickner and Kossmat) they argued that a gla-
cier may well have blocked the present-day
course of the Nadiza and led to drainage through
the Pradolino valley. The limited amount of in-
cision of the Pradolino valley near Stupizza al-
lows drawing conclusions on the thickness of the
glacier according to Penck and Briickner (1909)
—the sediments would have been deposited on top
of this glacier. Despite this, Penck and Briickner
supported most of Tellini’s ideas and applauded
him for thoroughly referencing the available lit-

erature, but also stated that Tellini apparently
missed Briickner (1891).

Feruglio (1929) briefly described the gla-
cial system of the Soca glacier and its deposits
around Prossenicco and Breginj (ital. Bergogna).
He stated that the glacier blocked the valley and
caused a glacial lake, and that the melt waters
temporarily flowed through the Pradolino gorge.

The study area gained new attention sever-
al decades after these early works. For exam-
ple, Tunis and Venturini (1987) detailed on the
stratigraphy of the region and reported a sec-
tion through the Pradolino valley, in which they
mapped dip-slip faults striking ~70°, more or
less perpendicular to the gorge. Later, Tunis and
Venturini (1997) provided further details on the
stratigraphy and the paleogeographic evolution,
building upon their earlier works (e.g., Tunis and
Venturini, 1984, 1986, 1987, 1992; Venturini and
Tunis 1988, 1991, 1992, 1996).

Muscio & Zucchini (1997) briefly discussed
the origin of the Pradolino valley and followed
the interpretation of Marinelli (1894, 1912) and
Cavallin & Martinis (1980), who regarded it as a
paleo-course of the Nadiza/Natisone, which was
later abandoned due to incision of the river into
its current bed. They stated that the depressions
at the base of the Pradolino valley are not only
the results of karst phenomena (dolines) but that
their formation was also related to the presence
of faults that run ~perpendicular to the gorge,
forming vertical steps in the strata.

In the same publication, Vaia (1997) dealt in de-
tail with the geomorphology of the Pradolino val-
ley. Although the text does not provide too much
detail and individual observations, Vaia present-
ed a six-step model for the evolution of the Na-
diza/Natisone since the Pliocene, modified from
Tellini (1898). First, in the Pliocene, a drainage
divide existed between the Rio Bela and the upper
course of the Nadiza; this ridge was connected to
M. Mia and caused the Nadiza/Natisone to flow
through the Pradolino valley towards Stupizza.
The Rio Bela occupied what is now the Nadiza
valley downstream of Logje but continued east
towards Kobarid through the Staro Selo valley.
Between M. Mia and Matajur another drainage
divide existed in the valley south of Robi¢. Sec-
ond, backward erosion led to drainage capture of
the Nadiza by the Rio Bela system south of Logje.
The Nadiza/Natisone abandoned the Pradolino
valley (probably aided by normal faulting that
caused NW-facing steps in the gorge) and flowed
towards Robic¢, from where it continued towards
Kobarid. Third, in a phase of glacial advance, the
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Soca glacier blocked the Staro Selo valley all the
way up to Podbela (ital. Podbiela) and caused a
lake upstream. The Nadiza/Natisone re-occu-
pied the Pradolino valley. The glacier’s meltwa-
ter spilled over the drainage divide between M.
Mia and Matajur, paving the way for the future
Nadiza/Natisone. However, Vaia’s figure includes
a lake upstream of this drainage divide, indicat-
ing that he assumes it was only partially eroded.
Fourth, when the glacier retreated beyond Robic,
the Nadiza/Natisone again abandoned the Prado-
lino valley and had to flow south from Robi¢ to-
wards Stupizza and Pulfero. A lake was supposed
to still have existed behind the former drainage
divide between M. Mia and Matajur. Fifth, in the
post-glacial phase, moraines remaining in the
Staro Selo valley continued to block the old path
of the Nadiza. Vaia assumed a lake persisted as
the Nadiza was still partially dammed between
Robi¢ and Stupizza. Sixth, apparently showing
the present-day configuration, the moraines in
the Staro Selo valley now act as the watershed
between the Nadiza/Natisone and the Soca sys-
tems. No lake exists south of Robi¢ anymore.

Zendron (2018) summarized the research his-
tory of the Suosterjova Jama, a cave ca. 3 km
south of the Pradolino valley. She mentioned that
the formation of the cave might have been aided
by the erosive power of the Natisone. Citing Mus-
cio et al. (1980), the author stated that the mouth
of the Pradolino valley is ten metres above the
location of the cave, and that the gorge is a former
course of the Natisone.

Previous works compared with our model

The model that we developed in Diercks et
al. (2021) is in line with the proposed six-stage
evolution by Vaia (1997) based on Tellini (1898).
We did neither include the location and extent
of glacial lakes, nor did we work on the Pliocene
course of the Nadiza/Natisone. The idea of a Pli-
ocene paleo- Nadiza/Natisone that ran through
the Pradolino gorge (Vaia, 1997, after Tellini,
1898) is attractive since it would remove the need
for exceptionally high incision during the gla-
cials as we have assumed in Diercks et al. (2021).
In Vaia’s view, the Pradolino valley was already
established before the glaciations. However,
this model would require significant erosion of
the watershed near Logje to establish the pres-
ent-day fluvial system. None of our own field ob-
servations is suitable to solve this question. We
also concluded that the only possibility to form
the wide valley of Staro Selo is that it was the
pre-glacial course of the Nadiza.

Location of the Predjama Fault

The fact that we were kindly pointed to liter-
ature that we had not been aware of when writ-
ing Diercks et al. (2021) also raises the question if
the north-western segment of the Predjama Fault
runs through the Pradolino valley. The models
of Vaia (1997) and earlier authors do not assume
that the formation of the Pradolino valley was
aided by tectonically weakened rocks in a fault
zone underlying the gorge. We speculated that
the Predjama Fault could probably run through
the Pradolino valley, (i) because the valley is par-
allel to the general active fault trend in the area
(Atanackov et al., 2021), (ii) because a morpholog-
ical lineament can be seen on LiDAR data (simi-
lar to the trace of the fault as depicted by Moulin
et al., 2014), and (iii) because the fault is drawn on
several published maps. We did not map the fault
in the field ourselves.

Kossmat’s (1908) map shows a fault along the
Pradolino valley, without further detailing its
source. Fabiani et al. (1937) did not show a fault
in their 1:100,000 geological map sheet Tolmino.
Pirini Radrizzani et al. (1986, Fig. 19) drew a
dashed line along the Pradolino valley in their
map, indicating a potential or probably buried
fault (presunte o coperte). These authors also
showed a couple of short faults perpendicular to
the Pradolino valley. The maps of Tunis & Ven-
turini (1997) and Mocchiutti (1997) do not show
a fault along the Pradolino valley, but the pre-
viously mentioned faults perpendicular to the
gorge. Their studies relied on very detailed map-
ping of the area, during which a fault that man-
ifested in sheared limestones likely would have
been noticed. Carulli’s (2006) 1:150,000 geologi-
cal map of Friuli Venezia Giulia shows the Pred-
jama Fault to run SW of the Pradolino valley
and in a more westerly direction. The 1:250,000
geological map of Slovenia (Buser, 2009) shows
a fault that enters the Pradolino valley from the
northwest, parallel to the general strike of ac-
tive faults in the region. Koko$in & Gosar (2013)
did not mention the Predjama Fault in the area
of Logje in their microzonation study. Moulin et
al. (2014) suggested the Predjama Fault to run
through the Pradolino valley. In Moulin et al.
(2016), the north-western tip of the Predjama
Fault lies at the entrance of the Pradolino valley
near Stupizza.

If the Predjama Fault does not run beneath
the Pradolino valley as indicated by most of the
Italian studies, there is no reason to assume that
the gorge developed due to an inherited weak-
ness of the rocks. Instead, the erosive power of
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the melt waters — and perhaps the paleo-Nadiza/
Natisone — alone would be responsible for the
spectacular incision.

Conclusions

Numerous studies published in Italian and
German have dealt with the evolution of the Na-
diza/Natisone and the Pradolino valley. After
an intense debate in the late 19" and early 20%"
centuries, the model by Vaia (1997) after Tellini
(1898) seems to be widely accepted. Our own con-
clusions drawn from field observations and ge-
omorphological data are fully compatible with
this model. If the Predjama Fault does not run
through the Pradolino valley (see for example the
detailed mapping of Tunis and Venturini, 1997),
the idea that a former course of the Nadiza/Nati-
sone created the proto-gorge (Vaia, 1997) seems
plausible.
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Abstract

The paper presents a multi-method characterisation of the Roman quarry of the middle Lower Jurassic
(Pliensbachian) limestone situated in the village of Podpe¢, south of Ljubljana, and examples of the placement
of stone products made from micritic, fine-grained, and oolithic facies into the known extent of the quarry.
23 m of the rock succession from the ancient quarry was exposed at the northern tip of the St. Ana Hill by
archaeological trenching. Petrological, micropaleontological, mineralogical, geochemical, and isotopic analyses
of carbon, oxygen, and strontium were performed in order to characterise the rocks exploited in the quarry.
Additionally, a new detailed geological map of the wider Podpec¢ area was prepared, which defines in detail the
lithostratigraphic units in the area.

The recorded succession contains facies that also occur in the modern part of the quarry. Interpretation
of the sedimentation environment is consistent with previous interpretations and occurred in an internally
differentiated lagoon. The studied succession is characterised by ¢'*C isotope values ranging from -2.44 to
+2.5 %o; 00 values ranging from -4.0 to -1.2 %o0; and 8'Sr/%Sr values ranging from 0.707414 %. (SD 0.000003) to
0.707329 %o (SD 0.000012). The Sr isotope values can prove a decisive factor when studying the provenance of
stone products, while 6*C and §'®0 values can help narrow the place of extraction within the known extent of the
Roman quarry at Podpe¢. The high positive correlation of SiO, with Al,O,, K,O and TiO, recognised both in the
logged succession and in the studied stone products indicates a low terrigenous input into the depositional area
and further confirms the provenance determination.

By applying a multi-method approach to the characterisation of the known extent of the ancient part of the
Podpec¢ quarry, we have reliably determined the provenance of stone products that have their origin in the quarry
and have successfully applied this approach to several stone products made of micritic, fine-grained and oolithic
limestones.

Izvleéek

Clanek predstavlja veémetodno karakterizacijo rimskega kamnoloma v vasi Podpeé juzno od Ljubljane in
primere umescanja apnenca kamnitih izdelkov iz spodnjejurskih (pliensbachijskih) mikritnih, drobnozrnatih in
oolitnih faciesov v znan obseg kamnoloma. Na severnem robu hriba sv. Ane je bilo z arheoloskimi izkopi razkrito
23 m debelo kamninsko zaporedje anticnega kamnoloma. Za karakterizacijo kamnin, ki so jih izkorisc¢ali v
kamnolomu, so bile opravljene petroloske, mineraloske, mikropaleontoloske in geokemicne analize ter izotopske
analize ogljika, kisika in stroncija. Poleg tega je bila izdelana nova podrobna geoloska karta SirSega obmocja
Podpeci, na kateri so natan¢no opredeljene litostratigrafske enote na tem obmocju.

Preuceno zaporedje vsebuje faciese, ki se pojavljajo tudi v sodobnem delu kamnoloma. Potrjena je bila
interpretacija sedimentacije v notranje diferencirani laguni. Za preuceno zaporedje so znacilne vrednosti
izotopov d3C od -2,44 do +2,5 %o, vrednosti 6*O od -4,0 do -1,2 %o in vrednosti ®Sr/*®Sr od 0,707414 %o
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(SD 0,000003) do 0,707329 %o (SD 0,000012). Izotopske vrednosti Sr lahko uporabimo kot najzanesljivejsi podatek
pri dolocitvi izvora kamnitih izdelkov, vrednosti ¢6*C, 6'¥0 pa lahko pomagajo pri zozitvi opredelitve mesta
pridobivanja znotraj znanega zaporedja plasti rimskega kamnoloma v Podpeci. Visoka pozitivna korelacija SiO,
z AL,O,, K,O in TiO,, ugotovljena v preucenem zaporedju in kamnitih izdelkih, kaze na majhen vnos terigene
komponente v primarno sedimentacijsko okolje ter dodatno potrjuje dolo¢itev provenience.

Z uporabo vecmetodnega pristopa h karakterizaciji znanega obsega anticnega dela Podpeskega kamnoloma

smo omogocili zanesljivo dolocitev izvora kamnitih izdelkov iz kamnoloma in ta pristop uspesno uporabili na vec

kamnitih izdelkih izdelanih iz mikritnih, drobnozrnatih in oolitnih apnencev.

Introduction

The present article follows the publication by
Djuri¢ et al. (2022), in which the authors defined
the location of the ancient quarry at Podpe¢ and
investigated the stone products with presumed
origin from the quarry. Since the provenance of
micritic, fine-grained, as well as partially oo-
lithic limestones used to produce stone products
could not be reliably determined using the mac-
ro- and microscopic studies presented in previ-
ous studies, further analyses were carried out
and are presented in this article. This study was
prepared using a multi-method approach widely
used in geoarchaeology (Galan et al., 1999; Mar-
itan et al., 2003; Brilli et al., 2010; Brilli et al.,
2011; Smuc et al., 2016; Miletié et al., 2021).

The middle Lower Jurassic (Pliensbachian)
limestone from quarries at Podpe¢, south of Lju-
bljana, is amongst the well-known dimension
stones in Slovenia (Mirti¢ et al., 1999; Ramovs,
2000). Among the beds of different colours and
textures we also find dark grey to almost black
limestone with white shells of lithiotid bivalves,
which was particularly valued for its decorative
properties throughout the 20% century (Ram-
ovs, 2000). The history of quarrying in Podpe¢,

however, goes as far back as Antiquity (Millner,
1879; Brodar et al., 1955; Sasel Kos, 1997; Ram-
ovs, 2000; Kramar et al., 2015; Djuri¢ & Riznar,
2017; Djuri¢ et al., 2017; Djurié¢ et al., 2022). Ac-
cording to Djuri¢ et al. (2022), a well-organised
and continuous production of dimension stone
can be confirmed - at least for the period be-
tween the 1% and 3¢ centuries AD when the area
belonged to Regio X (Italia) of the Roman state.
The production of stone from this area, however,
may go even further back in time to the earliest
beginnings of the Roman colony (Djuri¢ & Riz-
nar, 2017). Most of these stone products ended up
in Emona, a colony located 15 km to the north
of present-day Ljubljana, which was connected
to the quarry via the Ljubljanica River (Djurié
& Riznar, 2017, Djurié¢ et al. 2018b; Djurié et al.,
2022). Based on the lithological characteristics of
the limestone beds, the historical topography of
the village of Podpec¢, and the archaeological re-
mains, the exact location of the Roman quarry
was very likely the northern tip of the St. Ana hill
(Fig. 1) (Djurié et al., 2022). The entire succession
exposed in both the ancient and modern Pod-
pec¢ quarry, from the base of the archaeological
trenches (probes) in the north, to the base of the
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Fig. 1. Position of the main quarries at Podpec¢. a: Marked position of Slovenia. b: Position of the modern village of Podpec.
c: Narrow study area at the village of Podpe¢ with marked position of Figure 3. The source of the topography isa 1m x 1 m
resolution digital relief model (The Surveying and Mapping Authority of the Republic of Slovenia, 2011).
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Laze Formation in the south, measures 114 strati-
graphic meters in thickness, and approximately
30 m of this succession is known to be quarried
during the Antiquity (Djurié et al., 2022).
Covered by rubble and built upon, the surface
of the antique quarry is no longer visible today.
Parts of it were, however, accessible during ar-
chaeological excavations in 2016 and 2017 (Djurié¢
etal., 2017, Djurié et al., 2022). Methodological ap-
proaches used to determine provenance can vary
depending on the lithology in question, while a
common denominator in the study of limestone
provenance in recent decades is the multi-meth-
od approach proposed by Galan et al. (1999). This
approach was recognized as the most effective
and has since successfully been replicated and
further developed by numerous authors (e.g.
Maritan et al., 2003; Brilli et al., 2010, 2011).
Whereas the facies of the limestone beds un-
covered in archaeological probes is briefly de-
scribed in Djuri¢ et al. (2022), the purpose of this
paper is to provide a detailed multi-method char-
acterisation of the beds excavated in the antique
quarry and to use this data to help determine the
provenance of the stone products. The hypothe-
sis set-out held that by applying the same mul-
ti-method characterization approach to the an-
cient quarry and stone products samples, reliable
provenance determinations of Roman stone prod-
ucts could also be made for micritic, fine-grained,
and oolithic facies in stone products. These facies

can also be found in other possible source-areas
located near Emona, e.g. Podutik (Ramovs, 1990;
Vodnik, 2017) or Staje (Rozi¢ et al., 2018). There-
fore, it is important for any further studies on
the provenance of stone products to define their
characteristics in the ancient Podpe¢ quarry. In
addition to the detailed multi-method character-
isation of the antique Podpe¢ quarry and stone
products, a geological map of the wider research
area was prepared in order to define the strati-
graphic units available for quarrying and their
spatial relationships in the wider Podpec¢ area.

Geological setting

The Podpec¢ quarry is situated in central Slo-
venia at the base of the St. Ana hill, which rep-
resents the northern tip of the mountain range
overlooking the Barje basin. The range itself and
the rocky base of the Quaternary Barje basin
(Vrabec & Fodor, 2006) are structurally part of
the External Dinarides thrust system (more pre-
cisely, of the Hrusica Nappe), mainly formed dur-
ing the Oligocene-early Miocene (Placer, 1999;
Vrabec & Fodor, 2006). The SW-verging Dinaric
thrust units are largely composed of carbonate
rocks, which deposited during the Mesozoic on
the Adriatic Carbonate Platform (Vlahovic¢ et al.,
2005). The rocky southern surroundings of the
Podpec¢ quarry (Fig. 2a) are thus mostly formed
of the Upper Triassic peritidal dolomite of the
Main Dolomite Formation, the Lower Jurassic
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o |s< — intraformational breccia
(55 SE |28
Krka Limestone Member [ > ] Quatemary A Peak [£-4 dolomite oolithic limestone < lithiotid bivalves
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Fig. 2. Geological map of the quarry at Podpec¢ (modified after Buser, 1967) with stratigraphic column modified after Dozet &
Strohmenger (2000) with marked area (dashed rectangle) of the broader research area.
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dolomites and predominant limestones of the
Podbukovje Formation, and the Middle Jurassic
oolithic limestones of the Laze Formation (Fig.
2b) (Buser et al., 1967; Buser, 1968; Ogorelec &
Rothe, 1993; Miler & Pavsic, 2008; Ogorelec, 2009;
Gale & Kelemen, 2017). The Podbukovje Forma-
tion is further divided into five members. The
lowest is the Hettangian to Sinemurian Krka
Limestone Member, characterised by micritic
limestone successions with signs of subaerial ex-
posure (Dozet, 2009). The Orbitopsela Limestone
Member (Orbitopsella beds) is the second mem-
ber, for which Pliensbachian age was determined
owing to the occurrence of large Orbitopsel-
la foraminifera. The stratigraphic range of this
genus, however, continues to the third member,
known as the Lithiotid Limestone Member (Gale,
2015), characterised by Lithiotid bivalves (Buser
& Debeljak, 1995; Debeljak & Buser, 1997). The
fourth member is the Oolithic limestone (Dozet,
2009), still Pliensbachian in age. The Podbukovije
Formation ends with the dark micritic Toarcian
Spotty Limestone Member. This in turn gradual-
ly passes into the Middle Jurassic oolithic lime-
stone of the Laze Formation (sensu Dozet & Stro-
hmenger 2000).

Material and methods

The broader research area was geologically
mapped at a scale of 1: 5000.

The lithological succession in the antique
quarry in Podpe¢ was logged in three probes (ar-
chaeological trenches) dug in the years 2016-2017
immediately north and northwest of the mod-
ern quarry, at the northernmost base of the St.
Ana hill. An additional section was logged in the
basement of House Podpec¢ 44 (Fig. 3). Based on
these partial sections, a composite section 23 m
thick was reconstructed, which is stratigraphi-
cally older than the Lithiotid Limestone Mem-
ber from the exposed part of the modern quar-
ry. During logging, samples of rock were taken
from each bed. Thin sections (47 x 28 mm in size)
were made from representative samples of each
lithofacies. Finely ground surfaces of hand-spec-
imens, as well as thin sections, were scanned
with a high-resolution optical scanner. Thin sec-
tions were further investigated using a polariz-
ing optical microscope. Limestone varieties were
named according to classification by Dunham
(1962), with modifications by Embry and Klovan
(1971). In adding the components to the names of
the samples we have followed the recommenda-
tions by Wright (1992) and express the predomi-
nant component first.

—al[ [ U

Mineral d.d.
(production hall)

25m

modern quarry - antique quarry (known extent)
<>E buildings "= excavated trenches

Fig. 3. Position of the excavated probes (archaeological
trenches) that re-exposed the Roman quarry. The numbers
1-3 of the probes refer to sedimentary section logs presented
in Fig. 5. Letter B denotes the outcrop in the basement of the
house Podpe¢ 44.

The colour of the dry, broken surface of the
stone was determined using the standardised
Rock Color Chart (Munsell Color, 2010).

Mineralogical composition, concentrations of
major, minor, and trace elements, and the isotop-
ic composition of strontium, oxygen, and carbon
isotopes of the samples from the ancient part of
the quarry were measured. The analysis was per-
formed on bulk rock samples. All secondary fea-
tures (calcite veins, void fillings) were removed
from the samples to obtain the geochemical val-
ues of the rock matrix.

Mineralogical composition was determined
for seven samples. From each sample, 5 g of the
rock was powdered and analysed with an X-ray
diffractometer (XRD) Philips PW3710 under
the following conditions: power 1.2 kW, volt-
age 40 kV, current 30 mA, wavelength of X-ray
light with copper tube and Ko-rays 1.5460 A. A
secondary graphite monochromator and a pro-
portional counter were used. The continuous
recording range was 2° — 70° 20, at a rate of 3°
min. The mineralogical composition of the sam-
ples was determined using the X’Pert Highscore
Plus computer programme. The measurements
and analysis were carried out at the University of
Ljubljana, Faculty of Natural Sciences and Engi-
neering, Department of Geology.

Concentrations of major, minor, and trace el-
ements were measured in Actlabs (Canada) from
16 samples (each weighing 5 g) using Fusion-
ICP-MS. The accuracy of the measurements was
ensured by certified lab standards, while preci-
sion was ensured by duplicating measurements.
All values reported deviate from replicate sam-
ples by less than 2.15 %.
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Samples for stable isotope values of 6*O and
oC were taken in 90 cm intervals or less. Iso-
tope values were measured for 37 samples (1 g in
size) at the GeoZentrum Nordbayern laborato-
ry at the University of Erlangen, Germany, us-
ing a Gasbench II connected to a ThermoFisher
Delta V Plus mass spectrometer (Rosenbaum &
Sheppard, 1986; Kim & Taylor, 2007). Results are
given in the notation 0%. (per mil) with respect
to the international PDB scale. Reported repro-
ducibility of the calibration standards was 0.05
SD for ¢*C and 0.04 SD for ¢'*O isotope measure-
ments. The effects of diagenesis were checked by
cross-plotting the oxygen (0'*O) and carbon (6*C)
values.

Strontium (*’Sr/**Sr) isotope values from sev-
en samples were prepared and measured accord-
ing to the laboratory procedure (Romaniello et
al., 2015) at the Department of Earth Sciences,
University of Oxford, and measured by a mul-
ti-collector inductively-coupled plasma mass
spectrometer (MC-ICP-MS) using a standard
bracketing method and the NIST SRM 987 stand-
ard (Weis, et al., 2006). Each sample was meas-
ured three times. The instrument mass fractiona-
tion was internally corrected to *Sr/*Sr = 0.1194.
All reported *"Sr/**Sr ratios were normalised to
SRM 987 #"Sr/**Sr = 0.710248 (McArthur et al.,
2012a). The external reproducibility of ®Sr/*Sr
using the NIST SRM 987 standard (Weis, et al.,
2006) yielded a value of 0.710251 + 0.000025 (2SD,
n=30). The measured ratios were correlated with
the Locally Weighted Regression Scatterplot
Smoother (LOWESS) fit curve constructed by
McArthur et al. (2012D).

In addition, stone products kept by the Nation-
al Museum of Slovenia (samples marked as NMS),
and the Museum in Ljubljana (samples marked as
MGML) were analysed following the multi-meth-
od approach (n=4) by using the same methods as
described above. In addition, the minimum bed
thickness required to produce the stone products
studied was determined based on the unworked
back-side of the product, which corresponds to
the bedding plane.

Results
Geological map of Podpe¢ — St. Ana area

The mapped area is characterised by the pres-
ence of Mesozoic carbonates and various faults
and folds (Fig. 4a). Upper Triassic Main Dolomite
Formation outcrops only in the westernmost part
of the mapped area, while the lowermost Jurassic

Krka Limestone Member occurs in the northeast-
ernmost part. Both are in fault contact with the
rest of the Lower and Middle Jurassic succession.
The Lithiotid Limestone Member was mapped
as a single unit consisting of an abundance of
medium grey biogenic limestones. Where pos-
sible, this unit was further subdivided into the
Orbitopsella Limestone Member (recognised by
dark grey micritic, peloidal, and biogenic lime-
stones without lithiotid bivalves), the Lithiotid
Limestone Member, and the Oolithic Limestone
Member. To the south, the Lithiotid Limestone
Member or Oolithic Limestone Member passes
into the Spotty Limestone Member. The Spotty
Limestone Member is characterised by dark grey,
thin-bedded, nodular oolithic and/or crinoidal
limestones with rare micritic parts. It gradually
passes into the Middle Jurassic Laze Formation.
This unit consists of medium- to thick-bedded,
sometimes even massive oolithic carbonates.
Limestone varieties predominate at Podpe¢,
while mainly dolomitized oolithic limestone out-
crops on the slopes of the St. Ana Hill and in the
westernmost parts. The succession is dissected
by strike slip and normal faults, and a SW plung-
ing syncline was inferred from changes in the
strike and dip direction of the beds. The shape of
the surface is strongly modified by human activ-
ities (Fig. 4b). Numerous abandoned quarries can
be found along the entire northeastern, northern,
and northwestern slopes of the St. Ana hill, ex-
tending up to 100 m above the Barje basin.

Description of sedimentological sections

The archaeological trenches exposed almost
32 m of the limestone succession. Since some
trenches were positioned lateral to each other, the
stratigraphic thickness of the exposed outcrops
totals 23 m. Bedding planes dip at 70°-80° to-
wards the south. Some minor fissures are present,
but we could not detect any off-sets of the beds.

Two facies assemblages can be defined — the
first for the lower part of the succession (probes
1 and 2, and short section Basement Podpec¢ 44),
and a second for the upper part of the logged suc-
cession (probe 3).

Facies assemblage 1 can be defined on the pre-
vailing occurrence of dark varieties of micritic
limestone (Fig. 5). A lower energy environment
can be defined for this part, interrupted occa-
sionally by high energy events. Although probes
1 and 2 are nearly parallel to each other and per-
pendicular to the bedding, the logged sections
differ in the thickness of the beds and to some
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Fig. 4. a — Geological map on the scale 1: 5000 of Podpec¢ - St. Ana area; b — digital elevation model of Podpe¢ — St. Ana with
marked anthropogenically altered areas. The source of the topography is a 1 m x 1 m resolution digital relief model (The
Surveying and Mapping Authority of the Republic of Slovenia, 2011).

extent also in their microfacies, so the correla-
tion between the beds is not entirely straight-
forward. The reason for the differences among
the sections is most likely due to lateral changes
in microfacies (e.g. the microfacies with megal-
odontid bivalves likely represents storm depos-
its, which may laterally pinch out), the limited
availability of the outcrop (trenches were only a
few decimetres wide, so some fissures could be

mistaken for bedding planes, and vice-versa), or
(less likely) due to some minor fault. Despite this,
the microfacies association in probes 1 and 2, as
well as from the section logged in the basement
of House Podpec 44, is the same: dark micritic
and fine-grained facies (microfacies 4 and 5) and
limestone with bivalves predominates (microfa-
cies 13 and 14) over microfacies with oncoids or
ooids (microfacies 9-11).

Fig. 5. Sedimentological section in the scale 1: 50 of the antique quarry. Abbreviations for the textures: M- mudstone, W- wac-
kestone, P- packstone, G- grainstone, F- floatstone, R- rudstone. Note that the facies are numbered somewhat differently than
in Djurié¢ et al. (2022) and that more varieties are distinguished here.
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Fig. 6. Microfacies (MF) of limestone from the antique quarry at Podpe¢. Numbers indicate polished surface of the stone in
reflected light (1), thin section scan (2), and microphotograph of the same sample (3). a: Medium grey bioclastic wackestone
(MF 3). Thin section 1689. b: Dark grey pelletal- bioclastic wackestone (MF 4). Thin section 1677. c: Medium dark grey peloid
grainstone with rare larger bivalves (MF 5). Thin section 1683. d: Medium grey to olive grey intraclastic-bioclastic wackestone
and packstone (MF 6). Thin section 1684. e: Medium dark grey ooid grainstone; with rare cortoids (MF 7). Thin section 1686. £:
Medium dark grey ooid grainstone; large ooids (MF 8). Thin section 1691.
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Fig. 7. Microfacies of limestone from the antique quarry at Podpec (continued). a: Medium dark grey cortoid floatstone with
intraclastic-bioclastic wackestone and packstone matrix (MF 10). Thin section 1690. b: Dark grey oncoid floatstone with
peloid wackestone to packstone matrix (MF 11). Arrow in b3 is pointing at the dasycladacean algae. Thin section 1681. c:
Dark grey oncoid floatstone with Thaumatoporella wackestone matrix (MF 12). On indicates an oncoid. Arrows point at
Thaumatoporella. Thin section 1688. d: Medium dark grey bivalve floatstone with small shells and peloid grainstone matrix
(MF 13). Arrow points at an irregular contact with bivalve floatstone. Thin section 1680. e: (Medium) dark grey megalodontid
floatstone to rudstone with micritic matrix (MF 14). Photos e2 and e4 are from a variety with mudstone matrix (thin section
1687), while e3 and e5 contain small particles of shells within the matrix (thin section 1682).
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The upper part of the logged succession is
attributed to facies assemblage 2. Lighter vari-
eties of oolithic limestone (microfacies 7-9) be-
come common along with micritic limestone. No
shell deposits were found in the stratigraphically
highest probe 3. A higher energy environment of
sedimentation was interpreted for facies assem-

blage 2, based on the larger presence of oolithic
limestones. Due to the higher energy setting, fo-
raminifera assemblages within the oolithic mi-
crofacies cannot be considered autochthonous
but are rather parautochthonous.

The microfacies are documented in Figures
6-7 and described in detail in Table 1.

Table 1. Description of microfacies from the antique quarry at Podpe¢. The most abundant and diagnostic fossil taxa are

underlined.
Bed
thick-
ness
Microfacies Description Figure
(min-
max; in
cm
1 light
brownish | Micritic limestone with almost complete predominance of micritic matrix and less than 4-18 /
grey mud- | 10 % of clasts. -
stone
2 medium
%I;?{ fﬁﬁgs_' Mudstone with irregular fenestrae. 40 - 100 /
stone
The amount of small bivalve shells within this heterogenous bioclastic wackestone var-
3 medi- ies from 10 to 50 %. Most are 0.3 mm in length. The original mineral was dissolved and
um ere replaced by calcite spar. Gastropods, echinoderms, ostracods, and foraminifera are subor-
bio clga st}i,c dinately present. The intergranular space is filled with dense micritic matrix. Small cor- 40 - 85 5a
wackestone rosion vugs and putative small neptunian dykes/desiccation cracks, filled with crystal silt,
intraclasts and fragments of spar are also present. The foraminiferal assemblage comprises
Siphovalvulina sp. and Textulariidae.
Sample is heterogeneous. Two microfacies types can be distinguished, but with interme-
diate transitions. Most of the rock is represented by bioclastic-pelletal wackestone with
a few (0.5 %) clasts of larger size (gastropod and bivalve shells). Wackestone consists of
4 dark gre 15 % of grains: small angular sparitic fragments, ostracods, and small (0.08 mm) rounded
elletgl-y pellets. Ostracod valves are separated or still closed. The other end member is also a pellet-
lc?ioclastic al-bioclastic wackestone, but with pellets representing 30-40 % of the rock, and bioclasts 10 - 120 5b
wackestone (echinoderms, bivalve fragments, small Siphovalvulina foraminifera) amounting to 5-10 %.
Wackestones contain some irregular vugs and cracks filled with pellets, microspar and
cement. Some of these might be desiccation cracks and vugs, while some might be caused
by bioturbation. Larger gastropod and bivalve shells are filled with crystal silt and drusy
mosaic cement.
5 medium | Large (1 cm or longer) bivalve shells and very rare intraclasts within the peloid cortoid
dark grey | grainstone matrix represent less than 10 % of the rock. Shells are altered to drusy mosaic
peloid spar and exhibit micritic outer rim (cortoids). The grainstone consists of peloids, which
grainstone | measure 0.08 — 0.12 mm in size and are very well sorted. They represent 90-95 % of the 10-25 5c
with rare | grains, disregarding the mentioned larger bivalve shells. Ostracods, foraminifera (?Val-
larger bi- | vulinidae), Thaumatoporella, echinoderm fragments, and undeterminable sparitic particles
valves are subordinate.
Heterogeneous texture is wackestone to packstone in nature. Grains are very poorly sorted
and matrix-supported or in point contacts. Intraclasts (20-40 % of grains) are micritic,
6 medium | rounded, circular to semi-elongated. Some micritised ooids are also present, but difficult
grey to olive | to distinguish from intraclasts. Approximately 10 % of the volume is occupied by bivalve
grey intra- | shells. These are fragmented, abraded and have micritised margins (cortoids). Thau-
clastic-bio- | matoporella is present in up to 5 % of the volume. Foraminifera represent 1-2.5 % of the 925 - 100 5d
clastic rock. Gastropods, echinoderms, brachiopods, ostracods, and fragments of dasycladacean -
wackestone | algae are sporadically present. Micritic matrix is locally partly washed away, and the inter-
and pack- | granular space is locally filled with drusy mosaic cement.
stone
Foraminifera are represented by Valvulinidae, Meandrovoluta asiagoensis Fugagnoli &
Rettori, Siphovalvulina spp., Duotaxis metula Kristan, and Gaudryina sp.
Moderately well sorted mature ooids and superficial ooids form almost 50 % of the rock
volume and are the predominating grain type. They are in point contacts with each other
and grains of other types. The mature ooids are concentric, with tangential structure. Their
cores are mostly micritised. Foraminifera and sparitic particles rarely served as basis for
7 medium | the ooids’ formation. Their average size is 0.5 mm. Less numerous are superficial ooids with
dark grey | 6-7 laminae, mostly formed around elongated mollusc shell fragments up to 0.7 mm in
ooid grain- | length. Both types of ooids form lumps and mature lumps up to 1 mm in size. Fragments of 13-85 S5e
stone with | echinoderms, benthic foraminifera and micritised bivalves (cortoids) are subordinate. The
rare cortoids | intergranular space is filled with drusy mosaic calcite cement.
The foraminiferal assemblage consists of Siphovalvulina spp.,Valvulinidae, Taxtularii-
dae, Reophax sp., ?Haurania deserta Henson, unidentified large benthic foraminifera with
coarsely agglutinated wall, Involutina farinacciae Bronnimann & Koehn-Zaninetti.
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Well sorted, 1 mm large ooids occupy approximately 50 % of the rock volume. Ooids were
originally concentric but got slightly compacted during diagenesis and are now more el-
lipsoid in shape. Although their tangential structure is clearly recognisable, their inner
regions show some recrystallization. Some were formed around sparitic fragments or for-
aminifera but have micritic cores. The laminar part is thick, representing approximately
45 % of the ooids’ radius. Nine to twelve laminae are visible on the outer part of the cor-
8 medium tices. Spiny ooids are very few. Some of the ooids are glued together into aggregate grains
(lump and mature lump stage) up to 2.5 mm in diameter.
dark grey
St(ggeg{;l;n; Peloids are irregularly distributed among ooids and represent a little less than 10 % of the 82-40 5t
00ids 8¢ | rock. They measure approximately 0.15 mm in size. Neomorphically altered bivalve frag-
ments, foraminifera, gastropods, and echinoderm plates are very rare. The intergranular
space is filled with drusy mosaic calcite cement.
The foraminiferal assemblage consists of Lituosepta sp., ?Haurania deserta Henson, Mean-
drovoluta asiagoensis Fugagnoli & Rettori, Lituolipora sp., Textulariidae and Valvulinidae,
Pseudopfenderina butterlini (Brun), small Ophthalmidium sp., and Involutina farinacciae
Bronnimann & Koehn-Zaninetti.
9 medium
dark grey | The composition and texture are as in microfacies 8. The difference is in the size of the
ooid grain- | ooids: average diameter of ooids in this microfacies is 0.55 mm, and peloids measure 28 - 50 /
stone; small | 0.07 mm. Foraminiferal assemblage is identical.
ooids
10 medium
Sgﬁziggey The matrix is virtually indistinguishable from microfacies 6. The difference between the
floatstone microfacies is in the greater abundance of larger clasts seen at the macroscopic level.
ggﬁ;&%ﬂﬁ)—_ Foraminifera are represented by Valvulinidae, Meandrovoluta asiagoensis Fugagnoli & 16 - 55 6a
clastic Rettori, Siphovalvulina spp., Haurania deserta Henson, Duotaxis metula Kristan, Pseu-
wackestone dopfenderina butterlini (Brun), Textulariidae, Valvulinidae, ?Mesoendothyra or ?Everticy-
lammina sp., and ?Planiinvoluta sp.
and pack- ¢ ’
stone matrix
Grains represent approximately 40 % of the rock volume. The rock is microscopically
heterogenous, probably bioturbated (one cm-size burrow is clearly distinguishable, at the
b%)ttom %%led with pelletalf packostggeoa{lzd in tl‘ze 111pper %z}ilrt 1by blotcky sp{)ar). Peloids Sre
of variable sizes, ranging from 0. 08-0.12 mm to 1 mm. The largest may be recognised as
intraclasts. Most peloids are spherical to half-spherical, rounded to well rounded. They
represent 20-30 % of the volume. Some of the sphaerical peloids are likely micritised
11 dark ooids. Their size ranges from 0.2 to 0.4 mm. Other grains are subordinate: foraminifera and
rev oncoid thalli of Thaumatoporella each form 1-2.5 % of the rock. Up to 2 mm long fragments of
gﬂo};tstone dasycladacean algae are irregularly distributed, on the edges micritised and partly over-
with peloid | grown by microbialites. Only one, at the edges heavily micritised and partly overgrown by 13- 33 6b
wa ckgst one Thaumatoporella, bivalve shell was recognised. Ostracods, echinoderm plates and gastro-
to packstone pods are also very rare (1 %). Part of the micritic matrix has been washed away, but some
I;n atrix of the vugs could also represent desiccation pores. Vugs are filled with drusy mosaic calcite
cement.
The foraminiferal assemblage consists of Meandrovoluta asiagoensis Fugagnoli & Rettori,
Siphovalvulina spp.,Valvulinidae, and Earlandia sp.
Remarks: Compared to the matrix in microfacies 12, and microfacies 13, these microfacies
contains less Thaumatoporella grains and the greater presence of Meandrovoluta.
Oncoids are 2 cm in size, constructed of homogenous micrite, Thaumatoporella and calci-
microbes. Locally present are bivalve shells, which are heavily bioeroded and overgrown by
12 dark microbialite. Large grains float in partly washed peloid-bioclastic wackestone (grains rep-
grey oncoid | resent 10-30 % of surface) matrix with common thalli of Thaumatoporella. The latter may
floatstone | represent up to 10 % of the volume. Other bioclasts are large benthic foraminifera (5 %)
with Thau- | and rare gastropods. Peloids and intraclasts are also abundant. Peloids range from 0.05 to 13-70 6c
matoporella | 0.1 mm in size and are rounded, while intraclasts are sub-rounded and have an average
wackestone | size of 0.2 mm. Micritic matrix is in some places clotted.
matrix
The foraminiferal assemblage consists of Valvulinidae, Siphovalvulina spp., Meandrovoluta
asiagoensis Fugagnoli & Rettori, and Duotaxis metula Kristan.
13 medium
dark grey | The matrix is identical to facies 5. The distinction is at the macroscopic level, as the micro-
bivalve facies 13 contains bivalve shells representing more than 10 % of the rock volume. Within
floatstone | the thin section made and shown in Figure 6d, the grainstone is in irregular contact with
with small | bivalve floatstone (shells 2.5 mm in size) with bioclastic wackestone matrix. Besides bi- 16 - 80 6d
shells and | valve shells and fragments of dasycladacean algae, gastropods, echinoderms, foraminifera
peloid (Siphovalvulina and a dubious Ammobaculites), and calcimicrobes are less commonly
grainstone | present.
matrix
14 (medi-
um) dark Large (0.5-3 cm large) shells of bivalves and gastropods form 15-50 % of the rock volume.
grey meg- | mpe laced by clear d i Micritic matrix contai tracod
Slodontid y are replaced by clear drusy mosaic spar. Micritic matrix contains rare ostracods,
foatstone fragments of dasycladacean algae, some Thaumatoporella thalli, and calcimicrobes. For- 24 -172 6e

to rudstone
with micrit-
ic matrix

aminifera are small and very rare. Very small fragments of bivalve shells may be locally
more common, filling between 20 and 30 % of space.
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Fig. 8. Foraminifera from the Pliensbachian limestone in the antique quarry at Podpe¢. a: Meandrovoluta asiagoensis
Fugagnoli & Rettori. Thin section 1679. b: Siphovalvulina cf. variabilis Septfontaine. Thin section 1684. c: Siphovalvulina
gibraltarensis BouDagher-Fadel, Rose, Bosence & Lord. Thin section 1679. d: Duotaxis metula Kristan. Thin section 1684.
e: Pseudopfenderina butterlini (Brun). Transverse section. Thin section 1679. f: Pseudopfenderina butterlini (Brun). Oblique
longitudinal section. Thin section 1679. g: Amijiella amiji (Henson). Oblique longitudinal section. Thin section 1679. h:
Amijiella amiji (Henson). Oblique transverse section. Thin section 1679. i: Lituolipora sp. Longitudinal section. Thin section
1678. j: Lituosepta sp. Longitudinal section. Thin section 1679. k: ?Lituosepta sp. Longitudial section. Thin section 1678. 1:

Thaumatoporella sp. Thin section 1684.

Foraminiferal assemblages

The most abundant foraminiferal taxa in
each microfacies are underlined in Table 1 and
presented in Figure 8. Only Siphovalvulina and
small Textulariidae are present in bioclastic
wackestone and in pelletal-bioclastic wackestone.
Peloid grainstone with rare bivalve shells, where
only Valvulinidae are present, alongside with
problematic algae Thaumatoporella. Intraclas-
tic-bioclastic wackestone and packstone is char-
acterised by the abundance of Valvulinidae and
Meandrovoluta asiagoensis. Cortoid floatstone
with intraclastic-bioclastic wackestone and
packstone matrix contains an abundance of Val-
vulinidae, Meandrovoluta asiagoensis, Sipho-
valvulina spp., and Haurania deserta. Oncoid
floatstone with peloid wackestone to packstone
matrix commonly contains Meandrovoluta asia-
goensis and Siphovalvulina spp., but, unlike the
dark grey oncoid floatstone with Thaumatoporel-
la wackestone matrix, it has much less of the
Thaumatoporella. Foraminifera in bivalve and
megalodontid floatstone are too few to be con-
sidered diagnostic for these facies. Based on the
presence of Lituosepta and the absence of Orbi-
topsella, we tentatively place the logged succes-
sion in the late Sinemurian Lituosepta recoaren-
sis lineage zone (Kabal & Tasli, 2003; Veli¢, 2007).
However, Orbitopsella might also be absent due
to environmental factors.

Mineralogical, geochemical, and isotopic
characterisation of the ancient Podpe¢ quarry

XRD analysis of the limestone revealed only
the presence of calcite (Fig. 9a) due to mineral-
ogical purity of the studied samples and meth-
od detection limits. Table 2 lists concentrations
of major oxides, minor elements, trace elements
above detection limits, and isotope values of §**C,
010, #'Sr/*Sr. The limestone is characterised by
a high CaO content and a low MgO content, as
is expected for pure limestones. SiO, is posi-
tively correlated with Al,O,, K,O0 and TiO (lin-
ear correlation coefficients r = 0.87, r = 0.76, and
r = 0.54 respectively; number of samples n = 15).
By cross-plotting the 6'*O and ¢**C isotope ratios
it was found that only two samples indicate the
influence of early meteoric diagenesis (Fig. 9b).
These samples were eliminated from any further
analysis. Strontium isotope data from the Lithi-
otid Limestone Member measured at the ancient
Podpec¢ quarry were plotted on a box and whisk-
ers diagram and correlated with a global stron-
tium curve (Fig. 9c¢).

The local isotope curves of 6O and ¢**C are
shown on a composite log in Figure 10. The car-
bon isotope compositions range from -2.44 %o to
2.5 %o (n=37) for micritic limestone, 0.28 %o to
1.84 %o (n=6) for fine-grained limestone, -0.21 %o
to 0.93 %o (n=6) for oolithic limestone, -0.07 %o to
1.12 %o (n=2) for oncoid/cortoid limestone, and
0.02 %o to 1.95 %o (n=8) for limestone with bi-
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(2012Db).

valves. Unique values can be reported only for
micritic limestones in the range from -2.44 %o to
-0.21 %o and 1,95 %o to 2,5 %.. The oxygen isotope
compositions range from -3.8 %o to -1.2 %o (n=37)
for micritic limestone, from -2.82 %o to -1.81 %o
(n=6) for fine-grained limestone, from -4 %o to
-1.78 %o (n=6) for oolithic limestone, from -2.95 %o
to -1.63 %o (n=2) for oncoid/cortoid limestone, and
from -2.72 %o to -1.87 %o (n=38) for limestone with
bivalves. Values recorded in only one facies in oo-
lithic limestone range from -4 %o to -3,8 %0 and for
micritic limestone facies from -1.63 %o to -1.2 %o.

The #Sr/*Sr isotope values within the succes-
sion in the antique quarry decrease from 0.707414
to 0.707329 (Table 2).

Geological characterisation of stone products
and its provenance determinations

The stone products MGML 48572, MGML
51180, NMS L209 and NMS 210 belong to mi-
crofacies 2 (micritic limestone), 6 (fine-grained
limestone), 7 and 9 (oolithic limestone) respec-
tively (for facies descriptions see Table 1). Mul-
ti-method data acquired from the analysis of the
stone products are listed in Table 3. As in pri-
mary samples also the studied stone products are
characterised by the high CaO and low MgO con-
tent. Linear correlation (n = 4) was analysed only
between SiO, with Al,0,, K,O and TiO, to check
the previously determined correlation from pri-
mary samples also in stone products. Linear
correlation coefficients between SiO, with Al O,
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Table 3. Geochemical values of major (oxides), minor, and
trace elements with measured concentration above detection
limit and 6%3C, §*20, 8"Sr/%¢Sr isotope values for the studied
stone products (see Djurié et al, 2022 for complete set of the
studied stone products).
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(r = 0.99), SiO, with K,O (r = 0,98), and SiO, with
TiO, (r = 0.99) are high. This is consistent with
the data from the primary sedimentological sec-
tion, with slightly higher correlations for the
stone products due to the relatively small num-
ber of samples. The multi-method data obtained
shows a direct match with the values obtained
in the characterisation of the sedimentological
sections in the antient Podpe¢ quarry; thus, the
stone products can be assigned to their specific
place of extraction. Based on Strontium isotopic
values, the appropriate bed thickness and micro-
facies type, and the alignment with geochemi-
cal measurements the provenance of lorica NMS
L210 can be placed in the lower part of the an-
tient quarry (see Fig. 5 — probe 2), the studied in-
scriptions stones MGML 48572 and MGML 51180
in the upper part of the succession (see Fig. 5 —
probe 3) and lorica NMS 1.209 to the upper most
part of probe 3.

Discussion

Comparing the detailed geological map with
the previous Basic Geological Map (Buser et al.,
1967), new lithostratigraphic and structural re-
lations could be interpretated from the detailed
field data. On the western part of the St. Ana hill
in the village of Podpec, where lithostratigraphic
division was in part recently presented (Djurié
et al.,, 2018a), the new geological map shows good
agreement with the geological boundaries and
lithostratigraphic units presented therein. The
new geological map defines the lithostratigraphic
units available for quarrying on the wider Pod-
pec area (see Fig. 4a), and as seen from the digital
elevation model (see Fig. 4b) all Members of the
Lower Jurassic Podbukovje Formation have been
quarried, either for the extraction of dimension
stone (Djuri¢ et al., 2018a; Djurié¢ et al., 2022)
and/or the production of lime (Bras, 1977).

None of the described facies is exclusive to
the antique quarry, as all occur also within the
younger part of the succession exposed in the
modern quarry. The logged sedimentological sec-
tions record the lateral and vertical variability
of microfacies typical for internally differentiat-
ed lagoonal sedimentation environments (Gale,
2015). The succession was previously placed in
the Lithiotid Limestone Member (Djuri¢ et al.,
2022). However, based on the present sedimento-
logical and paleontological data and the lack of
lithiotid bivalves in the logged sections, this part
could, alternatively, stratigraphically belong to
the Orbitopsella Limestone Member. Knowing
the detailed sedimentological composition of

the beds within the antique quarry, however, it
is much easier to locate the products back to the
original place of extraction. Telling examples are
the bivalve (mainly megalodontid bivalve) micro-
facies found only in the lower part of the antique
quarry.

As no age-characteristic foraminifera for
Pliensbachian could be found for the succession
logged at the antient Podpe¢ quarry, foraminife-
ral assemblages can be used to suggest the strati-
graphic position of this quarry. To some extent,
the Lituosepta recoarensis lineage zone (Kabal
& Tasli, 2003; Velié¢, 2007) can be considered as
characteristic for the studied part of the succes-
sion. Additionally, individual microfacies show
enough consistency to be considered one of the
features that help to distinguish between differ-
ent microfacies. The facies dependence of Early
Jurassic benthic foraminifera has been hypothe-
sised previously by Fugagnoli (2004) and attrib-
uted to gradients in trophic resources, oxygen
levels, and stability in nutrient supply. As shown
by Gale and Kelemen (2017), such differences
among the assemblages can be recognized from
the Sinemurian onwards. Most of the taxa from
the investigated assemblages are considered to be
benthic opportunists (see Fugagnoli, 2004). Most
notably, these include Meandrovoluta asiagoen-
sis and Siphovalvulina. On the other hand, Hau-
rania represents a lituolid with a complex wall
structure. The trophic levels would thus shift be-
tween eutrophic and mesotrophic conditions (Fu-
gagnoli, 2004). Foraminifera assemblages of the
beds within the antique quarry can help in prov-
enance determinations of ancient stone products
with the typical assemblages for microfacies
described. Acquired geochemical data, both in
primary samples and stone products, can be as-
signed to the carbonate and non-carbonate com-
ponents. CaO, MgO, Sr, LLOI, and partially also
NaO were grouped to the carbonate component.
The low MgO values indicate that the carbonate
component belongs to low-Mg calcite, which was
likely formed by early diagenetic processes from
the high-Mg calcite and aragonite. Sr and Na,O
values are consistent with those measured in
Lower Jurassic marine carbonates (Veizer et al.,
1999; Hamon & Merzeraud, 2007; Ogorelec, 2009).
The non-carbonate component includes AlO,,
K,O, TiO,, Zr, and most of the Na,O, while SiO,
can belong to the biogenic or terrigenous source.
The high positive correlation of SiO, with AL O,,
K,O and TiO, indicates that SiO, is also associat-
ed with a terrigenous influx. The low concentra-
tions of non-carbonate components, specifically



Multi-method study of the Roman quarry at Podpe¢ sedimentary succession and stone products 117

the low values of K,O, TiO,, Al,O,, and Zr, show
little terrigenous input, which is in accordance
with sedimentation in a restricted lagoon of a
carbonate platform (Buser & Debeljak, 1995; De-
beljak & Buser, 1997; Gale, 2015). Some higher
values of SiO, implies that the studied succession
(and stone products originating from it) was oc-
casionally under the influence of subaerial ex-
posure (Martinus§, et al., 2012), which is again in
accordance with previous studies (Gale, 2015).
Non-carbonate components Fe,O,, MnO, and U
are all interpretated as partially terrigenous and
partially diagenetic. The very low values of MnO
and Fe,O, also indicate very low terrigenous and
diagenetic influence, and the fact that the lime-
stones were not enriched with minor and trace
elements during the diagenetic processes and did
not interact with circulating water of continental
origin (Veizer, 1983). U values are higher in mic-
ritic and fine-grained limestones than they are
in oolithic limestone, both in primary samples
and in the studied stone products. We attribute
this to a higher proportion of organic material in
micritic samples (Goswami et al., 2017). Reported
geochemical values herein can be considered, to
some extent, typical for determinations of prove-
nance in the ancient Podpe¢ quarry.

It must be kept in mind that in shallow ma-
rine environments terrigenous inputs can have
a large influence on the isotopic record (Eystein,
1989), which means that local variations in iso-
tope curves are possible. Previously defined low
terrigenous input serves to strengthen the trust
limit in the acquired data for the antient Podpec¢
quarry.

All studied samples show little to no effect
of diagenetic changes, both in terms of the ratio
of 00O and 0"C isotopes (Table 2), as data points
fall within values documented for Jurassic ma-
rine limestones (Veizer et al., 1999; Jenkyns et
al. 2002; Hamon & Merzeraud, 2007). The widest
range of carbon and oxygen values in micrite fa-
cies might be also due to the fact that they rep-
resent the largest data set in these microfacies.
The measured ranges of isotopic ratios of carbon
and oxygen overlap in most cases; thus, in the
case of the ancient Podpe¢ quarry this method
can be used for the determination of provenance
only as one of the factors that strengthen the de-
termination but cannot be considered decisive.
Carbon and oxygen isotope measurements show
alignment with ranges of values for each facies
defined above, except for stone products made
from oolithic facies, which in both stone prod-
ucts shows higher values. This is likely due to the

small number of primary samples in these facies;
thus, the full range of values was probably not
detected.

The #Sr/®Sr values of marine carbonates can
be used for geochronological and correlative pur-
poses by comparing them with global curves for
a time-period of interest (McArthur et al., 2012a).
If, based on microfacies and biostratigraph-
ic analysis, the provenance of a specific stone
product cannot be reliably determined, stron-
tium isotope values can be used to derive a more
exact provenance (Galan et al.,, 1999; Maritan
et al., 2003; Brilli et al., 2010; Brilli et al., 2011).
The measured range of strontium values can be
considered characteristic for this part of the suc-
cession (Brajkovic¢ et al., 2021) and thus used to
define the provenance of ancient stone products
(see Fig. 9¢) and place the studied succession in
the early Pliensbachian Orbitopsela Limestone
Member (Orbitopsela Beds sensu Dozet & Stroh-
menger 2000).

The same stone products were studied in the
publication by Djurié et al. (2022), where their or-
igin could not be reliably determined based solely
on petrological data. This is due to the frequent
occurrence of micritic and fine-grained lime-
stones in other putative quarry areas (Ramovs,
1990; Sasel Kos, 1997; Rozi¢ et al., 2018). The pre-
sumed quarry areas of Podutik (Ramovs, 1990)
and Staje (Sasel Kos, 1997) belong to the Krka
Limestone Member (Novak, 2003; Rozi¢ et al.,
2018), where micritic and fine-grained facies are
most abundant and oolithic facies are also pres-
ent. The multi-method approach used enabled us
to determine the exact provenance of these facies
in studied stone products to the exact place of ex-
traction in the antique Podpe¢ quarry.

Conclusions

Following the previous archaeological re-
search, which located the Roman quarry at Pod-
pec¢ (Djurié¢ et al, 2022), the known extent of the
antique quarry was studied in detail according to
the multi-method approach.

A detailed lithological analysis of the beds
quarried in the antique quarry revealed two faci-
es assemblages that vary in the predominant fa-
cies component. From this, one of the transitions
from a restricted to a more open marine lagoon
was interpreted. The microfacies and expected
foraminifera assemblages (see Tab. 1) provide a
record of the antique quarry microfacies, which
in turn lends more definitive credence to prove-
nance determinations of the stone products to the
Podpec¢ quarry. The low terrigenous influx and
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the occasional sub-aerial exposure of the studied
succession confirmed previous interpretations of
the environment of sedimentation, and addition-
ally provide values and correlations useful for
provenance studies of the stone extracted from
the ancient Podpec¢ quarry. The linear correlation
of SiO, with Al,O,, K,O, and TiO, is thus expect-
ed. This can serve as one of the factors when de-
termining the origin of the stone; however, it can-
not serve as the sole determining factor. Isotope
values 6“C, 60, and ¥Sr/*Sr can be considered
typical for the antique quarry at Podpe¢. Based
on the lack of Lithiotid bivalves and the correla-
tion of Sr isotopic values with the global record,
the succession was lithostratigraphically corre-
lated to the Orbitopsela Limestone Member (Orb-
itopsela beds sensu Dozet & Strohmenger, 2000).
The 02C and O values cannot be considered
decisive in determining origin from the Podpe¢
quarry; however, it can help in limiting the part
of the succession from which the limestone was
extracted. The Sr isotope measurements allow us
to place the individual measurements of the stone
products into the range typical for the ancient
Podpec quarry. Where the standard deviation of
single measurements of stone product values is
low, the Sr values compared with the logged fa-
cies (see Fig. 5) can enable us to place the stone
product in the appropriate part of the succession.

For determination of the provenance of the
stone used in Antiquity, it is recommended that
a thin section be made for a detailed examina-
tion of the facies. For those microfacies that are
distributed over the larger part of the Podbukov-
je Formation (micritic, fine-grained, and oolith-
ic limestone), the reliable means of determining
the provenience is the multi-method approach.
Determining the provenance of stone products
made from micritic, fine-grained, and oolithic
microfacies, and the foraminifera assemblages
described herein, combined with the geochem-
ical and isotopic values provided in this paper,
serve to provide a suitable reference for the stone
material derived from the Podpec¢ quarry. This
study additionally enables further detailed ar-
chaeological studies of the antique production
and trade related to the Podpec¢ quarry.
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Navodila avtorjem

GEOLOGIJA objavlja znanstvene in strokovne ¢lanke s
podrocja geologije in sorodnih ved. Revija izhaja dvakrat
letno. Clanke recenzirajo domaci in tuji strokovnjaki z
obravnavanega podroc¢ja. Ob oddaji ¢lankov avtorji lahko
predlagajo tri recenzente, urednistvo pa si pridrzuje
pravico do izbire recenzentov po lastni presoji. Avtorji
morajo ¢lanek popraviti v skladu z recenzentskimi
pripombami ali utemeljiti zakaj se z njimi ne strinjajo.
Avtorstvo: Za izvirnost podatkov, predvsem pa mnenj, idej,
sklepov in citirano literaturo so odgovorni avtorji. Z objavo
v GEOLOGIJI se tudi obvezejo, da ne bodo drugje objavili
prispevka z isto vsebino.

Avtorji z objavo prispevka v GEOLOGIJI potrjujejo, da se
strinjajo, da je njihov prispevek odprto dostopen z izbrano
licenco CC-BY.

Jezik: Clanki naj bodo napisani v angleskem, izjemoma v
slovenskem jeziku, vsi pa morajo imeti slovenski in angleski
izvlecek. Za prevod poskrbijo avtorji prispevkov sami.

Vrste prispevkov:

Izvirni znanstveni ¢lanek

Izvirni znanstveni ¢lanek je prva objava originalnih razisko-
valnih rezultatov v taksni obliki, da se raziskava lahko ponovi,
ugotovitve pa preverijo. Praviloma je organiziran po shemi
IMRAD (Introduction, Methods, Results, And Discussion).

Pregledni znanstveni ¢lanek

Pregledni znanstveni ¢lanek je pregled najnovejsih del o
dolo¢enem predmetnem podroc¢ju, del posameznega razisko-
valca ali skupine raziskovalcev z namenom povzemati,
analizirati, evalvirati ali sintetizirati informacije, ki so Ze bile
publicirane. Prinasa nove sinteze, ki vkljucujejo tudi rezultate
lastnega raziskovanja avtorja.

Strokovni ¢lanek

Strokovni ¢lanek je predstavitev Ze znanega, s poudarkom na
uporabnosti rezultatov izvirnih raziskav in Sirjenju znanja.
Diskusija in polemika

Prispevek, v katerem avtor ocenjuje ali komentira neko delo,
objavljeno v GEOLOGIJI, ali z avtorjem strokovno polemizira.
Recenzija, prikaz knjige

Prispevek, v katerem avtor predstavlja vsebino nove knjige.
Oblika prispevka: Besedilo pripravite v urejevalniku Micro-
soft Word. Prispevki naj praviloma ne bodo daljsi od 20
strani formata A4, v kar so vstete tudi slike, tabele in table.
Le v izjemnih primerih je mozno, ob predhodnem dogovoru z
urednistvom, tiskati tudi daljse prispevke.

Clanek oddajte urednistvu vkljucno z vsemi slikami, tabelami
in tablami v elektronski obliki po naslednjem sistemu:

- Naslov ¢lanka (do 12 besed)

- Avtorji (ime in priimek, postni in elektronski naslov)

- Kljucne besede (do 7 besed)

- Izvlecek (do 300 besed)

- Besedilo

- Literatura

- Podnaslovi slik in tabel

- Tabele, Slike, Table

Citiranje: V literaturi naj avtorji prispevkov praviloma
upostevajo le objavljene vire. Poro¢ila in rokopise naj navajajo
le v izjemnih primerih, z navedbo kje so shranjeni. V seznamu
literature naj bodo navedena samo v ¢lanku omenjena dela.
Citirana dela, ki imajo DOI identifikator (angl. Digital
Object Identifier), morajo imeti ta identifikator izpisan na
koncu citata. Za citiranje revije uporabljamo standardno
okrajSavo naslova revije. Med besedilom prispevka citirajte
samo avtorjev priimek, v oklepaju pa navajajte letnico izida
navedenega dela in po potrebi tudi stran. Ce navajate delo
dveh avtorjev, izpiSite med tekstom prispevka oba priimka
(npr. Plenicar & Buser, 1967), pri treh ali ve¢ avtorjih pa
napi$ite samo prvo ime in dodajte et al. z letnico (npr. Mlakar
et al., 1992). Citiranje virov z medmrezja v primeru, kjer
avtor ni poznan, zapiSsemo (Internet 1). V seznamu literaturo
navajajte po abecednem redu avtorjev.

Imena fosilov (rod in vrsta) naj bodo napisana po$evno, imena
vi§jih taksonomskih enot (druzina, razred, itn.) pa normalno.
Imena avtorjev taksonov naj bodo prav tako napisana
normalno, npr. Clypeaster pyramidalis Michelin, Galeanella
tollmanni (Kristan), Echinoidea.

Primeri citiranja ¢lanka:

Mali, N., Urbanc, J. & Leis, A. 2007: Tracing of water movement
through the unsaturated zone of a coarse gravel aquifer by
means of dye and deuterated water. Environ. geol., 51/8:
1401-1412. https://doi.org/10.1007/s00254-006-0437-4

Plenicar, M. 1993: Apricardia pachiniana Sirna from lower
part of Liburnian beds at Divac¢a (Triest-Komen Plateau).
Geologija, 35: 65-68

Primer citirane knjige:

Flugel, E. 2004: Mikrofacies of Carbonate Rocks. Springer
Verlag, Berlin: 976 p.

Jurkovsek, B., Toman, M., Ogorelec, B., Sribar, L., Drobne,
K., Poljak, M. & Sribar, Lj. 1996: Formacijska geoloska
karta juznega dela Trzasko-komenske planote — Kredne
in paleogenske kamnine 1: 50.000 = Geological map of the
southern part of the Trieste-Komen plateau — Cretaceous
and Paleogene carbonate rocks. Geoloski zavod Slovenije,
Ljubljana: 143 p., incl. Pls. 23, 1 geol. map.
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