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OBALKA: Pohlad z vrchu Velky Choc¢ (1 611 m n. m.) na hydrogeotermalne pole Liptovskej kotliny (horny obrazok). Dobre viditelné su
vodné nadrze Liptovska Mara a BeSeriova s rovnomennou obcou. Sipka znézorfiuje stredovu polohu produkénej oblasti hydrogeotermalne;j
Struktury BeSenovej. Priblizne v oblasti medzi oboma vodnymi priehradami prechadza Struktdra po zlomovych liniach do susednej
hydrogeotermalnej $truktury depresie Liptovskej Mary. Na juznej, protilahlej strane kotliny vystupuju severné svahy hydrogeologického
masivu Nizkych Tatier, ktoré sa podielaju na tvorbe infiltraénej oblasti termalnych vod. Pohlad smerom na JV. Foto: Z. Németh.

StarSia snimka (obrazok dolu) termalneho parku BesSenova (Gino Paradise BeSeriova). Park sa vyuziva celorocne. Termalna voda
z hlbokého rezervoaru v strednotriasovych karbonatoch krizrianského prikrovu je exploatovana dvomi vrtmi, ZGL-1 a FGTB-1, na
zabezpecenie celoroénej prevadzky aj pri extrémne nizkej vonkajsej teplote. Tepelny vykon oboch vrtov je dostacujuci na bezpecné
vykurovanie obytnych priestorov a atrakcii na lokalite. Foto: J. Olejnik.

Schéma tektonického roz¢lenenia hlbokého rezervoaru v strednotriasovych karbonatoch kriznanského prikrovu s vyznacenymi
zlomovymi liniami. Sipky zobrazuju priestorovu orientaciu priudenia podzemnej, respektive termalnej vody a zaroven variabilitu prisunu
tepla do rezervoarovej polohy na jeho baze. Prave nerovnomerny prisun tepla z podlozia sa povazuje za jednu z moznych pri¢in vzniku
izolovanych konvekénych buniek v rezervoari, ktoré vo vyraznej miere ovplyviuju termodynamické parametre a prudenie termalnej vody.
Problematikou sa zaobera uvodny ¢lanok tohto Cisla. Autor: B. FriCovsky.

COVER: A view on a hydrogeothermal field of the Liptov Basin from the Velky Cho¢ hill (1 611 m a.s.l.). A dominant feature is a dam
of the Liptovska Mara (left) and BeSenova (right). An arrow points to a centre of productive part of the hydrogeothermal structure of
the BeSeriova. At between both dams the structure terminates along fault systems with a neighboring Liptovska Mara depression
hydrogeothermal structure. A hydrogeological Massif of the Nizke Tatry Mts. exposes to the south, contributing on formation of recharge
zone for the structure. The view to the SE. Photo: Z. Németh.

A picturesque view on the thermal park BeSefiova (Gino Paradise BeSenova) operated during an entire year. Thermal water produced
from the deep reservoir associated with Mid Triassic carbonates of the Krizna Nappe system is exploited by two wells, the ZGL-1 and
FGTB-1, securing a continuous operation even at extreme outdoor temperatures. A thermal output is high enough to provide an individual
space heating of the resort and heating the pools at a site. Photo: J. Olejnik.

A scheme of tectonic dissection of the deep reservoir of the BeSerova elevation hosted within Mid Triassic carbonates, with delineated
major tectonic lines. Arrows visualize a concept of groundwater and thermal water filtration and unbalanced heat influx from a base
respectively. The reservoir base unbalanced overheating is believed as one of agents triggering formation of insulated convective cells
in the reservoir, with substantial impact on thermal waters movement and thermodynamic properties. The problem is emphasized in the
initial article of this volume. Author: B. Fricovsky
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Abstract The Besenova elevation hydrogeothermal structure has been analysed applying the ion-solute (silica,
cation) and multicomponent equilibrium geothermometry techniques. Instead of a simple model of infiltration,
transition and discharge, the multiple mixing stages have been proven, whether referring to the infiltration zone,
transition — accumulation area, or discharge zone, where most of a focus has been oriented to the Vysné Sliace area.
Only multicomponent equilibrium and silica geothermometry based on chalcedony conductive cooling models
appears adequate in the reservoir temperature estimation. Application of the cation geothermometers suffers of the
deep reservoir thermal waters immaturity, driven by the separate convection cells due to unconform aquifer base
overheating. In the Vy$né Sliace area, warm springs are related to both reservoir zones by lateral leaking (driven
by density, hydraulic and pressure gradient), later diluted at a contact with the shallow and cold groundwater. Qua-
litative use of geothermometers proves its adequacy in construction of conceptual site models for low enthalpy
geothermal systems. Quantitative application, however, remains limited in essence.

Key words: Besenova elevation, conceptual site models, muticomponent equilibrium geothermometry, solute

geothermometry, thermodynamics
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In the past decades, geothermometry gained conclusive
credits worldwide since first of them have been developed
(e.g. Fournier and Truesdell, 1971), whether for reservoir
temperature assessment, reservoir dynamics identification
(mixing, boiling, dilution, leakage, etc.), field development
perspectives, geothermal history matching and reservoir
production response monitoring, or conceptual site models
(CSM) construction. Both aspects of geothermometry appli-
cation, quantitative temperature estimation or qualitative

* Complex geothermometry applied for a first in
conditions of the W. Carpathians in CSM construc-
tion

» Separate convection cells form within the deep
reservoir

e Immaturity of thermal waters due to convection
and carbonate environment

Highlights

* Minor (SW) discharge zone in the Sliace area

* Dry CO, fluxes in the Sliace area due degassing
during upwelling

analysis, require comprehensive understanding of theo-
ry beyond, local thermodynamics and basic site concepts.

Essentially, geothermometers either formulate a degree
of deep particular constituents concentration conservation
over a reservoir fluid history, or determine a magnitude of
equilibration of fluids to the dissolved mineral assemblage
or wallrock.

A skepticism towards geothermometry in conditions
of the Western Carpathian stems from misunderstood con-
vention of its use for temperature estimation only, subse-
quently considering it undue, as being derived from high
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enthalpy fields. The same disbelief, however, contravenes
the principal philosophy of geothermometry application.
In contrast, this contribution explains principles and
application conditions of geothermometry at tough back-
ground, with consequent demonstration of its qualitative
and quantitative analysis in CSM construction for the
Besenova elevation hydrogeothermal structure. We also
provide an extended review on most important and well
established publications, explaining this topic in details
and in extension that our contribution could not cover.

THE BESENOVA ELEVATION STRUCTURE

The BesSenova structure represents pre-Paleogene
basement elevation (Mad’ar, 1997), trending N-S within
the western part of the Liptov Basin (Fig. la), limited
tectonically to its surroundings. Limitation to neighboring
structures of the Liptovska Mara depression (E) and
the Ivachnova depression (W) is formed by the N-S
trending Vlachy — Lubel'a — Vrch H4ja and Besenova fault
respectively. Fault swarms of NW-SE to NE-SW trend
terminate the structure at the Nizke Tatry Mts. on the south.
To the north, the Cho¢ fault provides a tectonic contact of
the Besenova elevation structure with the Choéské vrchy
Mts. (Remsik et al., 1998).

Pioneering research on local mineral waters assumed the
springs nearby the town of BeSetiova as being associated with
the deep and thermal water reservoirs due to the travertine do-
mes formation, and connection of the groundwater basin (the
Liptov Basin) with the massif of Nizke Tatry Mts. (Franko et
al., 1974), later extending the conception to delineate both areas
as the discharge and recharge zones (Franko, 1984). Meanwhile,
temperature and density measurements of dry CO, fluxes in the
Vysné Sliace area assigned them a petrogene origin (Zboril et al.,
1972). The analysis of springs and artesian wells at the southern
margin of the basin has provided an argument to assume several
infiltration channels at different depths towards the basin. Soon
Zembjak et al. (1986) concluded that the infiltration and rechar-
ge propagation differentiation realizes at open fault systems at
southern periphery of the basin, whilst local springs are not just
of barrier, but the tectonic origin as well.

Geothermal prospection on thermal waters began in the
late 1970s, installing a 450 m deep BEH-1 well. Thermal
waters, found in the Cho¢ Nappe (CHN) Mid Triassic
carbonates and a secondary permeable top of the Krizna
Nappe (KNA) Jurassic—Mid Cretaceous variegated pelite
limestones, have recorded the transient Ca-Mg-HCO,-SO,
type of waters at T, = 35 °C, unconform to the host rock
environment, arising an impression of their origination
in deeper, Krizna Nappe (KNA) Mid Triassic carbonate
complexes (Franko et al., 1979). Completion of the ZGL-1
Beseniova in 1987 documented deep reservoir thermal
waters with T = 61.5 °C, compared to the formation

temperature of T, = 68 — 71 °C. Sampling revealed three
geochemical facies at different positions: carbonatogene
(Ca-Mg-HCO,) to transient (Ca-Mg-SO,-HCO,) and
sulphatogene (Ca-SO,) geochemical types (Fendek et al.,
1988). Later, the FBe-1 well (400 m) replacing the BEH-1
well after its failure, has produced the shallow reservoir
waters of Ca-Mg-HCO, to Ca-Mg-HCO,-SO, type
waters at T, ~ 25 °C (Vandrova et al., 2009). Problems
with ZGL-1 well called for a completion of the FGTB-1
Besenova well (1833 m) in 2011 that proved sulphatogene
Ca-SO, to transient Ca-Mg-SO,-HCO, character of deep
reservoir watersat T, =69 °Cand T , = 66 °C (Vandrova
etal., 2011). Hydraulic connection between both reservoirs
and shallow reservoir extension to the Borové Formation
(IWCP) has been concluded continuously (Remsik et al.,
1998; Vandrova et al., 2009).

Since the beginning, thermal waters have been found
as oversaturated with respect to calcite (e.g. Fendek et al.,
1988). Geothermometry application resulted in marginal
constatations on immaturity to the Na/K system (Remsik
etal., 1993), silica geothermometry inadequacy and uncer-
tain validity of temperature — aqueous SO, concentration
relation (Bodi$ and Borosova, 1996). Only 60504 - 60H20
oxygen isotope geothermometry application (Remsik et
al., 1998) yielded some success in temperature estimation
(T_=40-52°C).

est

Geology and tectonics

The Liptov Basin is a typical Tertiary intramountain
depression of the Western Carpathians. Its recent arrange-
ment into N-S elevated or depressed blocks has originated
by the combination of (1) the pre-Paleogene relief segmen-
tation and onset of the first karstification period (Mesozoic
mass reduction; Cinéura and Kohler, 1995); (2) Late Eo-
cene—Oligocene synsedimentary tectonic activity region-
ally limiting deposition rate of the IWCP (Inner Western
Carpathian Paleogene) sediments (Gross et al., 1979); (3)
Neogene basin dissection and IWCP mass reduction along
N-S, NW-SE and SW-NE faults (Némec and Bartkova,
1987); and (4) Late Neogene—Early Quaternary rejuve-
nation of W—E faults inverting a relief to balance uplift
tendencies of surrounding massifs (Jurewycz, 2005).

Review on geology

Vertical arrangement of the structure corresponds to its ge-
otectonic evolution and recent tectonic position. Devonian—Mid
Carboniferous magmatites and metamorphites form Tatricum
Crystalline (TCR) bedrock beneath the Early Triassic—Mid Cre-
taceous para-autochthonous Tatricum Envelope Unit (TEU) and
allochtonous Krizna Nappe (KNA) system or Mid Triassic Cho¢
Nappe (CHN) tectonic slag respectively; all carbonates domina-



B. Fricovsky et all: Geothermometry techniques in reservoir temperature estimation and conceptual site models construction:...

a S
Zilina
]
;\\ﬂj Kosice B o.e'.m A
Liptovsgy Mikula$
o Bratislava
=1
o 100 km § km

<
> P

T G
- c
b c L4 0
o 2 Lol el 1 n
O @t 1FGIB-1 N §
= St Pard &
> % = 2 -Begeﬁo,,é !—' -]
532 @D | §
= L O [0 St “‘ [] S
s 3 o9 o PN @
5 o c 2 .E B G X
- oS8 ef ) 2
A Z g °
) = 2
1 8 =
Q0
7 & o VSH-
c 9O e
= = Q ~eman
—=, (&) % Sliace
o] .
g zZ springs
®
c
N Rudolf
= '!— 1 - BeSenova fault )
a® 2 - Vlachy - Lubera fault ~
s : ok @
Qo Mid. 3 - Kragianka fault il TS
OO . . . M Deménova
< | Triassic 4 - Choé&-Ruzbachy fault zone “eprings
o 5 - central elevation Springs
6 - Jurassic - Mid Cretaceous (KNA) pre-Pg basement

v 7 - Mid Triassic (CHN) pre-Pg basement

NTANS

ZGL-1 FGTB-1

-6000 _, WG
W™

Fig. 1. The Besenova elevation definition: Geographic position (a), simplified vertical profile (b), major faults delineation (c) and 3D
tectonic scheme with deep reservoir body (Krizna Nappe Mid Triassic carbonates) detail (d).
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ted. Above, a Mid Eocene—Latest Oligocene succession of the In-
ner Western Carpathian Paleogene (IWCP) forms a siliciclastics
dominated envelope (Gross et al., 1980), reduced in thickness
centrewards the system (Gross et al., 1980). Atop, continental
Quaternary sedimentary cover forms some meters thick cover
(Remsik et al., 1998).

The geothermal system encompasses two reservoirs
(Remsik et al., 2005). The deep reservoir associates with
KNA Mid Triassic carbonates (limestones, dolomites,
transient varieties), forming a solid body through an entire
system, being segmented into several blocks in depths bet-
ween 6603 200 m and sealed by the Early Triassic (base)
and Late Triassic (top) rich-in-evaporites siliciclastics
(quartzites, pelite shales) dominated aquicludes. The shal-
low reservoir is recognized in the CHN Mid Triassic dolo-
mites, hydraulically connected to conglomerates, breccia
and detritic carbonates of the Borové Formation (IWCP).
Atop, typical claystones-dominated (Huty Formation) and
flysch-dominated (Zuberec Formation) horizons, both of
IWCP group, form regional top insulator, while Jurassic—
Mid Cretaceous KNA duplexed pelitic and organogene
carbonates (Fig. 1b—d) represent a central aquitard (Fen-
dek et al., 1988). Even the occurrence of thermal waters
associated with the Mid Triassic TEU carbonates can not
be excluded, though it has neither been proven yet.

Role of tectonics

Intersection of W—E and SW-NE faults at SE periphe-
ry allows the groundwater to enter the deep circulation
regimes from the massif (Franko et al., 1979). Obviously,
NW-SE and NE-SW faults towards the central part al-
low either further submerging of thermal waters already
in the circulation, or hydraulic communication between
CHN and KNA reservoirs (Fendek et al., 1988; Fricovsky
et al., 2015). The Cho¢—Ruzbachy fault of trending W-E
and located on the north, however, hydraulically separates
thermal waters of the basin to waters documented in the
Lucky area (Fendek et al., 2013). To the south, contact of
W-E, N-S and NW-SE faults respectively triggers up-
welling of springs from moderate to deep circulation from
the Nizke Tatry Mts. (e.g. Franko, 2002a; Remsik et al.,
2005), or provide upwelling conditions for thermal waters
from the basin (Fricovsky and Tometz, 2013). It is fair then
to assume those faults are open down to the KNA profile.
If we accept some possibility on closed, TEU carbonates
hosted structure, faults must be healed at a horizon of KNA
Early Triassic, as any of mixing models gave a valuable
indices on invasion of TEU thermal waters into the KNA
carbonates (Fricovsky and Tometz, 2013). Unlike, the
Choc¢—Ruzbachy fault zone is healed secondary, providing
a lithological trap for hydraulic communication between
structures of BeSeniova and Lucky (Fendek et al., 2013;
Franko, 2002b).

Review on geochemistry

The system has been concluded as open hydrogeo-
logical structure. Lateral inflow realizes along N-S faults
from the Liptovska Mara depression, whilst runoff tenden-
cy is rather of intraformation character to the Ivachnova
depression (Remsik et al., 1998). The infiltration zone
is located towards the Nizke Tatry Mts. (Fendek et al.,
1988) — Klacianka valley area (Fricovsky et al., 2015).
Even there is a general agreement on discharge zone in the
central part of the structure nearby BeSenova, this paper
discusses existence of second, minor, southwest located
discharge zone of the Sliace area.

The BEH-1 and FBe-1 wells represent the shallow
reservoir, along with ZGL-1 and FGTB-1 screening the
deep aquifer. Both encompass the accumulation — transi-
tion zone. In the Vysné Sliace area, waters are analysed by
the Sliage springs and the VSH-1 well. The recharge zone
chemistry is approximated for shallow circulation by the
Deménova springs and deep circulation by the wells in the
Demiénova valley area. Analyses are listed in Appendix C.

Review on facies analysis

Groundwaters are atmospheric in origin and petroge-
nic in chemistry. The shallow reservoir (SRTW) contains
transient Ca-(Mg)-HCO,-SO, to Ca-SO,-HCO, and car-
bonatogene Ca-Mg-HCO, waters (Franko et al., 1979;
Vandrova et al., 2009). Carbonatogene character is con-
formal to wallrock, defining this facies primary. Origin of
sulphates is, however, expected for the KNA Early or Late
Triassic formations (e.g. Fendek et al., 1988). These must
then be secondary, resultant to deep reservoir waters eva-
sion and mixing. Deep reservoir (DRTE) water samples
at a bottom record sulphatogene (Ca-SO,) and transient
(Ca-SO,-HCO,) character, whilst at a top, carbonatogene
Ca-Mg-HCO, to transient Ca-Mg-HCO,-SO, facies were
documented (e.g. Remsik et al., 1998). Variation in SO,
content is due to vertical reservoir dynamics (FriCovsky
and Tometz, 2013). In central discharge zone, springs re-
cord mixed Ca-Na-HCO,-SO, type, owing to Quaternary
hosted groundwaters with the SRTW evasions. Waters
of VSH-1 are of transient character. Mixed to hydrosili-
catogene chemistry of springs (Franko et al., 1979) is,
probably, due to the mixing of VSH-1 facies with the
groundwater hosted in the Quaternary or Paleogene at
shallow altitudes (Fricovsky et al., 2015). Infiltrated wa-
ters from the N-slopes of the Nizke Tatry Mts. attain both,
carbonatogene type for the shallow and transient type for
deep transition.

Review on mixing models application

After Tshc diagram (Giggenbach, 1988), waters of
accumulation zone are classified as immature and acid
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to soda-springs (Fig. 2a), whilst both, discharge and re-
charge zone samples plot within the peripheral fluids only
(Fricovsky and Tometz, 2013). At Schoeller’s plot (e.g.
Marini, 2004), the thermal waters of deep reservoir are
relatively stable in cation abundance, varying SO,/HCO,
ratio because of dissimilar contact with the sulphate source
(Fri¢ovsky, 2014). There are no indices of adiabatic boi-
ling (Fig. 2b) as curves do not change a shape signiffi-
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cantly. Some vertical dispersion is rather an implication of
instable reservoir accommodation and, possibly, separate
convection cells formation. Use of Gibb’s plots (Gibbs,
1970) reveals a general lack in Na* for all facies. All wa-
ters may be classified as of continuous recharge insensitive
to precipitation intensity (FriCovsky and Tometz, 2013),
but subjected to polystageous mixing because of facies
similarities in between (Fig. 2c).

Figure c
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Fig. 2. Review on classification and mixing diagrams: The maturity Tshc plot (a), the Schoeller’s plot for deep reservoir samples (b),

and the Gibb’s plot (c).

BACKGROUND

Understanding the nature and characteristics of the tar-
geted system is key for its successful exploration, develop-
ment and (sustainable) utilization. This is best achieved by
conceptual model development (Axelsson, 2009), visuali-
zing or interpreting relation between its particular compo-
nents of physical and chemical provenience (Cummings,

2009). In other words, the conceptual model displays in-si-
tu situation and relations generally.

Interpretation and validation of results, obtained by
geothermometry application, necessitates as much know-
ledge on the processes the sample could underwent as
possible. There is, thus, a need to understand its concep-
tual history, under which we understand every chemical,
physical, dynamic and thermodynamic process, the fluid
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or sample experienced since it entered a hydrogeothermal
structure until it has been discharged or sampled. Improv-
ing the knowledge on conceptual model helps understand-
ing the conceptual history and vice versa. The conceptual
history must then be accepted as an inherent integrant of
the CSM. Both must be considered and known, to some
extension, before geothermometry application.

Geothermometers — classification and limitations

Geochemical composition of fluids projects saturation states
for mineral assemblage(s) in solution (Browne, 1978), derived
from a host rock environment and a conceptual history of a fluid.
A chemical or isotope geothermometer is a model, based on tem-
perature-dependent chemical reactions or isotope equilibrium
fractionation of which reservoir equilibrium temperatures can
be derived (Pang, 2001). These reactions are variably slow in
re-equilibration at cooler temperatures and after effective pha-
se separation, thus the equilibration temperature is believed as
“printed” in a form of concentrations or ionic ratios (Karingithi,
2009).

Geothermometers consider individual constituents or
their combination, of which three groups are distinguished
conventionally (D’ Amore and Arnorsson, 2000):

e solute geothermometers (silica and cation geother-

mometers)

e gas geothermometers (master gasses, noble gas-

ses); and

e isotope geothermometers

Recent interest aims at thermodynamic equilibrium
analysis, considering a fluid as a complex of solutes at
various saturation states, introducing a multicomponent
geothermometry (e.g. Spycher et al., 2011).

Yet the critical consideration in reservoir temperature
estimation is a conservation of deep fluid chemical compo-
sition at a sampling point, assuming (Fournier et al., 1974):

e chemical reactions in a reservoir are temperatu-

re-dependent

e chemical and isotopic reactions do not change re-

servoir fluid chemistry significantly

e solids for equilibration reactions are sufficiently

abundant in a host formation

e water—rock equilibration takes place at reservoir

temperature

e the geofluid suffers little or no re-equilibration,

mixing or dilution in upflow

Fluids meet all the criteria unlikely as they always
loose heat by conductive cooling or boiling. Conductive
cooling does not necessarily change a composition, but
may change the saturation states of solutes, modifying
the composition by precipitation or dissolution optionally.
Adiabatic boiling (flashing) changes chemical composi-
tion immediately, subsequent to CO, evasion, variation
in residual concentrations or pH (Marini, 2004). Isotopic

composition of flashed water depends upon whether the
steam fraction remained with the boiling water until it
separated in once, or there had been a continuous steam
removal from a fluid, relying upon a number of flashing
stages (Truesdell et al., 1977).

Amount of a heat lost during conductive cooling is proportio-
nal to vertical distance traveled and inversely proportional to the
flow rate or discharge. To some extension, duration of conductive
cooling results in some pH variation, which, in a consequence,
buffers dissolution—precipitation processes (Arnorsson, 2000a).
The heat lost by adiabatic boiling is proportional to boiling rate
and propagation. Chemical composition of a vapor in its wet-ste-
am or dry-steam form always experiences modification by con-
densation or air attainment (Marini, 2004).

The actual reservoir fluid composition is then represent-
ative at no-boiling, no-mixing conditions prior sampling,
otherwise parental composition must be reconstructed. Re-
gardless of conformity in results, geothermometry bears
substantial information for CSM construction.

SILICA GEOTHERMOMETRY

The silica geothermometry reflects solubilities of its
polymorphs (quartz, chalcedony, amorphous silica, LT/
HT opal), being not too sensitive to hydrostatic pressure
changes and salt additions below 300 °C (Fournier and
Potter, 1982). Temperature is then the factor to control
silica thermodynamics in fluids, forth the use of temper-
ature — aqueous silica concentration correlations becomes
valuable for the most of geothermal systems worldwide.

Silica solubility and aqueous SiO, control
Silica solubility
First studies on silica solubility (Fig. 4) were carried

out by Morey et al. (1962), defining an essential reaction
to control the process (Eq. 1):

Si0,, +2H,0 =H 5Si0, (Eq. 1)

for which the equilibrium constant (Eq. 2) is given
(Fournier and Rowe, 1966):

HSI0)
K= TSio, Jmor

(Eq.2)

2(s)

which reduces to (Eq. 3) as activity of pure phases
equals 1

K, =[HSiO]

eq

(Eg. 3)
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FMS

<= effective flow channel

geothermal reservoir

<=

caprock

= parental thermal water = thermal water (mixture?)

heated groundwater = recharge (dilutant) = cold groundwater (infiltrations)

1 - mixing without boiling, 2 - boiling before mixing, 3 - mixing after boiling, 4 - steam condensation, 5 - boiling without mixing, 6 - no boiling, no mixing

CDC - conductive cooling, CDH - conductive heating, CBB - cooling by boiling, CBM - cooling by mixing, HBM - heating by mixing

INF - infiltrations, CWS - cold groundwater springs (cold springs), WS - warm springs, FMS - fumaroles & dry CO, fluxes, HS - hot springs

Fig. 3. Basic conceptual histories of geofluids.

The silica solubility decreases dramatically with adia-
batic or conductive cooling (Fig. 4). Silica may, however,
precipitate before reaching surface or the wellhead, forth
sampling concentrations can not be assumed representa-
tive in some occasions.

The quartz is the most stable silica polymorph at
T = 180-330 °C (Walther and Helgeson, 1977; Fournier
and Potter, 1982), controlling aqueous SiO, concentration
in high enthalpy fields. At T = 120-180 °C (low enthalpy
or cooled/boiled high enthalpy fluids), the chalcedony
becomes metastable and dissolved SiO, depends on con-
ceptual history of the water. Below T = 120 °C (most
low enthalpy or dramatically boiled thermal waters) it is
likely the solubility of chalcedony is in control (Fournier,
1989). Activity of other polymorphs is rather rare in geo-
thermal systems, even they may express higher solubility
(Fournier, 1977).

Silica regime

If the fluid boils before sampling, the SiO2aq concen-
tration increases in the residual liquid proportionally to
the amount of evaded steam, overestimating calcula-
tions (Fournier, 1989). This is the reason the chalcedony
(Arnorsson et al., 1983) and quartz (Fournier, 1973) geo-
thermometers were modified to correct for aqueous silica
increase (see app. A).

Onset of silica precipitation is observed in conjunction to boi-
ling, causing SiOZaCl concentrations at sampling points lower than
those in parental reservoir that counteracts effect of relative silica
concentration increase. Analogously, geothermometers, which
do or do not involve boiling correction, may yield good results

(D’Amore and Arnoérsson, 2000). According to that, both should
be used simultaneously and considered as probably providing a
fairly reasonable range of temperature estimates.

An effect of silica solubility increase with pH is pro-
nounced at above pH = 7.5 and T > 175 °C. Correction
upon silica enrichment is necessary if a solution became
alkaline prior dissolving additional silica in a response to
increase in pH (Fournier, 1981) as a consequence of boil-
ing. Then, the aqueous SiO, is possible to originate from
hydrolytic dissociation of alkali silicates, instead of hy-
drolysis of wallrock silica polymorphs (Fournier, 1977).

High enthalpy fluids record most likely pH < 7.5, being re-
sultant to buffering the hydrogen ions by hydrolytic reactions
involving silicates (Fournier, 1977). At lower temperatures (T
<100 °C), thermal waters may have high CO, content and low
pH because of, for example, dissolution of calcite.

Dilution decreases the silica content consequent to the
onset of silica precipitation due to cooling. Because of fast
response to reservoir dynamics, most of the equilibrium
re-attainment with the silica causes the estimate to give
a temperature of re-equilibration, otherwise parental tem-
peratures tend to be underestimated (Fournier, 1980a).

Quartz geothermometers work best for T > 150 °C.
For plutonic systems the usual validity range for chal-
cedony geothermometry is T = 120-180 °C, whilst the
lower limit drops in carbonate, basaltic and sedimentary
reservoirs to T, = 60-180 °C. Amorphous silica and cris-
tobalite geothermometry is trendless, depending on their
control only.

The majority of silica geothermometers (see Appendix A)
applies to solely cooling springs at sub-boiling temperatures or
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borehole samples (Arndrsson et al., 1983; Fournier, 1973, 1977,
1991; Truesdell and Fournier, 1975), assuming reservoir equi-
libration conservation, thus vertical velocity of upwelling fluids
is higher than silica re-equilibration and any dilution. These are
labeled as “conductive cooling”. Silica geothermometers with
correction for boiling “adiabatic boiling geothermometers”
(Fournier, 1973; Arnorsson et al., 1983) compensate the steam
loss and residual SiO,. Modifications obtain precious results for
boiling springs of high discharge (> 2 kg-s™') or samples that un-
dergo reservoir boiling prior sampling (Fournier, 1977).

Application: silica solubility analysis

One of accented arguments against silica geothermo-
metry applicability in carbonate reservoirs is a “sufficient
source” objection. Indeed, the silica is definitely not ex-
cessive in pure carbonates. Referring to local conditions,
some minor silica sources must be accounted:

e siliciclastic IWCP formations in early downflow/

late upflow stages

e pelitic Jurassic—-Mid Cretaceous carbonates in early

downflow/late upflow stages

e siliciclastics and impure detritic carbonates in late

downflow/early upflow stages

e siliciclastic intercalations and silica impurities in

reservoir carbonates

e siliciclastic and detritic carbonates hosted shallow

reservoir

Analytical approach in controlling silica polymorph
analysis is an alternative, if the primary or alteration min-
eralogy data are missing. This is grounded by sit-and-clus-
ter principle along solubility functions (Fig. 4), correlated
to temperature and reservoir homogeneity criteria.

400

350
300
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50

aqueous SiO, concentration (mg.I")

o IlTTll|IIII[11II|III!{TIII|I[IT|]III

0 25 50 75 100 125

Temperature (° C)

150

A - quartz, no steam loss, B - quartz (steam loss),
C - chalcedony, D - alpha cristobalite, E - beta
cristobalite, F - amorphous silica

175 200

With a great confidence, the chalcedony is a con-
trolling polymorph on aqueous SiO, in local conditions. At
relatively low wellhead (T,, = 51-62 °C) and deep bore-
hole (T = 61-69 °C) temperature differences, the SiO,
oscillates considerably (cSiO, = 35-80 mg:1"') in deep res-
ervoir, lacking any trend with the temperature. Under ex-
pected reservoir homogeneity where carbonates dominate
over siliciclastic intercalations and thin sandstone beds, the
variation records unstable dissociation of silicates (Fig. 4).
Because it is not possible for quartz to take over a control
in the shallow reservoir, clustering along a chalcedony and
quartz metastability line at higher temperature is rather a
record of two different facies. The metastability is rather
attributed to silica shortage in the deeper parts of the sys-
tem (BEH-1; ¢SiO, = 10-17 mg1"', T , = 32-34 °C) due
to its deposition after evasion from DRTE. The upper parts
of the reservoir (FBe-1; ¢SiO, =27-30 mg-1"', T , =25-27
°C) do not suffer a lack in source as connected to the IWCP
formations. By a contrast, samples of the discharge zone
plot well onto chalcedony solubility line, definitely an-
swering a controlling silica polymorph question.

Application: silica saturation analysis (deep reservoir)

The deep reservoir is found a key uncertainty in under-
standing the complex silica stability at a site. We inspected
opal (low temperature), chalcedony (moderate tempera-
ture) and quartz (high temperature) to review SiO, ther-
modynamics within. Plotting saturation indices against
extended temperature range (Fig. 5) eliminated opal of
any influence on SiO,  concentration in thermal fluids as
it remains undersaturated within the entire interval.

1000

aqueous SiO, concentration (mg.kg™')

II!‘If\ll!]lI‘IITI|TIII{IIITlITIIlTIITlIFTI|T

18 2 22 24 26 28 3

Temperature (1000/K)

32 34

deep reservoir , shallow reservoir ,
recharge zone , discharge zone

Fig. 4. Silica solubility analysis with (a) and against (b) the inverse of temperature. Modified after Morey et al. (1962).
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The chalcedony equilibrates at T = 56-94 °C (Fig. 5)
completely, with only two samples not attaining saturation
below T =90 °C. Most of samples intercepts SI=0at T =
65-70 °C. Irregularity in equilibration dispersion is either
a consequence of the deficiency in silica source or unstable
contact with the silica source (and hydrolysis reactions)
within a deep reservoir. Thus this may be considered an
indirect evidence on vertical reservoir filtration.

On a face of saturation curves distribution, the quartz may
be of influence onto silica concentration in the water. This is be-
cause 14 out of 20 samples record equilibration at T = 80-100
°C. In fact, reservoir temperature of over 90 °C is an optimistic
assumption, reducing SI = 0 interception to 4 samples only.

A clear trend of the increase in SiO, with p-T, depth, resi-
dential time and distance from an infiltration zone is missing
(Fig. 4). The lack accounts to (1) the reservoir (intraformation)
dynamics (mixing, vertical filtration); (2) insufficient source
of silica for hydrolysis; and (3) silica origin by the water-rock
cation exchange reactions. The controlling polymorph in the
shallow filtration regime within the recharge zone may be opal,
proceeding towards chalcedony metastability with the increase
in p-T conditions during submersion. Both, SiO, concentration
and saturation variation is resultant either to vertical mass flux in
reservoir and insufficient available silica. Reservoir chalcedony
saturation (Fig. 5) turns it available for cation exchange reactions
with the wallrock, with minor deposition only (if any). Thus the
deep SRTW facies are deficient in silica, explaining their affinity
to plot onto quartz solubility line. By a contrast, the VSH-1 well
records no lack in silica, even it should be implicit under given
geological, p-T and initial DRTE conditions, evidencing other
silica source to balance its loss. The compensation must then be
due to mixing with SiO, rich source (SRTW evasions, groun-
dwater hosted in IWCP or Jr/Cr-2 succession), or proportional to
decrease in filtration velocity of DRTE facies towards discharge
zone.

Reservoir dynamics and processes
Silica — enthalpy mixing model (XSih)

The silica — enthalpy mixing/geoindicator model
(Fournier and Truesdell, 1974) is developed to determine
reservoir temperatures regardless of dilution and steam
loss. Use of enthalpy instead of temperature takes an ad-
vantage in the heat (energy) conservation in a reactive sys-
tem. Involved silica solubility function must correspond to
the polymorph controlling SiOZaq concentration.

For geothermal waters at T = 50-340 °C (Fournier
and Potter, 1982) proposed polynomial functions to deter-
mine the enthalpy H, for liquid (Eq. 4) or vapor (Eq. 5)
component, including liquid enthalpy for low temperature
systems (Eq. 6) of T < 50 °C. Unknown dissolved silica
(cSi) may be derived with (Eq. 7) below fluid enthalpy of
H < 1 670 J-)kg'!. Besides (Eq. 4 to Eq. 6) enthalpies can
be read from steam tables or calculated (e.g. using REF-
PROP). Silica concentrations may be taken from analyses.

H, = 418.84 + 10.286T — 0.050927T* + 2.6309-107° —
6.9303-107T* + 7.4566-10°T% — 1209.87"' + 11.997 2 —
353.76logT (Eq. 4)

H, =2 035 - 5.0499T + 0.057399T* — 3.0426-10*T> +
7.909510-1077* - 8.6968-1071°7T° + 1 342.47T ' — 13.298T 2
+396.29logT (Eq. 5)

H, =4.1868.T (Eq. 6)

¢Si = —3.5532 + 0.146H, — 4.927-10*H 2 + 1.2305-10°¢
H—4.9421.10H * (Eq. 7)

Procedure for non-boiling CSMs is relatively straight-forwar-
ded. The point (A) represents a non-thermal, cold groundwater
at its silica concentration and enthalpy, the fluid is expected to
mix with. The point (B) is stated for the sampled thermal spring
depart of (sub) boiling conditions. Straight line (A-B) drawn
intercepts the silica (quartz or chalcedony) solubility curve at po-
int (C). Vertical line onto X-axis gives the enthalpy of resultant
member, forth read from steam tables at pure water vapor pressu-
re. The same model gives an opportunity to check for possible re-
servoir boiling. Usual assumption expects the fluid to boil under
atmospheric pressure that equals the enthalpy of H=419 kJ-kg'.
From that, vertical line along Y-axis intercepts the mixing (A—C)
line at point (D). Contouring the horizontal line towards maxi-
mum steam loss curve gives the initial (intraformation) enthalpy
of hot-water component (E), projected onto X-axis.

Reasonable result represents a reservoir temperature of
parental thermal water before it has been mixed, so the
horizontal line onto Y-axis gives initial reservoir silica
concentration (Fournier, 1980a). For either case (no-boil-
ing and boiling model), overestimation of derived initial
reservoir temperatures is a hint on boiling prior mixing or
silica addition after mixing. If lines do not intercept, it may
be a consequence of cooling without silica deposition. De-
rived initial temperatures below the expected range give
a vital sign on silica deposition prior isenthalpic mixing or
steam loss (Truesdell and Fournier, 1977).

Application: shallow reservoir and discharge zone si-
lica-enthalpy analysis

In this model, we accepted archive data (Appendix
C) for DRTE because of no evidence on boiling/mixing
correction necessity. Meanwhile, (Eq. 6) and (Eq. 7) were
used to determine thermodynamic silica concentrations
and temperatures in other zones, assuming isenthalpic
mixing without boiling.

For DRTE, we calculated the reservoir enthalpy by
REFPROP for pure water phase at atmospheric pressure,
obtaining H = 336-355 kJ-kg™'. For the SRTW, we pre-
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ferred silica concentrations computed (Eq. 7) of ¢SiO, =
11-14 mg-1" under a mean enthalpy of H = 105-142
kJ-kg! to minimize effect of silica hydrolysis or depo-
sition. Mixing line (Fig. 6) between both facies is given
by their median enthalpy and concentration values. This
yields the enthalpy of /= 580 kJ-kg', equal to overes-
timated T = 138 °C. For the shallow reservoir (cold-water
component), the temperature excision implies silica depo-
sition in deeper parts of the horizon. Cooler subfacies
against DRTE individually give the final temperature of T
= 116 °C, thus the rate of silica inbalance decreases pro-
portionally, as they compensate loss in SiO, by its hydro-
lysis from IWCP formations.

Similar principles were adapted to carry an analysis at
the discharge zone facies. Samples of cold Sliace springs
represent cold water component at sampled concentrations.
VSH-1 represent a thermal water mixture, with concentra-
tions (cSiO, = 12-13 mg-1"") and enthalpy (H = 163-176
kJ-kg') substituted according to (Eq. 6) and (Eq. 7). Af-
ter solubility line extrapolation, springs samples sit onto.
Drawing a mixing line between springs and VSH-1 (Fig.
6) overestimates temperature (T = 70 °C) and enthalpy
(H = 295 kJ-kg"). VSH-1 waters must be enriched with
SiO, prior mixing with S-CGW. If mixing line is plotted
between deep reservoir representative sample and VSH-1,
the overestimate counts H = 555 kJ-kg! (or T = 133 °C).
The yield is excessive because VSH-1 samples evidently
loose some silica compared to deep reservoir they are ex-
pected to be relative with (Fig. 6).

Silica — carbonate mixing model (XSiCo)

Geofluids worldwide recorded strong correlation bet-
ween total carbonate (2CO,) and temperature, with most
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Fig. 6. Silica — enthalpy mixing model. Modified after Fournier
and Truesdell (1974).
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of it partitioned into CO, (Arnorsson et al., 1983). Amount
of aqueous silica in a sample relates to solubility of its
polymorphs at fixed temperatures (Fournier et al., 1974).
Most of silica speciates into H,SiO,. The relation between
CO, as total carbon, Ct, and SiO, in aqueous solution is,
however, not linear. A model curve is obtained by plotting
relative CO, (Eq. 8) and SiO, (Eq. 9) concentration at fixed
T in Kelvin (Arnoérsson, 1985).

Si0, = 15433 - 151T‘ 6 _(2.977.10°72) + 5.464(10gT) (Eq. 8)
0, =-1.09 - 3833 9 533(10g ) (Eq.9)

Resultant concentrations are in logs of molality. Silica
concentration may be optionally modified by the chalced-
ony geothermometers. Boiled waters plot above the line or
tend to cross the curve. Non-boiling samples are usually
positioned below the line. Unmixed fluids plot onto the
curve or cluster close around. If fluid boils before sam-
pling, the aqueous CO, level is depleted proportionally
to produced vapor, whilst aqueous SiO, increases in re-
sidual fluid. Therefore, the CO,/SiO, ratio drops. Dilution
of the fluid without boiling retains CO, in a liquid phase
causing CO,/SiO, ratios high relative to parental condi-
tions (Arnorsson, 1985). Overestimated temperatures are
resultant to silica removal (deposition) after mixing due
to a conductive cooling. Temperatures below reasonable
range for parental (reservoir) fluid may be a sign of partial
degassing after earlier dilution or mixing respectively (Ni-
cholson, 2012).

Relation between CO, and SiO, aids solute geothermomet-
ry application. Besides interpretation of positions, the model is
used as geoindicator, extending a trend line from provenienced
populations to intercept the curve at point A. Drawing a line onto
X-axis gives CO, content in a parental fluid. The initial silica
concentration is obtained by projecting A onto Y-axis. This is
correct only for a case where the supportive hints on mixing or
boiling are present, as well as for a case where quartz controls the
aqueous silica in the water. Temperature is given by substitution
of yielded parental SiO, concentration into quartz geothermome-
ter (Eq. 10) by Fournier and Potter (1982). In other cases, this
procedure should not be used to estimate reservoir temperature,
or the plot must be modified for the chalcedony geothermome-
ters. Inserted concentrations (c) are in mg-kg .

T(K) =-53.5+0.11236¢ — 0.5559.10%c* + 0.1772.107¢* +
88.39 logc (Eq. 10)

Application: discharge zone silica — total carbonate
analysis

We used (Eq. 8-9) to draw the cross equilibrium func-
tion. The conversion of initial (mg-1"!) into mass (ppm)
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concentrations was carried in WATCH v.2.4 package that
accounts for H,CO, dissociation under given pH and tem-
perature. The Sliace springs (S-CGW) are identified as
cold water component (¢SiO, = 56-128 ppm; ¢CO, = 791
830 ppm). Thermal waters of VSH-1 well represent a mix-
ture (cSiO, = 44-53 ppm; cCO, = 230-867 ppm). Samples
of ZGL and FGTB-1 wells stand for thermal end-member
(cSi0, = 56128 ppm; cCO, = 79-1 830 ppm). All facies
were upscaled to representative values by median concen-
trations.

Facies plot in the non-boiling region, disproving any
boiling in the structure. Deep reservoir samples organ-
ize along a logarithmic trend line (Fig. 7), similar to the
equilibrium function by Arnoérsson (1985), secluded deep
within the non-boiling region because of the general lack
in silica typical for carbonates. This evidences DRTE sta-
bility to dilution. Samples of VSH-1 must be distinguished
into D-LTC (discharge zone — low total carbonate) and
D-HTC (discharge zone — high total carbonate), as they
plot discontinuously.

A mixing line is drawn between S-CGW and D-LTC,
fairly striking DRTE median, implying some influential
facial relation (Fig. 7). Extended mixing line intercepts the
equilibrium curve at 521 ppm of SiO,. Later, we substitut-
ed the inferred concentration into chalcedony conductive
geothermometers (see App. A), obtaining a temperature of
T = 190-205 °C, which is definitely an overestimate. Ap-
parently, D-LTC loses CO, and SiO,, compared to parental
conditions by silica consumption into hydrolysis reactions
and minor precipitation.

To explain the D-HTC population, we introduce a shal-
low reservoir (SRTW) facies (cSiO, = 16-48 ppm; cCO,
= 110-1 090 ppm), that is, however, not a geothermal
end-member. A line connecting the S-CGW and D-HTC
facies intercepts a region of median shallow reservoir, but
does never cut the XSiCo model (Fig. 7). Then, if there
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Fig. 7. Silica — total carbonate model. Equilibrium curve after
Arndrsson et al. (1983).
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is some facies relation between the shallow reservoir
and thermal waters, the D-HTC may originate by mixing
with DRTE (increase in CO, and SiO,), prior dilution by
S-CGW (D-HTC — D-LTC), which would drop CO, in-
stantaneously because of cooling.

Silica — enthalpy (no boiling) fraction model

Sampling and analysing geothermal springs is, by far, one of
the easiest and cost-effective approaches in the early stages of
geothermal field exploration. Warm springs or two-phase springs
represent solid indices on underground geothermal reservoir and
possible water evasion suffering some mixing with the shallow
groundwater (early case) or degassing (latter case). Samples ex-
periencing either of these, however, yield erroneous results (not
only) for silica geothermometers application, except of those de-
signed to correct estimates for boiling.

The fraction model based on enthalpy (Eq. 11) and
mass balance (Eq. 12), developed by Fournier et al. (1974),
is capable to infer the endmember temperature and a rate
of parental chemistry modification by a dilution rate:

ng-X +H (1-X) = Hspg (Eq. 11)
and
CSgW-X +CS (1-X) = CSS,,g (Eq. 12),

where H is the enthalpy of components (kJ-kg™), X is
the cold water fraction in the spring, and CS stands for
aqueous silica concentration (mg-1™"), with following sub-
scripts: “gw” for (cold) groundwater, “tw” for modeled
thermal water component and “spg” for springs.

The enthalpy remains conserved in the system, as the
thermal spring heats the groundwater. Some silica depo-
sition due to parental water cooling is, in some extension,
balanced with the aqueous SiO, added by the groundwater.
The model assumes a spring with parental thermal water
component originated in homogeneous reservoir below
or at sub-boiling conditions (Sheridan et al., 1980). The
parental fluid wells up towards surface and is diluted by
encountering shallow and cold groundwater, which fixes
a steam phase in the liquid to form the warm or hot spring
(Fournier et al., 1974).

Due to enthalpy conservation, the weighting factor for
cold water component “X_” is given by transcription of
“X” in (Eq. 11) towards (Eq. 13), whilst silica weighting
component “X .~ (Eq. 14) is derived from “X” in (Eq. 12):

x = BT (Eq. 13)
W H, ST

and
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(CS_ —CS )

w spg:

X.=(s, _—cs ) (Eq. 19)
gw

w

where enthalpy is in cal-g”!, T is the temperature in °C
and CS is in mg-1"".

A procedure is simple and straightforward. In a first, one
must assume a reasonable temperature range for parental thermal
water in natural, deep reservoir (origin) conditions. The X, is
calculated substituting variables into (Eq. 13) for every tempe-
rature, and plotted onto cross-diagram against temperature. Next
step involves calculation of possible silica content (Sheridan et
al., 1980) in unmixed and unboiled parental fluid per each desig-
ned temperature, here for a case a chalcedony controls the silica
solubility in water (Eq. 15):

1032
+273,15

cs - 10" ]—0,09
w” 1665.10°F

(Eq. 15)

In following, the X, (Eq. 14) is determined for each silica
content of parental fluid at each of fixed temperatures designed
above, where the CS_ is the only variable and CSSpg and CSgw
are constants. Next, the X . is plotted into the same graph as the
X, was in previous. Because of sensitivity to input data, a great
certainty in representativity of a spring for thermal water is man-
datory, requiring cross-correlation with other facial geochemical
techniques.

Intersection projects a cold water fraction on the X and
parental water temperature on the Y axis. Overestimate
is then a hint on additional silica dissolution owing to a
water-rock contact with glassy rocks or amorphous sili-
ca layers. If curves do not intercept, it is possible that the
parental fluid lost steam before dilution (Fournier et al.,
1974).

Application. deep reservoir fraction model analysis

Enthalpy of DRTE has been taken from REFPROP
calculations, modified by a conversion factor of 0.239 to
get a scale in cal-g'!. While the mixture (VSH-1) was iden-
tified at T = 40 °C and ¢SiO, = 30 mg:1"', the cold water
component attributes at T = 9 °C and ¢SiO, = 0.4 mg-1"".
The chalcedony model (Eq. 15) represents the DRTE com-
ponent in the mass balance. The model was scaled for T =
50-300 °C (Fig. 8).

Fraction functions (X, X ) intercept at T = 130 °C
and X = 0.79. The temperature is supposed to corre-
spond to that of deep reservoir, geothermal end-member
composition, however, there is a distinct overestimation.
Under given undisturbed parental (DRTE) conditions, the
high temperature is a result of SiO, addings after mixing.
Another explanation is cooling of VSH-1 waters with
S-CGW. Both explanations are, in fact, reasonable under
local conditions. This is, however, in confidence to XSih
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and XSiCo plots. Moreover, temperature overrate makes
the coldwater fraction estimate (X = 79 %) excessive.

Cross-check for post-mixing silica addition by use of
amorphous silica solubility (Eq. 16) is recommended if
resultant temperatures are overestimated. In this case, the
(Eq. 16) replaces (Eq. 15) for DRTE silica upscaling at
external variables and enthalpy balance constant.
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logCS==1757315

+4.52 (Eq. 16)
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Fig. 8. Fraction model analysis.

At local conditions, the amorphous silica curve does
not intercept the enthalpy function (Eq. 16). Therefore,
silica addition is less probable after final mixing stage (see
XSiCo model), and the temperature overestimate is rather
resultant to cooling of VSH-1 wells subsequent to mixing
with S-CGW and upflow.

Quantitative SiO, geothermometry application

Under known conception, the DRTE is expected to
yield most precise results because of missing factors to
modify reservoir geochemistry, although skewing by ver-
tical reservoir filtration must be taken accounted. Chal-
cedony geothermometers (GSC1 — GSC4A) match best
the expected deep reservoir temperature range (Fig. 9),
varying the calculated temperature of T, = 51-98 °C.
This includes the chalcedony adiabatic boiling (Arnérsson
et al., 1983) geothermometer too (GSC4A), which gives
T,,.=62-97 °C. Yet this is a solid evidence of chalcedony
control on aqueous SiO, concentrations in thermal waters.

The median of chalcedony conductive cooling equili-
bration T, = 74.8 °C increases to T, = 76.7 °C if
adiabatic boiling model is included. Because of no boiling,
this can be further neglected. Most of temperature esti-
mates fall within the T, | = 75-85 °C interval. In general,
temperatures given by chalcedony geothermometers are
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greater than those by solubility analysis (Fig. 5), with me-
dian T, =67 °C. In essence, the difference is because of
variable sensitivity of geothermometry functions to local
SiO, content, which is generally less than that at moderate
to high volcanic fields, which they were derived from.

Variation in temperature estimates is, however, not
only a function of relative sensitivity of geothermometry
functions to aqueous silica level. We rather adjust the var-
iation in estimate and absolute concentrations to unstable
contact of thermal waters with a silica source, regardless it
is because of its various incorporation in hydrolysis reac-
tions or due to vertical intraformation filtration induced by
unbalanced reservoir base overheating. Either way, results
oppose a statement by Bodi$ and Borosova (1996) on chal-
cedony geothermometry inadequacy. Instead of comparing
results to the wellhead temperature, temperatures must be
referenced to deep bottomhole (reservoir) conditions, as
this is the environment where the equilibration is, due to
principles of geothermometry, supposed to take place.

Both, the shallow reservoir and the discharge zone
represent not an end-member but a mixture. In shallow
reservoir, any silica geothermometry must simply account
on two subfacies, different in the depth and silica content.
The deeper subfacies (BEH-1) lacks silica, because of its
deposition or consumption, after the parental, DRTE wa-
ters evade vertically the reservoir. The subfacies in shal-
lower positions (FBe-1) are comparatively enriched with
silica by its low grade (low temperature) dissociation from
the IWCP and recharge. Because of numerical confidence
(see Appendix D), there may be some re-equilibration with
chalcedony within the formation.

For the discharge zone, inferred temperatures are low-
er than those expected at shallow parts of deep reservoir,
where we set a parental fluid origination prior lateral leak-
ing. Temperature estimates (Appendix D) may then point
to temperature of chalcedony last equilibration during
propagation towards discharge zone, or are simply skewed
by multiple mixing episodes prior sampling. Because
of mixture character, we would rather prefer the second
scenario, and do not recommend to use quantitative silica
geothermometry to either of these.
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CATION GEOTHERMOMETRY

Cation geothermometers refer to numerous ion-ex-
change reactions, mostly partitioning of alkalis, of various
temperature dependent equilibrium constants (Fournier,
1989). This is because e.g. sulphates and carbonates adjust
to changes in physical or chemical environment much fast-
er, and so they equilibrate with the system rapidly, whilst
Na®, K" or Li*" silicates (i.e. tectosilicates, feldspars or
micas) do so slowly even at high temperatures (Giggen-
bach, 1981). In other words, equilibrium preservation is
more likely a case of alkali system rather than those of
carbonates. Obtaining about the same results applying
various cation geothermometers for a same sample at the
same time is, thus, fairly rare (Fournier, 1989).

Complex mineral assemblages attain fluid—rock equilibrium
rarely, as complete isochemical recrystallization of a primary
rock matrix to a thermodynamically stable alteration assemblage
is likely to take part in stagnant systems of an infinite age (Gig-
genbach, 1968; Ellis, 1970) only.

Obligatory “sufficient source” condition, especially for
alkalis, fits for magmatic systems. Quantifying application
of alkali geothermometers to carbonate systems often suf-
fers from a lack of a source within reservoir and unstable
water—source contact. If not for a temperature estimation,
the Na-K-Mg and K-Mg-Ca thermodynamic subsystems
are, at least, effective in analysis of reservoir maturity and
reservoir dynamics at a site (Giggenbach, 1981).

Alteration and equilibration

A knowledge on controlling alteration assemblage is
one of mandatories necessary to get a gain prior applying
cation geothermometry. Most of alteration systems relate
to Na-K and K-Mg alteration (thermodynamic) pairs at a
base of alteration and partitioning of silicates.

Na/K geothermometry

The recalled Na/K geothermometers (Appendix B)
are based on partitioning of Na" and K* between alumno-
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Fig. 9. Silica geothermometry results distribution: deep reservoir. See Appendix A for symbols and references.
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silicates (feldspars) and water (Eq. 17), with temperature
dependent equilibrium constant (Eq. 18) in control of the
process (Fournier, 1979):

Albite + K= Adularia + Na — NaAlSi,O, + K" = KAISi,O,
+ Na* (Eq. 17)

_ [KAISi,0,) [Na']

« [NadiSi,0,) [K'] (Eq. 18)

The equilibrium constant (Eq. 18) assumes unity in reaction
activities, that means reactants are pure end-members, thus acti-
vities of dissolved species are about equal to their molar concen-
trations (Truesdell, 1976). Then, for dilute solutions, the (Eq. 18)
transforms to (Eq. 19), where Na" and K* are in desired units.

_ Na

- e (Eq. 19)

K

eq

Also, for many geothermal systems, not only feldspars
participate in cation exchange equilibrium reactions in-
volving Na* and K7, but e.g. montmorillonites may do so
(Eq. 20-21). Equilibrium constant for the reaction equals
the Na/K ratio (Eq. 19), however, the aqueous Na/K ratio
resultant to a cation exchange reaction at a given temper-
ature controlled just by montmorillonites fairly differs to
that controlled by alkali feldspars (Fournier, 1989).

Na' — montmorillonite + K" = K" — montmorillonite + Na*
(Eq. 20)

NaO.SSAIZ(AIO,SSSi3,67010)(0H2) + O33K+ = K0.33A12

(41, ,Si, O, )(OH)) + 0.33Na" (Eq. 21)

After Fournier (1989b) albite may not be present at low
enthalpies, and the Na/K exchange reaction is controlled
by adularia — sodic clay — silica and hydrogen system (Eq.
22), equilibrated at (Eq. 23)

3Na — montmorillonite + 7K"+ 108i0, = 7K — feldspar +
Na"+ 6H" (Eq. 22)

_ Na'][HY

K

w Ky logK, =log[Na/K] - 6log[K/H] (Eq.23)

Numerous other reactions contribute in geothermal systems
at various temperatures, either involving water and equilibrium
reactions with hydrogen or not. The variation in Na/K and sui-
tes controlling the Na/K ratios reasoned a range of empirically
derived Na/K geothermometers (i.e. Truesdell, 1976; Tonani,
1980; Arnorsson et al., 1983; Fournier, 1979; Nieva and Nieva,
1987; Giggenbach, 1986; Giggenbach, 1988; Verma and San-
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toyo, 1997; Simmons, 2013), thereupon precision of temperature
estimation applying these depends on involved mineral assem-
blage and structural states of solids in local conditions (Fournier,
1980). Possibly, the Na/K equilibration may not be reached at
T < 100 °C, as well as micas and zeolites may control the Na/K
exchange, or the Na* and K" participation is rather a consequence
of preferential cation leaching than exchange reactions (Fournier,
1979).

There is no universal Na/K geothermometer as one
may give a correct estimation in one place and an errone-
ous temperature in another (Fournier, 1989), thus the use
of Na/K geothermometry should be grounded by cautious
mineral assemblage analysis.

The Na/K geothermometer re-equilibrates slowly in
comparison to others at T < 350 °C, thereby it is less sen-
sitive to dilution (dilutant is expected to have lower Na*
and K" concentrations than the parental fluid) providing
an ability to evaluate deeper parts of the high enthalpy
systems (Fournier, 1980) by conservation of absolute con-
centrations at thermodynamic conditions the other models
would fail in (Davraz, 2014). Thus it yields highest tem-
perature estimates. Unfortunately, the highest temperature
is not necessarily the correct temperature of equilibration,
nor a reservoir temperature. Indeed, thermal waters may
invade shallow reservoir zones prior upwelling and target-
ed aquifer may then be of lower temperature that the Na/K
geothermometer may not recognize.

Cation geothermometers work best for reservoir fluids
of T > 150 °C (Nicholson, 2012). The necessary cation
exchange equilibrium state is scarcely reached at T <
100 °C, and Na* and K* are rather resultant to Na* and K*
leaching instead. Yet caution must be paid for carbonate
reservoirs (rich in CO,” which transforms Na-silicates),
and waters originated in organic sediments rich in NH,
(Fournier, 1980b).

Graphical tests for Na/K geothermometry application and
interpretation are carried by conclusious cross charts (Fournier,
1980b; Marini, 2004) plotting a relative Na/K ratio over a reci-
procal of absolute temperature, either to correlate the aqueous
Na* and K* concentrations with a particular mineral assemblage
and/or inspection of chemistry formation processes; or to corre-
late the ratios to particular equilibrations. Reservoir chemistry
and dynamics are accessible for evaluation regarding position
and spatial organization of samples within one or more systems
(i.e. stratified reservoirs with mixing, conceptual fluid flow etc.).

Application: Na/K alteration system analysis

All facies suffer a lack of alkalis (Fig. 10), decreasing
the Na/K ratio with temperature. Position of facies is far of
any equilibration, whether for low (LT albite — microcline)
or high (albite — adularia) enthalpy assemblage. Equilibri-
um pairs (Eq. 17-23) are not valid in local conditions. The
inequilibration results then in temperature overestimates
(see Appendix D).
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Fig. 10. Equilibrium ratios with Na-K system.

Inequilibration in deep reservoir is due to rock
dissolution in control of Na/K ratio, suffering to insufficient
source in carbonates and excess CO, which switches
activities of Na-silicates to K-micas (Fig. 11). While rock
dissolution controls alkali chemistry for DRTE originated
subfacies in the shallow reservoir (slightly increasing
Na/K due to drop in CO, by deposition of carbonates),
subfacies recognized as recharged record preferential Na*
and K" leaching from IWCP in a downflow regime. This
is well correlated with records from many recharge waters
(e.g. Marini). Preferential leaching inferred for VSH-1
samples is rather due to enrichment of DRTE evasions
with SRTW rich in Na“, later enriched with Na" added by
dilution of a mixture with cold groundwater (S-CGW) or
from a wallrock acquire.

K/Mg geothermometry

Dynamic systems rarely attain overall equilibrium
because of much faster reaction velocity for a thermo-
dynamic system involving Mg?* than that for Na* and/
or K* (Giggenbach, 1984). The velocity is buffered by
conductive cooling of ascending thermal waters retaining
high CO, and low pH. Drop in CO, and increase in pH
under steam loss restricts reactivity of thermal waters in a
consequence (D’Amore and Arndrsson, 2000). Except of
carbonatogene facies, geothermal waters are usually low
in Mg?* thus even its little addition alters the concentration
and changes equilibration immediately.

Empirical basis (Giggenbach et al., 1983) assumes
equilibration of the fluid with the K-feldspar (adularia),
K-mica (illite and muscovite), Mg-bearing silicate (chlo-
rite, clinochlore) and chalcedony assemblage (Eq. 24-25)
described at equilibrium activity (Eq. 26-27):
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0.8muscovite +0.2clinochlore + 5.45i0, + 2Na" <> 2albite
+0.8K — feldspar + 1.6H,0 + Mg** (Eq. 24)

respectively:

0.8muscovite + 0.2clinochlore + 5.4Si0, + 2K* <> 2.8K —
feldspar +1.6H,0 + Mg* Eq. 25)

with equilibrium constant for Eq. 24 is:
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Fig. 11. Na-K system analysis: equilibration processes.

Mg | [albite]* [K — feldspar]*®
N Eq.2
Ka | [Na']* || [mus cov ite]** [clinochlore]™ | (Eq. 26)
meanwhile the latter equilibration reaction follows:
= *[ng]* i [K — feldspar]** ] a7
K™ | [K'P || [mus cov ite]**. [clinochlore]”* | (Eq.27)

These reactions are typical for magmatic environment or can
stand sufficiently impure carbonates. Progressive water-rock in-
teraction towards equilibrium to the Na/K system increases K/
Mg ratio rapidly as the Mg*" incorporates into magnesium al-
kalis, such as chlorite (Nicholson, 2012). Alkali alterations (Eq.
24-27) are questionable in low enthalpy sedimentary aquifers,
including evaporates, siliciclastics or carbonates, as source of K*
and Mg*" is rather in dolomite or seawater brine leaching instead
(Sonney and Vuataz, 2010).

Likely alteration for impure carbonate environment
(Eq. 28) accounts for plagioclase/clay—calcite alteration
assemblage (Giggenbach, 1981):

X-microcline+2~epid0te(w
<> X-muscovite+(4+Y)-calcite+6-Si0,

+Y-calcite+(4+Y)-CO +2-H,0
(Eq. 28)
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Graphical tests for Mg/Na and Mg/K equilibration are
applied to inspect for overall equilibration to both thermodyna-
mic subsystems (discussed below) and overall equilibration or
chemistry formation.

Development of K-Mg geothermometer allowed its
comparison to the silica thermodynamic system as both
are relatively sensitive to fluid dynamics. Their compara-
ble adaptation to new thermodynamic conditions (dilution,
mixing, boiling) helps identifying causes of deviation in
equilibrium for particular samples or populations. The
chart plots equilibrium silica concentration (Eq. 29; Gig-
genbach et al., 1994) to the K-Mg equilibrium function
(Eq. 30), that is, practically, the K-Mg geothermometer by
(Giggenbach, 1988).

1 000

Eq. 29
T+273.15 (Eq- 29)

log(cSiO,) = 4.55 -
where silica concentration is in mg-kg!' and tempera-
ture is in °C; and

4410

14710g[FgJ

where K™ and Mg?* concentrations are in mg-kg™' and
temperature is in °C.

TKMg (OQ = - 27315 (Eq 30)

Possible inspection on increase in aqueous concentrations
in fluids due to partial or maximum steam loss is grounded by
enthalpy and mass balance (Giggenbach et al., 1994), which gi-
ves correction functions for silica (Eq. 31) and K-Mg geothermo-
meter (Eq. 32):

1215

log(CSiOJ)b:5.12*m (Eq. 31)
and
4630
2 — _
log(cK /cMg)b 14.6 7127315 (Eq. 32)

where all concentrations are in mg-kg™!' and temperature is
in °C.

The K-Mg geothermometer (Appendix B) is the fastest
to adapt for Mg?* dynamics quickly responding to re-equi-
libration. Because of that, the K-Mg geothermometer
gives lowest temperature estimates (Giggenbach, 1988),
most probably that of last equilibration. For barely real
no mixing conditions, the K-Mg geothermometer yields
temperature at shallowest reservoir zones. Consistency be-
tween K-Mg and silica geothermometers but overestimates
for other cation geothermometers is most probably due to
short residency and partial equilibration of water-rock sys-
tem with most reactive phases only (Fournier, 1989).

16

Application: K-Mg alteration system analysis

Position of facies scatters between the rock dissolution
and preferential leaching region (Fig. 12). Facies of DRTE
are high in Mg/K ratio, because of poor K™ but Mg** rich
reservoir environment. Excess Mg?" decreases estimated
temperature (T, oK 42-55 °C) below T disqualifying
equilibrium reactions in the microcline — muscovite sys-
tem (Eq. 24-25).

The residential subfacies of the shallow reservoir dis-
solve K* during downflow off the IWCP horizon, implied
by comparison to recharge samples and a region they plot
within. Thermal waters derived of DRTE in deeper po-
sitions are still affine to parental conditions. Given ionic
ratio infers T ~3842°C, which may be a temperature
of last equilibration to silica (chalcedony) and dolomite
system along with talc activation along an upflow (TMg/K >
Tsamp). Yet the temperature must be underestimated because
SRTW facies intakes Mg** lost by Mc-calcite precipitation
and talc activity. Samples of the VSH-1 plot well along a
muscovite stability line, equilibrated at Ty = 59-63 °C.
The temperature corresponds to upper (evasion) zones of
the deep reservoir. Yet the stability accounts rather activa-
tion of talk and consumption of Mg*". The increased K* is
preferentially a sign of its leaching controlled by IWCP
hosted S-CGW and preservation, compared to SRTW (Fig.
12).

In fact, thermal waters attain equilibrium to illite and
talc rather, varying dolomite and calcite saturation of dur-
ing upflow/upwell regime. Then, equilibrium reactions
given by K/Mg geothermometry (Eq. 24-28) are not valid
at local conditions.

Application: Mg-SiO, alteration system analysis

We used the chalcedony (Arndrsson et al., 1983), conductive
quartz (Eq. 29) and adiabatic quartz (Giggenbach et al., 1994; Eq.
31) models plotted against conductive cooling (Eq. 30) K-Mg
geothermometer.

Because of high Mg/K ratio and variable SiO, abso-
lute concentrations, DRTE facies tend to organize towards
amorphous silica corner at Ty, = 50-90 °C and Tk ©
30-70 °C. At relatively stable (lzow) K" concentration, the
scattering in temperature estimate reflects various Mg
level, because of change in saturation states of dissolved
dolomite and, most probably, because of different dolo-
mite dissolution intensity with vertical filtration. A trend
towards amorphous silica is a sign of short reservoir resi-
dency. Somewhat reliable temperature estimations give a
sign of equilibration with chalcedony, thus Mg?* can either
be consumed to activate a talc formation variably.

The SRTW population does not equilibrate to Mg-SiO,
pair as any component yields reliable results. Inconsist-
ency in a plot is (Fig. 13) evidence of mixed origin. Both
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subfacies are undersaturated to chalcedony, which either
precipitates or is consumed in dissociation of alkalis or
talc activation. The same may be concluded for K/Mg var-
iation, as K™ enrichment is of low scale only. Discharge
facies record more reliable conditions to quartz (TSi02 =
55 °C) rather than chalcedony (T, = 30 °C), yet overes-
timating the K/Mg temperature (T, . 60 °C). The first
is explained by only partial SiO, replacement by mixing.
Again, high Mg** content gives more evidence on enrich-
ment by dilution of a mixture with S-CGW, realizing in
greater intensity than some K" leaching from IWCP or Jr/
Cr2 horizon before sampling.
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Fig. 12. K-Mg system chemistry forming processes.

Associated thermal waters, regardless of a facies posi-
tion, are definitely not equilibrated with the Mg-SiO, sys-
tem, forth they can not be considered equilibrated to Na-,
K-, and Mg-alkalis. Besides calcite, the inequilibration is
controlled by saturation of dolomite at deep reservoir con-
ditions and variation in free Mg*" and CO, controlling talc
activity and Na-silicates modification to K-silicates.

Na-K-Ca geothermometer

The Na/K geothermometer gives poor precision for
low temperature (T, < 150 °C) geothermal waters rich in
Ca*" and aggressive CO,. The amount of dissolved carbon
dioxide in a geofluid is controlled by dissolution of calcite
bearing carbonates or silicates, pH, T and CO, fugacity.

In these, the amount of Na* and K" is not controlled by alkalis
saturation. Linearity in ionic ratios (Ca/Na, Ca/K, Na/K) over in-
verse of temperature at HT fields contrast to its scattering, obser-
ved in LT systems, has been referred as to Ca** entering silicate
reactions (Eq. 33), thus influencing aqueous Na" and K*, if equi-
librated (Eq. 34) under the same assumptions as above (Fournier
and Truesdell, 1973). As the absolute K* concentration in water
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is much less than that of Na’, the change in K* is more evident
than for the Na" in response to change in Ca* (Fournier, 1989), so
the aqueous K* changes as so as the Ca/Na ratio satisfies (Eq. 34)
K*+ Na Ca_— plagioclase + 4ySiO, = K — feldspar + xNa"
+yCa* (Eq. 33)

Na'-2 . Ca*
K

eq

(Eq. 34)

where coefficients “y” and “x” represent a stoichiome-
try of particular reactions.
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Fig. 13. K-Mg system chemistry forming processes.

Three Na-K-Ca system reaction configurations (Eq.
35-37) are usually observed, with unifying equilibration
constant (Eq. 38)

(x +2y)K* + solid = xNa* + yCa** + solid (Eq. 35)

2y —x)K* + xNa* + solid = yCa*" + solid (Eq. 36)

(x —29)K* + yCa** + solid = xNa* + solid (Eq. 37)
_ Na \Ca

logKeq =log e + /3 log Na (Eq. 38)

where “solid” denotes the silica or alumosilicate re-
spectively and “beta — 3 depends on stoichiometry of
particular reactions (Fournier and Truesdell, 1973).

To satisfy (Eq. 38), not only the excess silica must be pre-
sent. Aluminum conservation in solids is rather accepted as



Mineralia Slovaca, 48 (2016)

neglecting A" contents in geothermal waters compared to other
constituents, causing equality in deposition and dissociation of
hydroxyle minerals so they cancel out of the equation (Fournier
and Truesdell, 1973).

For the low temperature (T < 100 °C) systems, the f3
= 4/3 for the net reaction (Eq. 39), whilst for the high tem-
perature waters the net reaction of base exchange trans-
forms to (Eq. 40) and the stoichiometry derived parameter
turns B = 1/3 (Fournier, 1989), except for waters of T _ <
100 °C where log VCa/Na < 0 for which p = 1/3 (Fournier
and Truesdell, 1973).

K+ (%] Na' + Ca, — solid :%Caz*-&- K, Na, — solid (Eq. 39)

[iJcaH +[§JN¢ + K - solid (Eq. 40)

K' + Na,Ca, — solid = 6

1
3 6

Both models account micas, silicates or clays to fix the aque-
ous Na-K-Ca system (Shikanozo, 1976). The Na-K-Ca geother-
mometer (see Appendix B) fits well for thermal waters of various
temperatures rich in Ca*, fixing disregarding activities of Ca-si-
licates (Fournier and Truesdell, 1973).

Carbonate reservoirs usually lack any relation between
actual temperature and cation chemistry of associated wa-
ters (Giordano and Swanberg, 1978). Most accurate tem-
perature estimations are obtained for T > 200 °C. Erratic
results are frequent for low temperature waters of T, <
75 °C and fluids with partial pressure of CO, > 10* atm
(Paces, 1975).

Cooler environments (evidenced by petrifying springs) are
high in pCO, so the pH is controlled by carbonate equilibria
rather than by exchange reactions of silicates (Fournier, 1989),
thereupon the Na-K-Ca geothermometer scores only if calcite
was not deposited after reservoir evasion. In fact, most of ther-
mal waters in carbonate reservoirs are oversaturated to calcium
carbonates, influencing their precipitation tendency. Thus the
Na-K-Ca geothermometer overestimates reservoir temperatures
(Fournier and Truesdell, 1973).

Either dilute (Na)-HCO, dominated waters rich in CO,
are sensitive to Na-K-Ca equilibration (Eq. 39—40). In
these, plagioclase likely converts to clay (kaolinite), mod-
ifying aqueous pH. Such a process involves interactions
with additional Mg** or Al*". Typical underestimates are
gained so for waters low in Ca?* content and slow evasion
velocities, within which a fluid—mineral system is able
to react with a wallrock and re-equilibrate. The CO, rich
springs, if boiled or cooled continuously, yield erratical-
ly high estimates owing to intense CaCO, deposition and
slow Na/K reactions. Mixing has a little effect upon Na/K
ratios and precision onto Na-K-Ca geothermometer if the
difference in Ca®* concentration is small. If the calcium
rich water is diluted, the contact changes the final calcium
content for fair (Fournier and Truesdell, 1973). Still, effect
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onto Na-K-Ca temperature prediction is negligible unless
the parental thermal water component is reduced to less
than 30 % (Fournier and Truesdell, 1974).

Mg-correction for Na-K-Ca geothermometer

The Na-K-Ca geothermometer routinely fails in temperatu-
re estimation for waters rich in Mg?*. Elevated aqueous Mg>* is
expected to originate by dilution, easy uptake of Mg** out of the
wallrock (e.g. chlorite, montmorillonite, dolomite, Mg-calcite)
and, for coastal systems, by invasion of a seawater into reservoir
(Fournier and Potter, 1978).

In fact, the more the sample deviates from the Na-K-
Ca equilibration and purity conditions, the less precise is
the T, . ., estimate, and the more is the water excess in
Mg?*. The magnesium proportion in equivalents is defined

by (Eq. 41):

100 Mg

(Mg + Ca + K) (Eq. 41)

The empirical correction assumes thermal waters of R
> 50 equilibrated at formation temperatures regardless of
Ty, x.c. €stimate, or assumes their complex unequilibra-
tion (Fournier and Potter, 1978). Variation in Mg*" and
deviation in functional continuity pronounced mathema-
tical corrections for samples at 5 < R < 50 (Eq. 42) and
R <5 (Eq. 43) to determine the temperature of magnesium
correction At (Fournier and Potter, 1979).

At,,(°C) = 10.66 — 4.7415log(R) + 325.87[log(R)’
10°[log(R)*

—1.032 T

(Eq. 42)

At (°C) = 1.03 +59.97[log (R)] + 145.05[log(R)]

log(R)]? 107[log(R
*36711m -1 67[—2g()] (Eq. 43)
T T
where T is the T, ., in Kelvins (Fournier and Potter,
1979).

The graphical technique (Fig. 14) is presentation of (Eq.
42-43). The X axis represents the T .. calculated temperature
in degrees of Celsius, whilst the Y axis plots desired Aty Solid
curvatures represent the calculated proportion (R) of Mg”" in the
sample (Eq. 41). The correction temperature is obtained drawing
a vertical line from the X axis at calculated T, . temperature
to intercept the appropriate R function, with later projection of
horizontal line onto the Y axis. Each correction must, however,

match (Eq. 44):

At

Mg

(Eq. 44)

T, Na-K-Ca(C) T, Na-K-Ca
where temperatures are in °C (Fournier, 1980b).

The empirical correction does not account on structural
characteristics of reactants and complexing of dissolved solids,



B. Fricovsky et all: Geothermometry techniques in reservoir temperature estimation and conceptual site models construction:...

thus it is not based on particular activity coefficients or reaction
stoichiometry (Fournier and Potter, 1979). Overestimation pre-
servation after correction is a solid hint on secondary enrichment
in Mg?* (usually by dilution).

Lithium geothermometry review

Lithium geothermometers, i.e. Na/Li and Mg/Li (see
Appendix B) are the least used in analyses. This is be-
cause: (a) there is no immediate geochemical reaction that
grounds the relationship between Na“/Li* or Mg?*/Li*; (b)
any explicit equilibrium alteration between Na"and Li* has
been proven; (¢) both geothermometers appear sensitive to
host rock, thus application may be fairly limited by initial
lithium concentrations. Best results for both are obtained
in sedimentary reservoirs rich in magmatic clasts (Nichol-
son, 2012). The general relation of Li*" involvement (Eq.
45) rewritten to (Eq. 46) obviously realizes in deeper parts
of geothermal systems (Marini, 2004), still, there is a ques-
tion of contribution of lithium pure end-member silicates
(Sanjuan et al., 2003).
Li—clay+ H" <> H—clay + Li* (Eq. 45)
albite + K — feldspar + 2kaolinite + Li* <> muscovite +
Li—mica + 48i0,+ 2H,0 + Na* (Eq. 46)

Li?*" is less reactive compared to Mg?*, Ca*", Na* or K*, thus
comparison of Na/Li and Mg/Li ratios between springs and bore-
hole samples may give a solid note on upflow velocity (D’ Amore
and Arnorsson, 2000).

Application: Summary on alkali alteration

The recharges originate by infiltration at various al-
titudes in the Kl'aCianka valley area. Because of primary
dissolution of carbonates, CO, concentration increases
with sink and temperature. At this conditions, LT albite
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] 3

o ] calculated correction temperature
$ 250 - T RN EIREEEE S
o n | 8.
2 ] 2
© 200 — o
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Na-K-Ca calculated temperature (°C)

Fig. 14. Mg-correction derivation for 7, .

350

-Ca
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dissolved in a downflow off the IWCP and the Tr3-Cr2
formation transforms to K-micas, i.e. muscovite, even
hypothetical, activates just before recharges enter deep
reservoir. The oscillation in Ca/Mg, Mg/Na and Mg/SiO,
recorded for DRTE supports assumption on vertical res-
ervoir filtration within deep reservoir, varying CO, level
by saturation regime of carbonates and, possibly, LT talc.
Upflow regime consumes CO, and increases pH stabiliz-
ing Na-silicates partially by reduction of activities (not
necessarily oversaturating) of illite and muscovite (Figs.
15 and 24), whilst onset of talc activity. Yet chalcedony
turns oversaturated (Fig. 5), thus available for LT initial
and weak metamorphosis of impure reservoir dolomites
(at least at a scale of thermodynamic activities).

The rate of CO, consumption increases during eva-
sion towards the shallow reservoir as calcite and Mg-cal-
cite precipitate partially, simultaneous with preferential
leaching of Na* from Tr3—Cr2 formations, that takes up
more aqueous SiO, from solution before inflow. Shallow
recharges attain higher K/Na ratio by dissolution of dolo-
mite impurities and hydrolysis of IWCP formations. The
SRTW facies is then formed by mixing of both, destroying
partial equilibration. The rate of inequilibration is some-
what lower towards the Sliace discharge zone. The Na/K
increases simultaneously due to preferential Na* leaching
during transition, answering to drop in CO, by preferen-
tial calcite deposition. Still, the K™ is higher compared to
DRTE. Alkali source is then not only in rock dissolution,
but mixing with SRTW facies. Increase in Mg?" instead
of its consumption by Mg-calcite deposition and talc acti-
vation is a sign of secondary enrichment by dilution with
S-CGW.

Definitely, numerical application of Na-K-Ca geother-
mometer (Appendix D) disqualifies any equilibration with
the Na-K-Ca thermodynamic subsystem. Let all the facies
originate in carbonates and form a chemistry by leaching
of carbonates in major. Any reactions towards equilibrium

60
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with Ca-silicates are continuously destructed by excess
CO,.
Hydrochemical and thermodynamic maturity

In geochemistry of thermal waters, the maturity is un-
derstood as a quality referring to reservoir residency analy-
sis and flow history (Giggenbach and Goguel, 1989); or
equilibration to Na-K-Mg and Na-K-Ca subsystems (Gig-
genbach, 1981).

Equilibration to Na-K-Mg-Ca thermodynamic system
and CO, is objective for cation geothermometry results
reliability. This is because cation geothermometers are
based on ionic ratios or stoichiometry derivation resultant
to partitioning of alkalis (Fournier, 1989), with less focus
on other (such as carbonate) systems. Inequilibration caus-
es temperature estimation failure. In other words, immatu-
rity prompts for precise interpretation of given results and
allows detailed look on conceptual history and model of
sampled waters.

Na-K-Mg subsystem

The Na-K-Mg subsystem composes of three thermo-
dynamic pairs different in equilibration departure velocity
and sensitivity to external dynamics (Fournier, 1982). The
Na-K pair conserves primary equilibration well, whereas
the K-Mg system re-equilibrates, for example by cooling,
fast. The Na-Mg pair is of a robust response to any dynam-
ics, pronounced in absence of Na-silicates to control the
Na-Mg relation at LT conditions. Facies relation to all is
usually inspected with the self-policing Na-K-Mg geoin-
dicator (Giggenbach, 1988).

Use of tri-linear plots with absolute values upscaled and/
or normalized to relative governs simultaneous correlation. To
facilitate practical application, the concentration is scaled for
mg-kg™', whilst axes are normalized to accommodate geothermal
waters of whatever geothermal system. Straight lines between
Na/1000 proportion and Mg®* apex represent equal ionic ratios
of Na-K geothermometry (Giggenbach, 1988), either due to con-
trolling assemblage or reservoir type and temperature (Giggen-
bach, 1986). Lines towards the Na/1000 apex at relative K/100
axis show constant K-Mg®® ratios of K-Mg geothermometer
(Giggenbach, 1988).

Intersection of isolines defines complex equilibration tem-
perature to the Na-K-Mg system, termed the full-equilibrium
line, above that thermal waters are classified “mature” or “equi-
librated” and satisfactory for cation geothermometry appli-
cation. Position of the curve depends on a choice of the Na-K
geothermometer. The curve below represents arbitrary given
line representing a dissolution line for “average crustal rock” at
the Na-K-Mg system (Giggenbach, 1986). Samples positioned
between are “partially equilibrated”, due to mixing or water-rock
reactions prior sampling, thus cation geothermometers must be
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used with a caution in order to assess formation temperatures. A
cross-check using another Na-K geothermometer may prove or
disapprove that partial equilibration (D’Amore and Arnoérsson,
2000). Samples plotted below the average crustal rock dissolu-
tion line are “immature” and so “inequilibrated”, and, in most
cases, use of Na-K geothermometry for temperature estimation
is ambiguous, whilst results of K-Mg geothermometry must be
validated by more correlation (Fournier, 1989).

Derivation of the full-equilibrium line is the maturity
index (Eq. 47) for geothermal waters regardless of origin,
as being a linear combination of Na-K (Giggenbach, 1988)
and K-Mg (Giggenbach, 1988) geothermometer:

2 K

SMI;H ﬁog[ etk H (Eq. 47)

where concentrations (c) are in mg-kg™' and 0.315 is
the van’t Hoff’s slope for linear combination of both geo-
thermometers.

Mature waters yield the MI > 2, henceafter use of cati-
on geothermometry is recommended for waters with a ma-
turity index score of above 2 or close around. For mature,
partially equilibrated, and rarely inequilibrated parental
thermal waters, the corresponding springs plot depart-
ed towards the Mg apex due to acquisition of Mg*" by
cooling, mixing or interaction with the wallrock (Marini,
2004). Parental fluids plotted closer to the Mg® corner
than a spring or dilutant are signs of silicates or carbonates
deposition prior sampling in the borehole, or incorrect
steam separation at the wellhead. Meanwhile, the diagram
is sensitive to reservoir environment, especially for car-
bonates, or admixture of low temperature waters (intense
thermal — cold mixing) as both, carbonatogene reservoir
waters or dilutants are routinely rich in Mg** and HCO, .
These tend to cluster solely in the Mg®* corner.

MI=0315L, ~L, =0.315 Eog[

The larger is the distance of the sample from the full equi-
librium line, the less reliability gains application of cation ge-
othermometry (Giggenbach, 1988), or, the more caution and
cross-validation of partial geothermometry results must be ac-
counted whether for temperature assessment or conceptual rela-
tions interpretation.

Application: maturity index analysis

Obviously, associated facies, regardless of position are
definitely immature (Fig. 16). Thermal waters of DRTE
score MI = —0.1 — 0.4 on maturity analysis, classifying
them distinctly immature. Samples of SRTW, however,
record increase to MI = 0.2-0.9. Previously identified sub-
facies (low-silica and high-silica) can not be distinguished
according to MI. Samples of recharge zone yield MI =
0.49-0.56 for shallow and MI = 0.47-0.54 for deep ap-
proximated circulation regime. Highest score is obtained
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for VSH-1 samples, reaching up to MI = 0.8-0.99. Springs
(S-CGW) of the Sliace area record MI = 0.51-0.57.

The maturity index increases with rNa* and cNa*. This
is most pronounced for VSH-1 samples, where maturi-
ty is inverse to Mg®". Enrichment in Na* realizes due to
mixing of DRTE (Na* poor) with SRTW (Na" moderate),
being followed by the second stage mixing (dilution) with
S-CGW (Na® rich) prior sampling from the borehole.

Higher Na* level is not just because of its slower re-
sponse to cooling. The S-CGW waters are expected to
form and accumulate in siliciclastics. While the dilution
balances Mg?" lost in first stage, it adds Na*. The relation
of rNa™ and cNa" or rMg?" and cMg** to the MI vanishes
within DRTE. The low score relates to Na™ deficiency and
to oversaturation with carbonates. Hence, the Na* level is
controlled by aggressive CO, content in fluids.

Application: Na-K-Mg geoindicator analysis

The structure is immature to the Na-K-Mg subsystem
(Fig. 16). To draw the Na-K-Mg diagram we used Na/K
and K/Mg geothermometers by Giggenbach (1988). All
samples plot as immature (Fig. 17), proving inequilibra-
tion to alkalis, thus ionic ratios overestimate temperatures.
All populations score T, > 350 °C. While for K/Mg ra-
tios the DRTE samples exceed a reservoir temperature by
a factor of 1-2 (TK_Mg ~ 80-140 °C), samples of VSH-1
cluster along a T ™ 120-125 °C, which does not corre-
spond to the reservoir environment.
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Fig. 16. Maturity index distribution versus sodium and magne-
sium concentrations.



Mineralia Slovaca, 48 (2016)

Rock dissolution and mineral precipitation regime
controls chemistry of all facies. This is, at the same time,
controlled by rock dissolution or mineral precipitation.
Compared to reservoir facies, samples of the Sliace
springs depart towards cooling springs region, evidencig
their S-CGW association. Samples of the VSH-1 organize
off the cooling springs region from the DRTE facies. The
position decreases a relative Mg?* proportion compared to
DRTE, combining losses of carbonates, dilution and alka-
li intake (Fig. 15). Increase in maturity of VSH-1 reflects
Na* enrichment over stable K* level. Similar proportion in
Mg?* between SRTW and VSH-1 infers other magnesium
source.

An idea of DRTE and SRTW mixing in the upflow zone
(decrease in Mg, increase in K™ and Na*) recalled a first mixing
stage preceding dilution of a mixture with S-CGW facies, as-
sumed a second mixing stage (Na* increase, Mg?*" decrease, K*
stability) may be satisfied, if the first realizes in Jurassic — Mid
Cretaceous succession (Na'/K* source), while dilution takes part
in the Mid Triassic dolomites or the Borové Fm. (K* source).
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Fig. 17. Giggenbach maturity diagram (geothermometer). Modi-
fied after giggenbach (1986).

K-Mg-Ca subsystem

A limitation of Na-K-Ca geothermometer is its sensi-
tivity to pCO, (Paces, 1975) not too surprising in exten-
sively magma-steam heated HT or carbonate reservoirs.
In the HT equilibrated systems, the hydrolysis of calci-
um-alumno-silicates towards calcite production (Eq. 48)
fixes the pCO, (Giggenbach, 1984) at given reservoir for-
mation temperature (Eq. 49):
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Ca — Al - silicatetK — feldspar + CO, <> CaCO, + illite +
Sio (Eq. 48)

2

where the Ca-Al-silicate is isochemically recrystallised
stable Ca-mineral, and:

10g(fCO,) =1og(PCO ) = 0.0168-1 — 3.78 (Eq. 49)

where t is temperature of formation in °C.

At initial conditions, the CO, fugacity is below that of
(Eq. 49), so calcite can not precipitate. CO, equilibrium
activity drops rapidly with drop in T, turning the fluid re-
active with a CO, system (Ellis, 1970), recapturing equi-
librium by calcite deposition (Eq. 50-51).

3K —feldspar + CO,+ Ca** <> muscovite + CaCO, + 6SiO,
+2K* (Eq. 50)

K LY
« | [Ca*]+pCO

] [[mus cov ite] [CaCO,] [SiOz](} (Eq. 51)
5 [microcline]?

In LT carbonate systems, the carbon dioxide originates
by precipitation of calcite and generation of available CO,
(Eq. 52), or by equilibration to carbonates and production
of excess CO, by water-rock reaction at continuous con-
tact with a source (Simmons and Christenson, 1993).

2HCO, ~+Ca <> CaCO,,,, + HO+CO, =~ (Eq.52)

3(solid)

Under new equilibration (Eq. 48-50), involving the
CaCO; deposition in a solid form, a correlation (Eq. 53)
between concentration of major constituents for stated re-
actions (Ca?* and K*) and fugacity is given (Giggenbach,
1986):

[K"]
log [[chapr]] = log(PCOZ) +3— log(PCOZ) =L -3 (Eq.53)

Presented L, system adapts to changes in CO, or con-
centrations of constituents fast. While concentrations for
major components are a function of variations in temper-
ature, especially cooling, the (Eq. 53) does not account
for a CO, dependence neither on formation, nor on the
equilibration temperature. Correlation of fugacity, geo-
chemical composition and temperature is possible only
if combining the L, system with a geothermometer likely
adapting to reservoir dynamics, that is, the K-Mg (L, | ) geo-
thermometer (Giggenbach, 1988).

The K-Mg-Ca (K-Ca-pcoz) diagram plots samples with L,  to
the L, . A solid black line represents a full equilibrium line for
CO, partial pressures for a full equilibrium assemblage (Eq. 49).
If water equilibrates with the K-Mg-Ca and Na-K-Mg system,
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samples plot above the line and give a maturity index (Eq. 45)
of MI > 2 considering them mature or equilibrated (Giggenbach,
1988). These waters are of CO, content too low to induce the
rock alteration due to (Eq. 48). Low concentration may be a con-
sequence of initial carbon dioxide attainment from the CO, defi-
cient host-rocks prior sampling or dilution by magmatic waters
with meteoric, or, either by a loss of CO, by boiling. A region
between the full equilibrium curve and curve for calcite depo-
sition fugacity (Eq. 53) involves samples able to deposit CaCO,
during the upwell. Overall equilibrium to the K-Mg-Ca system is
limited by the calcite deposition rate (Giggenbach, 1986). Sam-
ples below the dashed line are immature, with chemistry rather
as a function of water-rock interaction then water-mineral equi-
librium and alteration. Departure from the minimum calcite de-
position line implies upflow velocity too fast for calcite alteration
onset (Joseph et al., 2013).

Application: K-Mg-Ca geoindicator analysis

The theory expects immature samples to plot below the
full equilibrium line. Actual records of all facies within a
calcite formation and mature region (Fig. 18) may first be
explained by extremely low K* concentrations, compared
to Ca*, presumable for carbonate reservoirs.
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Fig. 18. K-Mg-Ca geoindicator analysis. Model modified after
Giggenbach (1988).

DRTE samples plot along an equilibrium line due to
low K*/Mg and K?/Ca ratios at TK-Mg = 45-60 °C, which
is somewhat below the reservoir interval, instantly due to
inequilibration with the K-Mg-Ca subsystem. Assumed
LT equilibration with calcite (Eq. 52) is not valid as pCO,
~2.6-10*—3.2-1073 bar is too few to induce calcite precip-
itation. Calcite formation by hydrolysis of alumnosilicates
(Eq. 46) yields better counts (pCO, = 1.2:10° - 2.3-10°
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bar), allowing calcite deposition, which may be because
of calcite saturation prior deep reservoir inlet. As there
are no indices on boiling for calcite (Fig. 19), L,_and L, _
variation defining the fCO, results from vertical reservoir
filtration at continuous contact with a wallrock.

In other words, the unit of calcite deposited hypothetically
due to pressure change along a vertical upflow filtration is repla-
ced by a unit of calcite dissolved during a vertical downflow in
separate convection cells.
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Fig. 19. Deep reservoir analysis: calcite saturation.

Temperature overestimate for the shallow reservoir,
TK-Mg = 45-65 °C, evidences unequilibration of SRTW
facies to the K-Mg-Ca subsystem (Fig. 18), as the K¥Mg
ratio is too low. If we accept a genesis of the facies by
mixing of recharges with thermal waters evaded from the
deep reservoir, the excess Mg?" reflects continuous dolo-
mite dissolution within CHN dolomites and fresh intake,
balancing the Mg?" lost off the DRTE.
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Presumably, Mg-calcite precipitates (Fig. 20) after evasion
from the deep reservoir. Calcite addition produces excess CO,
and decreases an apparent pCO,. Under low temperatures, the
K* increases slower than Mg?', as K* leaching (simultaneous to
alteration of Na-silicates to K-micas) is less intense with drop
in CO,.

In absolute concentrations, K* increases in VSH-1
samples, compared to DRTE, whilst keeping similarity
to SRTW, either at lower Ca*. K*Ca and K?*/Mg ratios
increase probably at a magnitude of calcite and dolomite
deposition during DRTE and SRTW leaking towards dis-
charge zone, conserving K* prior mixing and later enrich-
ment of a mixture with K™ and Mg?* from dilution with
S-CGW. After projection onto CO, fugacity line, the Ty g
= 50 °C, which evidences drop in aggressive CO, by some
calcite and Mg-calcite deposition and ceasing of Na-sili-
cates modification towards K-micas, calling the (Eq. 52)
apparently valid.

Na-K-Mg-Ca geoindicator

The Na-K-Mg-Ca geoindicator (Giggenbach, 1988)
combines Na-K-Mg and K-Mg-Ca thermodynamic sub-
systems, comparing relative proportions of Mg over Ca
(carbonates) and Na to the K (alkali silicates). The solid
line represents here a full equilibrium to both thermody-
namic subsystems (Fig. 21). Samples plotted below the
curve are already equilibrated without a tendency to dis-
solve host-rocks spontaneously (Wishart, 2015). Instead,
the geochemistry of such samples is controlled by miner-
al-water equilibrium.

Average seawater (Na-Cl brine) region locates within
high Mg*"/low K* corner, whilst high Mg*/high K* cor-
ner represents a rock dissolution region. Here, samples
plot outermost to the equilibrium, thus are immature and
geochemical composition is controlled by a water-rock
interaction (Giggenbach, 1995), i.e. dissolutio p well n,
hydrometasomatism or hydrolysis. Affinity to subregions
representing average crustal rock composition (Taylor,
1964) is controlled by relative ratios of the samples. Tran-
sition of samples towards equilibrium line in a direction
of X axis indicates a possible seawater influence on their
final geochemistry. A diagonal transition trend is an indice
of mixing or dilution (Giggenbach, 1988).

Ionic ratios in a crustal rock region represent those needed
to attain a full equilibrium to a specific rock. Drawing a vertical
line onto X axis conserves Na/K ratio and can account on ex-
pected L, temperature. A horizontal line projected onto Y axis
gives an estimation by L, ~(Giggenbach, 1988). Interpretation
must, however, take a caution onto both values as they can not
gain same values in an essence. This plot is then, rather, used to
outline reservoir or conceptual relations.

Application: Complex maturity analysis

Organization of all facies along and nearby the rock
dissolution region is distinct evidence on immaturity and
unequilibration to both subsystems as they plot outermost
to the full equilibrium line (Fig. 21), recording three facies
trends meanwhile.

Deep reservoir samples plot within or to the right of
rock dissolution region. The equilibrium attainment re-
alizes along an Y axis, evidencing the equilibration due
to saturation of waters with carbonates. A drop in Mg/Ca
ratio is observed along a DRTE/SRTW trend (1), implying
Mg-calcite precipitation rate above that of “pure” calcite,
or its acquire from Jr-Cr2 horizon. Apparent increase in
Na/K towards the shallow reservoir gives some evidence
on Na-silicates modification deceleration with drop in CO,
and possible enrichment within.

Some equilibration to the wallrock is possible for
residential SRTW subfacies, destructed by a mixing with
DRTE originated subfacies instantly. At cooler downflow
temperatures (2), limestone is leached easier than dolo-
mite, which dissociation starts after the reservoir accom-
modation. Increase in alkalis in downflow is inverse to
filtration velocity decline in the Borové Formation that is a
source of Na*. The K* originates by dissolution of silicates
and impurities in dolomite, with questionable contribution
of Na-silicates modification.

VSH-1 facies record somehow a most evident trend
towards partial equilibration, off the rock dissolution
region. In fact, only weak relation may be found between
SRTW, DRTE and VSH-1 facies (3) as a sign of poly-
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Fig. 21. Facial analysis: Na-K-Mg-Ca geoindicator. Modified af-
ter Giggenbach (1988).
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stageous mixing. Some increase in Na‘, compared to
parental conditions is either because of fair conservation
of alkalis from SRTW and dilution with S-CGW hosted
in IWCP (second mixing stage), however, effect of minor
Na* preferential leaching in Jr-Cr2 horizon can not be
excluded.

CO, induced modification of dissolved alkali silicates must
be terminated already due to its consumption in deposited carbo-
nates and activation of Mg-silicates, such as talc.

Quantitative cation geothermometry application

Na/K geothermometers (GN1-GN11) yield temper-
atures of over 100 °C for each zone, consequent to in-
equilibration with Na/K system, excess CO, and deficient
source. Variation by a magnitude of orders is also general
for Na/Li geothermometers (GLN1-GLNY), resultant to
combination of lack in either Na" and Li*". Temperature
overestimates by a factor of 2—5 result from Na/Ca (GNC),
K/Ca (GKC) and Na-K-Ca (GNKC) application, conse-
quent to oversaturation of fluids with calcite and excess
CO, in the system available, immediately restraining any
equilibration to given thermodynamic pairs (Appendix D).

K-Mg geothermometry

Deep reservoir waters are oversaturated with dolomite
under permanent contact producing excess Mg** and CO, .
The K" is consumed in activation of K-tectosilicates due
to Na-silicates modification under aggressive CO, (cf.
Giggenbach, 1986). Both factors cause high Mg/K ratio,
underestimating DRTE temperatures by a factor of about 2
(Fig. 22). Apparent match of GKM3 (Giggenbach, 1988)
at TMg/K ~30-41 °C is observed for the SRTW. Equilibra-
tion with Mg/K-silicates is not possible, rather the result is
underestimated with respect to DRTE evaded subfacies by
balancing Mg** lost during Mg-calcite deposition with its
leaching from dolomites and enrichment from recharges,
more intense than K* intake from the IWCP formations.
Indeed, the K-Mg-SiO, relation aids assumption on flu-
ent rewashing of the zone and residency too short for any
equilibrium attainment. Depending on a depth of sam-
pling, GKM3 scores reasonable estimates for the SRTW as
long as K/Mg"* = 0.5-14. GKM3 yields T, , ~31-33 °C
at VSH-1 (Fig. 22). Following qualitative applications, the
temperature is definitely underestimated, as Tk = Ty
Inflow temperature of waters from both reservoirs prior
mixing must be, at least, of T =45 °C or T =40 °C respec-
tively. We would not recommend K/Mg geothermometry
quantitative application in local conditions.

Li-Mg geothermometry

A difference in lithium concentrations from early
years (1987-1992) of deep reservoir production (cLi*" =~
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Fig. 22. Review on cation geothermometry quantitative applica-
tion. See Appendix B for references and symbols.
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1.4-2.5 mg-kg!), compared to steady lithium lowers that
has been monitored at ZGL-1 or FGTB-1, henceforth
(cLi** = 0.2-0.3 mg-kg™) varies Li/Mg estimations from
T o = 65-83 °C towards current T o = 27-37 °C.
This is easily explained by the disproportion between low
Li* and Mg*", even magnesium is upscaled by a root of
square. There is just no sign on Li-clays equilibration (Eq.

45-46).

Such a drop may then be because of initial marinogene re-
siduals removal or due to increasing an overall deep filtration
velocity within the structure, as not only Li*, but Cl" decreases
in comparable scale (Fig. 23). Definitive rewashing of long-term
and long-residential waters while building up the hydraulic gra-
dient between recharge and accumulation zone towards pseu-
do-steady state would also drop the Li*.

Stable Li" concentrations are recorded in the shallow
reservoir (cLit =~ 0.3-0.6 mg-kg") during its production
(1979-2015) yielding T . Mo 39-52 °C, with no relation
to sampling depth. The lithium content comes off its con-
servation during DRTE upwelling or leaching from IWCP
and Jr-Cr2 positions in a downflow regime of recharges.
Either the way, Li* appears conserved only, not entering
any ion exchange reactions, questioning Li/Mg geother-
mometry application as no equilibrium is attained.

With given VSH-1 samples (see Appendix C) the score
in temperature (TLi/Mg = 62-69 °C) estimation at (cLi*" =
1.0-1.4 mgkg') is rather a hint on additional Li** addi-
tion from a host rock while waters of deep and shallow
reservoir laterally leak towards discharge zone. For this
interpretation, we would prefer the influence of transition
at a contact with sufficient source, such as IWCP, or with
Jurassic—-Mid Cretaceous succession.
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Fig. 23. Time-domain variability in selected ion constituents at
ZGL-1.

Too few correlations for lithium geothermometry exist, avai-
lable for detailed look on lithium origin. The deep reservoir wa-
ters are of higher temperature, thus may dissolve Li* intensively,
thus do not need a long water-rock contact. Shallow reservoir
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waters are of half a lower temperature, but remain constantly in
potential lithium source rock. If both facies mix together, the re-
sultant lithium is then proportional to rate of mixing. A process to
control the lithium level is, most probably, a simple enrichment,
as association of lithium clays in ion-exchange reactions is unli-
kely. As far as uncertainty onto lithium origin exists up to a recent
state, use of lithium geothermometry in local conditions is rather
not recommended.

Na-K-Ca-Mg corrected geothermometry

Thermal waters of the BeSeniova elevation, regardless of fa-
cies affinity are acid, referring to volatile CO, content, thus with
calcite and dolomite precipitation in control on aqueous pH, ex-
plaining why most of cation geothermometers fail in quantitative
application (Appendix D). Besides saturation of calcite, aragoni-
te or dolomite (Figs. 19-20), structures hosted in carbonates are
usually rewashed, fast in filtration and diluted by recharges or
during upwell in discharge zones, thus rich in excess Mg?'.

For the deep reservoir, the excess Mg?" is obviously
controlled by magnesium (dolomite, calcareous dolomites,
talc) saturation cycle. Using the Mg-correction, the initial
Ty = 211-325 °C decreases to T = 27-95 °C, out
of that 24 % of samples (8/33) do not match the reservoir
interval, with one overestimate only. There is no external
Mg?" source than dissolution of dolomites and LT alter-
ation of impure dolomites. Correction estimation range
implies rather variation in saturation of dolomite and talc
thermodynamic activation.

Even after correction temperatures are overestimated,
both in shallow reservoir (T, = 61-79 °C) and VSH-1
samples (T, = 42-49 °C). For both, the function can
not be used in equilibrium conservation correlation to the
origin of formation. The mismatch points to excess Mg>*
due to additional dolomite dissolution or mixing (dilution)
with recharges, aiding previous balance of Mg-calcite de-
posited during lateral leaks or vertical evasion.

COMMENTS ON SOLUTE GEOTHERMOMETRY

Isotope and gaseous geothermometry

Use of solute geothermometry is grounded by concep-
tion of relative stable upflow during which a fluid does
not undergo any mixing with cooler groundwater or is at
sub-boiling conditions. Development of gas and isotope
geothermometers responded to problem of inconsistency
of many thermal springs with an obligatory conception in
essence. As both are not a scope of our paper, we deal with
either only in a brief review.

Thermal springs are not the only surface geothermal pro-
pagations. Many fields manifested by fumaroles do not involve
springs, as the water table remains deep in grounds, thus aqueous
geothermometers can not be applied (Giggenbach, 1991). The
fact resulted in development of the gas geothermometers based
on gas—gas equilibria, gas—mineral equilibria and mineral-residu-
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al gas equilibria, related to CO,, H,S, H, or CH, (e.g. Arnérsson
and Gunnlaugsson, 1985; Arndrsson et al., 1998). Steam geother-
mometry is more difficult to handle, because: (a) gas concen-
trations are affected by water—steam ratio; (b) in fumaroles, the
gas content of a steam is affected by mechanism of boiling and
condensation, and; (c) gaseous components fluxes from external
reservoir or magmatic source may be of influence overprinting
initial mineral-gas equilibria (D’ Amore and Arndrsson, 2000).
Application of these is ambiguous for low enthalpy systems with
steam phase separated artificially.

In natural systems, equilibrium achievement for isotope
exchange reactions is temperature dependent (Ellis and Mahon,
1977). Isotope geothermometers are less sensitive to thermal wa-
ter flow dynamics, as achievement on chemical equilibrium is
obligatory prior isotope redistribution into equilibration (Lyon,
1974). Out of many proposed, most frequently used geothermo-
meters for high enthalpy fluids are those based on CO, — CH,,
CH,D - H, and HD - H,0, CO, - H,O and SO, — H,S, whilst for
low enthalpy systems, applicable isotope geothermometers refer
to SO, — H,0 and CO, — H,0 (D’ Amore and Arnorsson, 2000).

Critique on solute (cation) geothermometry

Criticism accents violating principal aspects of formal
chemistry in setting assumptions for grounding and appli-
cation of cation geothermometers. In balancing equilib-
rium reactions (e.g. Eq. 17), solids on both sides are not
the same and there can not be a free ion in equilibrium
reaction, thus the equation can not be in equilibrium, and
mixed minerals are not pure phases, so their activity co-
efficients can not equal one. Another impossibility is in
existence of a fraction of atom in formula (e.g. Eq. 39). In
practical aspects of computational solute geothermometry,
adds imbalance in physical units within solute geother-
mometers equations, as there are numbers on a one, and
variable with a unit on the other side (Verma, 2012).

Silica geothermometry has also been subjected to
criticism of its basics. Experimental solubilities of silica
decrease along a water-vapor saturation curve at temper-
atures above 300 °C, neglecting a vapor formed fraction.
It is mandatory to account on total silica discharge, thus
to include a silica in the vapor fraction, in construction of
silica solubility basics. To know that, correct knowledge
on reservoir temperature is crucial. Then a role of silica ge-
othermometers limits to reservoir water-rock interactions
and equilibrium states (Verma, 2000). Nor SiO, geother-
mometry models are balanced in physical units (Verma,
2012).

Isotope geothermometry techniques and understanding
on isotope cycles in thermal waters is in a constant devel-
opment. There is, however, a rising accent on their relation
not only to temperature, but onto influence of reservoir
pressure and salinity addition as well, which is not includ-
ed in conventional isotope geothermometry calculations
(Horita, 2005). At the same time, variation in isotope ther-
modynamic history due to mixing is frequently missed out.
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MULTICOMPONENT EQUILIBRIUM
GEOTHERMOMETRY (MCG)

Instead of solubility of one or a few minerals and
semi-empirical correlations, the multicomponent geother-
mometry uses complete fluid analysis and a solid thermo-
dynamic background at given assemblage. The complexity
provides the multicomponent geothermometry with the
advantage of a great precision, if applied correctly. Exact-
ly, minimum assumptions grounding the MCG turn this
method most reliable, whether in temperature estimation,
saturation states analysis, equilibrium correlations and
CSM construction.

Mineral equilibria

Saturation state

Chemistry of thermal waters is not only a print of co-
existing dissolved phases (Arnorsson et al., 1982; Reed,
1982), but a record of its conceptual history either. One of
consequences of the conceptual history is an equilibrium
state (Eq. 53), at which the activity quotient and equilib-
rium constant (Eq. 54) are equal, so the saturation index
SI =0 (Reed and Spycher, 1984).

SI=log (ng] (Eq. 53)

eq

where Q, is the activity quotient for aqueous species formed
by the dissolution of a mineral “k” and K, is the equilibrium
constant for the dissolution reaction of a mineral “k’:

i .
Hai kvz,k i .
ak ’ and Qk = Hai,kw'k

K (Eq. 54)

eq

where “a,, ” — activity coefficient, “v,,” — stoichiometric coe-
fficient for species “i” in equilibrium mass action expression for
phase “k”, “a ” — activity coefficient of ,,k-th“ phase.

If the phase is undersaturated (SI < 0), the thermal water tries
to approach its equilibrium by dissolving/leaching activation
from a wallrock or onset of equilibration ion-exchange reac-
tions, or, in other words, the phase and its components remain
in solution. At oversaturation (SI > 0), the water lets the phase to
contribute on equilibration reactions or deposits, the phase after
loosing a contact with a source rock or if p-T conditions change
dramatically (e.g. onset of cooling, boiling).

A frequent technique in analysis of saturation states for
one or more minerals is plotting the SI over an optional
range of T, which implicitly displays thermodynamic state
of mineral phases of various composition, instead of using
activity diagrams where only two compositional variables
are plotted at fixed temperature (Reed and Spycher, 1984).
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Approach

The recalled complexity is, at early exploration stages, of
greatest disadvantage for the MCG, requiring not only at least
some knowledge on associated mineral suite, but a solid concept
on reservoir dynamics, i.e. generation of adiabatic boiling and
processes of heating and cooling during conceptual history. For
the MCG, only deep reservoir is evaluated, as this is identified
the only zone not affected by any mixing or dilution.

In a sake of review, geochemical models (Fig. 2) to-
gether with geothermometry (e.g. Figs. 6 and 7) give a sol-
id supposition on conductive heating/cooling controlling
reservoir intake or runoff temperature variations regard-
less of direction.

Computation module

The MCG targets saturation states of associated mineral
phases. Several notes onto the problem have been listed e.g. in
Remsik et al. (1998), as well as Vandrova et al. (2011), aimed at
actual, sampling temperature saturation of the deep and shallow
reservoir. The MCG, however, requires analysis over desired
temperature interval, which usually means between reservoir
base and reservoir outlet, or, rather, geothermal infrastructure
intake temperature, with possible extension to reference tempe-
rature assuming constant p-T conditions.

Under local conditions, we set the temperature interval
for T = 20-100 °C, referring to usual reference tempera-
ture and basal temperature extended by ~ 10 % for better
precision at the base. Saturation calculations (Eq. 53—54)
were carried using Phreeqc (USGS) and WATCH/WAIN
(ISOR) scripta, applying cooling springs, no boiling =
conductive cooling/conductive heating modules off the
sampling temperature. At this setup, both modules are able
to vary thermodynamic properties and SI or desired solids,
not changing macrochemistry of analysed solution.

Selection of fluid samples

Whether for simple saturation indexes (SI) or advanced
multicomponent geothermometry (TSI, RMED) analysis,
we limited calculations to deep reservoir waters only. The
reservoir has been selected because it represents the only
zone within the structure not affected by any mixing or
dilution. Obviously, the reservoir intake from the deep in-
filtration channels is expected to be of quasi-isochemical
regime. To narrow the population, the modelling proce-
dure involves only samples of complete chemical analysis
in referenced literature (see Appendix C). We itinered then
the selection towards samples which yielded relevant tem-
perature estimate at chalcedony geothermometer (Fourni-
er, 1977) simulation in WATCH. To tighten homogeneity
of samples, the last population reduction selected samples
taken at wellhead only through a sampling campaigns
since 1988.
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Complex equilibrium temperature (TCEQ)

Type curve method

Interpretational procedures using SI vs. T diagrams are
based on convergence and shape analysis. In T, evalu-
ation, equilibrated assemblage intercepts the SI zero level
at a definite temperature, or, at least, at a narrow tempera-
ture interval reservoir boundary conditions (Pang, 1988).
In fact, no more than 10—12 phases coexist in equilibrium
(Arndrsson et al., 1982). More interception clusters im-
ply inequilibration or partial re-equilibration. Conceptual
decision is rather a question of the interpreter. Equilibra-
tion to a relevant assemblage may be well seen by sharp
maxima and irregular skewness of histograms (Reed and
Spycher, 1984).

Boiling effects upon saturation states relate to an im-
mediate change in pH and loss of CO, or H,S respectively.
For silicates, the SI = 0 intersection temperature increases
as SiO, concentration in residual fluid is higher as of an
initial (Tole, 1988). Mineral phases containing sulphide,
aluminum and iron shift equilibration compared to the
pre-boiling conditions as speciation of H,S, AI’* and Fe*"**
changes with an increase of CO,. However, the loss of
CO, definitely causes supersaturation with respect to car-
bonates (Reed and Spycher, 1983). Boiling plots irregular
dispersion and shifting of SI curves generally (Neupane et
al., 2014).

By mixing with cooler thermal water or mineralized
groundwater, the convergence temperature for particular
phases shifts irregularly, and there is usually neither equi-
librium attained, nor convergence clusters may be iden-
tified. A contact with dilutant (Fig. 11c), however, shifts
apparent equilibrium to negative or causes “re-equilibra-
tion”, or, simply, double interceptions for phases or com-
plete assemblage (Tole, 1988).

Application: Selection of solids procedure

Numerous methods have been developed since the concept
of equilibrium (saturation) analysis was introduced (e.g. Reed
and Spycher, 1984). Besides computation and analysis prin-
ciples, these methods vary in mineral assemblage selection/defi-
nition. Complex equilibrium analysis selects the assemblage by
arbitrary.

Together 18 solids were selected to represent reservoir
and conceptual model conditions, assigned into groups
of master- primary (calcite, dolomite, chalcedony, gyp-
sum, talc), alteration (albite, adularia, fluorite, kaolinite,
illite, muscovite, chlorite) and hypothetical- minor phases
(montmorillonites, gibbsite). Master and alteration phases
control geochemistry of reservoir waters by their satura-
tion states. Minor phases were introduced for additional
control on stability for major components and pH. Neither
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alteration, nor hypothetical phases must necessarily pre-
cipitate because of oversaturation. Their state of equilibri-
um is called to control ability of master components (OH",
K*, H', Na*, F-, AI*) to enter wallrock dissolution or ion
exchange reactions, with respect to CO, reservoir cycle.

Application: Complex equilibrium temperature analysis

Derivation of complex equilibrium temperature re-
quires calculation of temperature at which the saturation
state (Eq. 53) equals SI = 0 for each of selected phases
(Tab. 1) per every sample. With this procedure, the overall
temperature varies Tepo = 56-79 °C, as median values of
T,, = 0. Because of skeweness of results, the representative
temperature of complex equilibrium equals T, = 66 °C.
Out of 20 samples, only two were disqualified, as num-
ber of equilibrated phases within T = 20-100 °C has not
reached 50 % (9/18). The T, = 66 ° corresponds to upper
half of the deep reservoir.

Quantitative equilibration analysis may be referred to reser-
voir temperature (T = 5679 °C) or entire temperature (T = 20—

res

100 °C) interval. The first approach inspects reservoir conditions

only, whilst the latter allows evaluation of not only reservoir, but
runoff conditions simultaneously, assuming no mixing and main-
taining conductive heat loss as a controlling cooling process only.
Only 8 phases equilibrate at over 50 % frequency at
T Only chalcedony, Na- and K- montmorillonites equili-
brate completely. Chalcedony saturation proves its control
on silica solubility (Fig. 5). Equilibration of montmoril-
lonites proves the adularia—albite system is not in control
on Na/K stability (see Fig. 15). Adularia (mean T =55
°C) equilibrates in 16 samples at (Tego= 40-65), however,
in 8 samples within the reservoir. Albite (mean T, =42
°C) intercepts SI = 0 in 9 samples only (T ., = 30-46),
not reaching equilibrium within reservoir. Anhydrite and
fluorite never converge to SI = 0 at reservoir temperature
as well. Inequilibration with anhydrite aids control of
gypsum saturation on SO,> content within deep reservoir.
Gibbsite, kaolinite and chlorite (Tab. 2) equilibrate in over
15 samples. First two simulate available OH- and AI** for
alkali hydrolysis reactions. The Mg?* available by chlo-
rite saturation variation allows its re-attainment within
LT metamorphosis of detritic dolomites, activating talc,
leaching Mg-calcite and producing additional CO,.

Tab. 1
Deep reservoir: review on CEQ of selected samples

3 Wellhead samples codes
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Equilibrium temperature (°C)

Adularia 50 49 61 U 51 59 U 55 U 40 U 58 48 55 53 53 56 54 65 63
Albite 37 U U U U U U 43 U U U 43 U 31 42 4 46 43 U U
Anhydrite 20 22 25 20 22 24 22 21 20 21 O O O O O O O o o o
Calcite O O 20 45 O O 62 O 25 O O O O O O o o o o o
Ca-mont. 71 78 O O 8 91 O 8 8 84 84 74 76 8 71 73 74 74 85 86
Dolomite O 31 8 8 46 45 U O 45 32 29 O O O O O O O O 2
Fluorite o o o o o o o o o o o o o o o o o o o o
Am. pyrite 56 45 O U U U U 22 U 5 U 5 U 60 46 55 55 62 79 80
Gibbsite 53 62 69 67 65 65 70 58 64 64 62 48 58 58 51 53 50 53 58 61
Chalcedony | 56 64 94 81 72 81 94 67 67 67 67 72 58 67 60 62 66 62 77 79
Chlorite 61 8 97 99 94 91 O 73 88 8 8 44 77 74 53 60 52 60 74 80
Illite 49 U 64 U 55 61 U 55 U 52 52 51 SI 54 50 52 52 52 59 60
Kaolinite 72 8 O O 8 9 O 79 87 84 &4 71 77 79 71 73 72 73 81 &4
K-mont. 62 67 9 81 75 79 99 69 73 71 71 63 65 69 61 64 64 064 75 72
Mg-mont. 73 8 O O 8 92 O 8 8 8 8 75 77 8 72 15 715 7T5 86 87
Na-mont. 62 68 92 8 76 8 O 70 74 73 73 63 66 70 62 64 64 65 74 5
Talc 38. 63 74 81 71 66 8 49 66 64 60 O 54 44 27 35 25 35 45 52
Muscovite 99 9 O O O O O 98 O O O 92 95 98 91 93 93 93 O O

Explanations: O — oversaturated; U — undersaturated
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Tab. 2
Deep reservoir: review on CEQ of selected samples
Mineral phase Reservf(irq?lcitrlli:;bration M?rilrtleg; 0
X=n % (°C)

Adularia 8 40 50-55
Albite 0 35-40
Anhydrite 0 20-25
Calcite 1 5 25-30
Ca-mont. 17 86 70-75
Dolomite 2 10 80-85
Fluorite 0 -
Am. pyrite 45 55-60
Gibbsite 15 75 55-60
Chalcedony 20 100 65-70
Chlorite 17 85 70-75
Illite 2 10 45-50
Kaolinite 18 90 80-85
K-mont. 20 100 60-65
Mg-mont. 17 85 70-75
Na-mont. 20 100 70-75
Talc 45 65-70
Muscovite 45 90-95

Application: Type curve analysis

The type curve analysis applies to inspect reservoir dy-
namics. In previous, we already plotted chalcedony (Fig.
5), calcite (Fig. 19), dolomite (Fig. 20), and adularia—al-
bite—muscovite suite (Fig. 15). Primary phases record uni-
form trend in SI-curves throughout the analysed interval.
Alteration minerals, however, plot some minor variation
(Figs. 15 and 24) at T < 65 °C. Because most of these are
alkalis, we interpret the observed break as due to unstable
contact with reservoir Na* and K* source (at T > 65 °C),
and variable CO, saturation, which boosts or limits Na-sil-
icates conversion into K-micas or phyllosilicates, with
some secondary effect on aqueous AI** during the onset
of conductive cooling as the sample is simulated to leave
the reservoir.

A unifying feature of all phases plotted against tem-
perature is variation in SI = 0 convergence, much above
tolerated 6T = 0 difference of 10 % (£ 9 °C). This is some
sign of intraformation mixing, however, in pseudo-iso-
chemical and pseudo-isothermal regime. The only possi-
ble scheme to fit this postulate is intraformation mixing
of waters in vertical filtration due to formation of isolated,
induced-convection cells, with steady, accommodated wa-
ters within upper parts of the reservoir.
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Multicomponent equilibrium

Since the MEG was introduced (Reed and Spycher,
1984) and modified (Pang and Reed, 1998; Palandri and
Reed, 2001), the application of some conceptual approach-
es aimed either at T derivation (e.g. Tole et al., 1993;
Neupane et al., 2014), or initial reservoir fluids and forma-
tion brines reconstruction with onward temperature pre-
dictability improvements (e.g. Peiffer et al., 2013; Peiffer
et al., 2014; Spycher et al., 2014). Hundreds of minerals
can be easily plotted onto the SI vs. T diagram, making it
all but useful. Moreover, dozens of assemblages may be
misleadingly analysed, if these are selected inappropriate-
ly. Crucial for multicomponent equilibrium geothermom-
etry is to know the assemblage and the procedure searches
for, thus, the assemblage that is in control of chemistry of
water samples.

Phase rule

The Gibb’s phase rule identifies a number of minerals
that may equilibrate with the geothermal fluid by defining
degrees of freedom (Eq. 55), controlling a real number of
components ready to equilibrate (Eq. 56), if temperature
and pressure is fixed in the system, e.g. in the case of water
saturated with steam (Cooper et al., 2013):
F=C-P+2 (eq. 59),

where F is a number of independent variables, C is a
number of components and P is a number of phases in the
system, so the number of equilibrium minerals (M) be-
comes:
M=C-F (Eq. 56)

The phase rule gives an upper and theoretical limit for
number of minerals that may coexist in equilibrium, even a
real number of equilibrated minerals may be significantly

less (Palmer et al., 2014), as this is due to combination of
conceptual history of a fluid and p-T conditions.

In this paper, we have continuously accented multiple ge-
othermometry application, however, temperature estimation re-
sonates as the principal. Reservoir temperature may be derived
by applying the TSI (Cooper et al., 2013) or CSI/RMED (Spy-
cher et al., 2011; Spycher et al., 2014) methods.

Total saturation index (TSI)

Assemblage selection does not necessarily impede un-
readability of SI vs. T plots if disarranged clustering or
several re-equilibrations are displayed. The optimizing
function for considered mineral assemblage is termed as
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the Total Saturation Index — TSI (Cooper et al., 2013). In
cited publication, the function is squared (Eq. 57) to search
for loss in volatiles and reconstruction of amount of CO,
degassed. However, if there is no boiling in the reservoir,
alternative linear form (Eq. 58) can be used to search for
absolute saturation states and yield hints on overall reser-
voir situation (Fricovsky, 2014).
2

TSI=Y" (SI/wty=3" Hlog [gk] / Wﬂ (Eq. 57)

eq—i

TSI=Y" (SI/wt)=3" Hlog K’f} / wt} (Eq. 58)
eq—

i

The (Eq. 57) is square-termed, thus always greater
than zero. Temperature is estimated by plotting possible
amounts of evaded CO, and searching for a function with
one minima converging to zero TSI level. Then, the point
at which the curve converges the TSI = 0 may be a solid
hint on reservoir temperature (Palmer et al., 2014).

This allows to check for accuracy in degassing coefficient
evaluation for SI calculations or, reversely, the optimized CO,
loss may be revisioned by evaluation of degassing coefficient by
trial-and-fail procedure while calculating SI of partial assembla-
ge components. Initial CO, level estimation helps to reconstruct
initial fluid composition prior sampling (if the fluid flashed befo-
re the action) or boiling respectively.

Use of linear function (Eq. 57) gives rough estimation
of total equilibrium states in the reservoir, and, apparent-
ly, gains robust estimation of prevailing undersaturation
or oversaturation. A hint on reservoir temperature may be
read of the TSI = 0 line interception. Both functions equal
for non-boiled, equilibrated waters.

TSI type curve analysis

Linear TSI functions (Eq. 58) are similar to those plot-
ted as SI vs T, grouping number of phases together instead
of plotting them individually. An assumption is the equi-
libration (no boiling, no mixing) of records TSI = 0 inter-
ception at narrow (3T, < 10 % of Tbtm-Tmp) temperature
interval and stable shape.

Fluids mixed prior sampling record unstable intercep-
tion because of various cooling and changed saturation
states of particular phase. Vertical reservoir flows cause
the re-equilibration due to instable contact with sources of
controlling assemblage components, which is of relative
effect on thermodynamic activity stability of the phases.
Irregularity in shape and wide 6T dispersion is a sign of
dilution, responding to destruction of initial fluid composi-
tion. Reservoir boiling or (uncontrolled) borehole flashing
gives TSI curves shifting in total saturation, maintaining
one of saturation extremes or distributed irregularly. Yet



Mineralia Slovaca, 48 (2016)

vertical resolution in TSI is a function of SI extremes of
selected assemblage (Fricovsky, 2014).

Quadratic function (Eq. 57) respects possible ana-
lyti- cal and sampling errors disqualifying possibility of
TSI = 0. The type curve analysis is used rather to evalu-
ate a possible degassing effect as it should be a curve of
closest approach to the TSI = 0 line and with one minima
and more-or-less concave shape in a solid (e.g. Cooper et
al., 2013). Because of squared term, the curve reflects SI
by changing a shape or introducing several local extremes.

Upscaling and weighting factors

By definition, SI is a function of reaction stoichiometry
(Smith et al., 2012). Both transcriptions defining the total
saturation index (Eq. 57-58) are weighted by a factors (wt))
ensuring all assemblage minerals are considered equally
and a TSI (or TSI temperature) estimation is not skewed
by stoichiometry (Neupane et al., 2014). Even numerous
methods to upscale the total saturation index exist, such as
thermodynamic activity, inverse of reservoir alteration fre-
quency etc., the upscaling by thermodynamic components
defined in (Cooper et al., 2013) entering reactions is the
one used most frequently, still developing continuously
(Cannon et al., 2014; Cooper et al., 2013; Neupane et al.,
2014).

Application: Weighting factors and assemblage defini-
tion

We preferred the approach based on number of ther-
modynamic components. In that principle, the factor is
derived from number of thermodynamic components for
i-th mineral and a number of times each component enters
dissolution or (equilibrium) ion exchange reaction (Tab.
3) of the i-th solid. This scales up the weighting factors as
1 mole of ion is added into solution (Cooper et al., 2013).

To ensure analysis coincidence, we kept the assem-
blage selected arbitrary and described in complex equilib-
rium analysis (Tab. 2). A reason for that is in a simple fact
that the use of different assemblage would account differ-
ent solids, skewing onward interpretations as referring to
different equilibration or alteration conditions.

Application: TSI temperature calculation

Even there is no boiling, we used linear and quadratic
total saturation index models for temperature estimation.
TSI temperature is inferred by TSI = 0 interception for li-
near, and TSI = 0 convergence for quadratic approach.

Only two samples (Tab. 4) remained oversaturated
through the entire interval (T = 20-100 °C), that disqual-
ified them out of representative temperature assessment
immediately. The rest has been determined to equilibrate
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Tab. 3
Weighted factors calculation for normalized assemblage

Mineral Thermodynamic components wt,
Albite 1* Al, 1* Na, 3* SiO, 5
Adularia 1* Al 1* K, 3* SiO, 5
Anhydrite 1* Ca, 1* SO, 2
Calcite 1* Ca, 1* CO, 2
Ca-mont. 1* Ca, 2* Al, 2* Mg, 2* OH, 4* SiO, 11
Dolomite 1* Ca, 1* Mg, 2* CO, 4
Fluorite 1* Ca, 2* F 3
Gibbsite 1* Al, 3* OH 4
Chalcedony 1* 8i0, 1
Chlorite 2* Al, 3* SiO,, 8* OH, 5* Mg, 5* Fe 23
Illite 1* K, 2* Al, 3* SiO,, 2* OH 8
Kaolinite 2* Al, 4* OH, 4* SiO, 8
K-mont. 1* K, 2* Al, 2* Mg, 2* OH, 4* SiO, 11
Mg-mont.  1* Ca, 1* Na, 2* Al, 2* Mg, 4* SiO,, 2* OH 12
Muscovite 1* K, 3* Al, 3* SiO, 7
Na-mont. 1* Na, 2* Al, 2* Mg, 2* OH, 4* SiO, 11
Am. Pyr. 1* Fe, 2* H,S 2
Talc 1* Mg, 2* OH, 4* SiO2 7
within T, = 72-94 °C. Low coefficient of variation (¢, =

0.682) supports the median temperature T, = 79 °C as
representative, that corresponds to lower half of the reser-
voir (Fig. 25).
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Fig. 25. TSI: linear approach.
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Same two samples have been eliminated for squared
T, analysis (Fig. 26). The method is more sensitive to
local SI minima and maxima extremes. In total, 18 sam-
ples converged closest to TSI = 0 at T = 69-89 °C (Tab.
4), with a median of T, = 74 °C. The difference between
both is 6T, = 5 °C, which is less than 10 % of reservoir
temperature coverage interval, forth it is possible to refer
the difference to extremes individual phases attain. Hence-
forth the temperature corresponds to middle/lower half

part of the reservoir again.

Application: TSI type curve analysis

Two groups of linear TSI are identified (Fig. 25). Six
samples record linear, or quasi linear shape, intercepting
the TSI = 0 line with 5 °C dispersion (T, = 72-77 °C).
The rest equilibrates at T, = 73-94 °C, however, records
a break in TSI increase at T, = 35-50 °C, out of reservoir
conditions. Yet no break is observed within the reservoir
temperature interval. Moreover, three samples plot some
re-equilibration potential at T =23, 30 and 31 °C.

The reservoir temperature difference between a top and

a base equals 0T =40 °C. If we take the entire group, the

15 =3 . g
14 3 8TTS1 =22 °C (> 50 %), that is over tolerance. Uniform run
13 -3 of TSI functions contrast to high 6T, is indicative of res-
E ﬁ E reservoir temperature ervoir immaturity. Either a minor change in concentration
g 10 = interval of major constituents disperses curves out of median TSI.
2 9 = This is proportional to instability in dissolution of macro-
s 8 73 components, whether it may be due to quasi-isochemical
® g 3 mixing at reservoir intake (= reservoir is sensitive to re-
2 5 charge dynamics) or due to intraformation mixing between
% 4 3 residential and vertically filtrating waters (= reservoir is
e 3 3 / sensitive to rate of convection). Stability is indicative of
f :; z no boiling environment.

0 e The use of squared function determined a convex (lin-
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ear TSI) and sinusoidal (linear with break below 50 °C)
20 30 40 50 60 %0 80 90 100  lines. The number of samples per group equals to distribu-
temperature (*C) tion of linear analysis (Tab. 4). The break, which gives the
Fig. 26. TSI: quadratic approach. sinusoidal shape realizes at T, < 50 °C, similar to linear
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analysis. The variation in convergence 6T, = 20 °C nar-
rows compared to linear analysis, however, still equals 50
% of reservoir temperature interval. We add the difference
is just as sensibility of the method increases towards satu-
ration extremes, meanwhile supporting previous interpre-

tations.
Clustered saturation indexes approach (RMED)
Optimization procedure

The MEG analysis and reservoir temperature estima-
tion is clearly a function of selected mineral assemblage,
either set arbitrary, or by numerical optimization (Spycher
et al., 2014). Saturation indexes of a wide assemblage are
normalized by a weighting factor (e.g. Cooper et al., 2013)
and calculated against desired temperature interval. First
itineration eliminates the phases which SI does not con-
verge to 0.05 in absolute over the analysed range. Then,
a median of SI (RMED) is calculated at each temperature
step, normalized by a factor of 1.2. The suite to calculate
temperature of overall equilibrium is narrowed by ignor-
ing those solids violating SI </1.2RMED/. This eliminates
skewing of TSI calculation, finally the reservoir tempera-
ture (T,,,.,) is inferred from that of minimum median of
absolute SI, yielded by residual phases — suite (Spycher et
al., 2014).

Application: Assemblage upscaling

Similar to previous methods (CEQ, TSI), we decided
to analyse the primary-alteration-hypothetical assemblage
selected before to ensure conceptual homogeneity for
onward correlation and analysis. Saturation indexes are,
analogously, weighted as according to Tab. 3. The assem-
blage has been eliminated with calcite and muscovite, both
not reaching —0.05 < SI < 0.05 throughout the reservoir
temperature interval. Later upscaling itinerations have
been conducted individually. The Ca- and Mg- montmoril-
lonites were disqualified as most (Tab. 5), whilst chlorite,
chalcedony and gibbsite were involved in each calculation.

Application.: Upscaling implicatons

Elimination of calcite is more or less expected, as ther-
mal waters simply must be oversaturated with calcite (Fig.
19) even before intake into the reservoir zone. The over-
saturation to calcite, simultaneous to a permanent contact
with a source rock is then one source of excess CO, in deep
reservoir waters. As thermal waters are hosted in impure
limestones and dolomites (and their transient forms) at
low enthalpy conditions, the oversaturation with musco-
vite (Fig. 15), restraining its reaction activity, allows us to
assume the LT alteration of siliceous (detritic) dolomites,
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which does not involve the metamorphic ion-exchange
reactions, but activates talc, produces Mg-calcite and in-
creases CO,. Muscovite oversaturation consumes the SiO,
and available Mg?* into chlorite alteration. Yet chlorite and
talc record confident equilibration. Their declining satura-
tion tendency (Fig. 24) with decreasing temperature aids
the process. With the use of this approach, the dolomite
equilibrates well at T < 50 °C (80 % of equilibration re-
cords of SI < RMED:1.2), which corresponds to initial
conception and assumption on some Mg-calcite precip-
itation while fluid experiences lateral leaking or vertical
evasion, maintaining high CO, level at reservoir outlet, re-
straining balanced Na/K alteration (Fricovsky and Tometz,
2014). Indeed, even with upscaled saturation, albite and
dissociated Na-silicates are rather consumed to form illite
or maintain muscovite uptorn, at least upon reservoir out-
let.

Tab. 5
RMED summary table

E 8
g £ EE
Adularia 3 50 50
Albite 6 40 30
Anhydrite 18 20 20
Calcite 20 - -
Ca-mont. 13 80 80
Dolomite 6 40 50
Fluorite 5 90 80
Am. pyrite 4 50 60
Gibbsite 0 60 60
Chalcedony 0 70 80
Chlorite 0 80 80
Tllite 1 50 50
Kaolinite 1 80 80
K-mont. 3 70 80
Mg-mont. 11 80 80
Na-mont. 2 70 80
Talc 1 60 60
Muscovite 20 - -

The other reason for inequilibration of albite—adularia
system is relative good correlation of Na- and K- mont-
morillonites (or their activity coefficients), optionally
controlling reservoir Na" and K* hydrolysis. Some loss in
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CO,, due to the precipitation of calcite and Mg-calcite, or
because of consumption for talc activation, can not com-
pensate its oversaturation referring to the Na/K system.
Obviously, the rate of Na/K immaturity is a function of
adularia-albite inequilibration, proportional to excess CO,
level, supporting an idea of immaturity relation to dissoci-
ation of carbonates, but to low grade alteration of detritic
(or impure) dolomites as well. Carbonates are deficient in
alkalis, forth the metamorphis intensity depends on a wa-
ter-rock contact with separate horizons containing silici-
clastics. Instability of the water-source interaction relates
then to variable vertical filtration. The deep reservoir is off
any conditions for intrinsic convection. However, because
of unconform base overheating, there are separate con-
vection cells formed within, even not covering the entire
effective profile. It is just obvious then that all reservoir
reactions, whether do or do not producing CO, are a func-
tion of induced convection and so to the mass movement
controlling final equilibration or re-equilibration. Further
on, the rate of immaturity and inequilibration in Na/K re-
lates explicitly to the rate of reservoir convection exten-
sion (vertical thickness, lateral impact), duration (vertical
filtration velocity), and intensity (bulk mass movement).

Application: RMED temperature (T,

) Calculation

Because of “hands on” elimination, we carried com-
putations in 10 °C intervals, forth the real extension of in-

samples equilibrated according to RMED approach. The
inferred temperature variesin T, . =30£5°C-80%5
°C interval, with medium (representative) temperature of
reservoir equilibrationat T, =65 °C (the average T, .,
= 64 °C). This is fairly similar to temperature of complex
equilibration (T, = 66 °C), but is still less than that of
total saturation index (T =79 °C). The T, versus Tegg
similarity is fairly coincidental. With RMED, both most
samples equilibrate and most equilibration records are ob-
served for T, ., = 80 £ 5 °C (Tab. 6), which is, however,
close to the temperature inferred by TSI. The consistency
here is due to idem upscaling (weighting factors) applica-

tion (Tab. 4).
Ternary chloride mixing model

Use of thermodynamic systems based on two or three
components has been adopted within the Na-K-Mg (Gig-
genbach, 1988) and K-Mg-Ca (Giggenbach, 1986; Gig-
genbach, 1988) geoindicators. Both do, however, target
the equilibrium temperature of initial spring and fail to
provide relevant results while analysing mixed samples.
Such samples are, however, rather scarce.

The ternary mixing model geoindicator expects the
sampled water is a solution of parental and shallow ther-
mal or cold groundwater, which is of some relation to
aqueous chloride (Cioni et al., 1992). Then, constituents
involved in particular geothermometers are regressed to

ferred temperature is of T, .+ 5 °C coverage. In total, 16~ the chloride. If their concentrations are fixed by primary
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water—cold water mixing, their concentrations (c¢X) should
fit a straight line and a simple linear regression should be
obtained (Eq. 53).
cX=a-cCltbh (Eq. 53)

where “a” and “b” are coefficients of linear regression,
while concentrations are in various units.

Still, if there is not any linearity between aqueous concentra-
tions and mixed water with dilutant, other forms may occur. This
is for example a case of irregular and unbalanced mixing. Line-
arity destruction may be of supplementary proof on no-mixing
relations between selected geothermal-coldwater pairs.

Regressed concentrations are inserted into geother-
mometry functions (Antrodicchia et al., 1985; Marini,
2004). For these, at least necessary conditions of concep-
tual model, which is in control of particular geothermome-
ter, must be met. Besides a silica geothermometer, various
validated, and reasonable cation geothermometers may be
included, such as that of Na/K (Eq. 55) and K-Mg (Eq. 56)
as it is examined in (Chiodini et al., 1996; Marini, 2004):

o X -
T30, (0= Y logtaciin) ~ 2715 (Eq. 54)
T. ()= X Eq. 55
a/ Y + log(a.Cl £ by —loga.Cl £ by  (E4-55)

o X
Teme CO = Y27 Tog(a.Cl = b)— W - log(a.Cl + by (Ed- 360

where “X”, “Y”, and “Z” are generalized constants for
Si0,, Na/K and K-Mg geothermometers derived by differ-
ent authors and Cl™ concentrations are in attributable units.

In next step, all temperatures are calculated for in-
creasing chloride and plotted against it (Marini, 2004). If
the fluid is in overall equilibrium, all functions converge
some point, from that drawing a horizontal line onto Y
axis gives an estimate of parental (primary) thermal water
component, whilst a vertical line onto X axis gives an ini-
tial, reservoir chloride concentration at overall equilibrium
(Chiodini et al., 1996). Admittedly, the given temperature
must be validated due to a conceptual model of a system.
If ternary function does not give any interception point,
it is a sign on disequilibrium. However, geothermome-
try functions may intercept at a temperature that is far of
reasonable, which must be interpreted immediately. Most
probably, discrepancy in temperature to that expected in
the reservoir is of error in magnitude of fluids disequilibra-
tion to one or more selected geothermometers.

A key advantage of a model is that functions of solute ge-
othermometry may be, if validated, substituted by other ge-
othermometers (Antrodicchia et al., 1985), such as isotopes or
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multicomponent equilibrium functions (Fri¢ovsky and Tometz,
2014), or involving a conservation enthalpy function (Cioni et
al., 1992).

Application: Ternary combination approach

The selection of samples requires, at least, some record
on affinity to parental reservoir fluid, besides the manda-
tory condition of mixing character. In local conditions, the
parental endmember is considered the DRTE. Waters sam-
pled at VSH-1 has been assigned as mixture according to
geothermometry (this paper) and geochemical indicators
(e.g. Fricovsky and Tometz, 2013; Fricovsky et al., 2015).
Groundwaters, representing a dilutant, must be facially rel-
ative to the site. We used cold springs from southern mar-
gin of the Liptov Basin. The most important is, however, a
controlling thermodynamic system selection, represented
by most reliable geothermometers. To meet this condition,
we used chalcedony geothermometer GSC3 (Fournier,
1991), in combination with GKM3 K*Mg model by (Gig-
genbach, 1988), and GLM Li/Mg®* function (Kharaka and
Mariner, 1989). Coupling of these refers to chalcedony
control on dissolved SiO, in thermal waters, which try to
equilibrate with K-Mg silicates by adapting the CO, cycle
during lateral or vertical evasion from the reservoir, mean-
while conserving Li" concentration restraining its reaction
with clay minerals.

Application: Deep reservoir analysis TCLM (with
VSH-1 samples)

The TCLM plot of VSH-1 samples over increase in
chloride shows no ternary convergence, either because of
secondary dilution or involvement of more than one ther-
mal water component in the mixture (Fig. 27). The SiO,
— Li/Mg pair intercepts at T_ \, = 70 °C. Low K*Mg ratio
slips the GKM3 evolution with chloride down, converging
with GSC3 at T, ,, =30 °C. The dispersion is rather due to
high Mg*" and some K* deficiency. Supposed magnesium
consumption by activation of talc, chlorite alteration and
Mg-calcite precipitation must be then compensated by ad-
ditional Mg?" from dilution. The GSC3/GLM interception
is rather a sign of lithium concentration conservation, with
minor enrichment only (if any). Definitely, the lithium is
not added into solution by the ion exchange reactions.

Let that be the conservation of Li* from parental (DRTE) re-
servoir. The lithium clays are not able to form, as SiO, and AP is
consumed in Na-silicates transformation to K-micas (at least in
terms of thermodynamic activities). Then, the Li* addition should
be by dilution (S-CGW facies form in siliciclastics rich IWCP) or
mixing with SRTW, at permanent contacts with IWCP or Juras-
sic/Mid Cretaceous succession. Either way, lithium clays may be
conserved, dissolved, but do not enter the ion exchange reactions.
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Fig. 28. TCLM analysis for DRTE/SRTW facies relation.

Application: Deep reservoir analysis (with BEH-1 and
FBe-1 samples)

To verify secondary origin of the shallow reservoir,
assuming mixing of parental DRTE waters with recharged
(residential) waters, we let the BEH-1 and FBe-1 waters
cool with springs from the KTacianka valley. Excess SiO,
in combination with low K/Mg ratio restrain the GSC3/
GKMS3 to intercept (Fig. 28). If we refuse some amorphous
silica solubility activation at lower temperatures, the ad-
ditional SiO, source must come from sufficient source,
which is rather the IWCP (Borové Fm.), or Jurassic—Mid
Cretaceous succession at a base.

As we have already discussed above, other SiO, source
is fair to assume in the IWCP formations, that distin-
guished both subfacies in the SRTW (SiO, deficient BEH-
1 and SiO, sufficient FBe-1). Neither Mg** deposition due
to dolomite precipitation, nor its consumption in talc acti-
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vation balances the Mg?*" enrichment by possible mixing
(dilution) within shallow reservoir, or its simple increase
by the local dissolution of dolomite from the host rock (ex-
pecting DRTE waters to get undersaturated to dolomite).
All processes restrain equilibrium attainment to the K/Mg.
The Li* concentration within shallow reservoir is more
or less constant in time, compared to the deep reservoir.
Convergence of GSC3/GLM gives a temperature estimate
of T,y = 50 °C, which corresponds to deep reservoir
evasion temperature and may be a sign of conservation of
lithium during vertical evasion, as with decreasing tem-
perature, the activity to dissociate lithium clays decreases
rapidly.

SUMMARY - CONCEPTUAL SITE MODEL
UPDATE

First CSM models were developed in the late 1970s to con-
clude research of mineral in early (Zbofil et al., 1972; Franko et
al., 1974) and shallow thermal waters of the Liptov Basin in a lat-
ter stage (Franko et al., 1979; Zembjak et al., 1982). A consensus
on open hydrogeological character identified central discharge
zone by travertine accumulations analysis in the BeSeniova vi-
cinity (Franko et al., 1974), assigning the dome formations to
thermal waters stored in deep reservoirs below. Drilling cam-
paigns (Franko et al., 1979; Fendek et al., 1988) revealed stra-
tified character of the accumulation zone. Numerical modelling
(Fendek et al., 1988) and spatial piezometry analysis (Remsik et
al., 1993) speculated the thermal waters to intake deep in perme-
able structures from the east (Liptovska Mara Depression), and
leak laterally towards west after transition and some residency in
central parts of the system. The open character of the structure
has been proven continuously in time by total discharge analy-
sis (Remsik et al., 1998), pumping tests (Vandrova et al., 2011),
lumped parameter modelling (Fendek et al., 2013), or reservoir
response analysis (Fricovsky et al., 2014).

Geochemical methods paid favour onto geochemical origin
and mineralization type (Franko et al., 1979; Fendek et al., 1988;
Bodis§ and Borosova, 1996), not much clearing up a contention
on primary recharge zone position between the Lucky area or the
northern slopes of the Nizke Tatry Mts. The latter has been evi-
denced by isotope elevation analysis (Franko, 2002a, b). Appli-
cation of boiling and mixing models (Fricovsky and Tometz,
2013) provided more support to the assumption, emplacing the
recharge zone to the Kl'a¢ianka valley area, that is in confidence
with hydraulic (Fendek et al., 1988; Fendek et al., 2013), statio-
nary temperature (Fricovsky, 2014), dynamic hydrogeothermal
(Fricovsky et al., 2014) and reservoir response (Fricovsky et al.,
2015) models.

Application of several geothermometry techniques
presented an ample scale of models and hypotheses, which
is a must to interpret complexly for a CSM construction.
In past, geothermometry has not gained a solid tribute,
relieving importance of saturation (equilibrium) analysis
methods by a few constraints on its inadequacy in local,
low temperature, carbonate environment. An initial con-
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ceptual model of simple infiltration, downflow transition
and accumulation, with later westward expelling should
then be, modified, as both, macrochemistry (boiling and
mixing models) and geothermometry, aided with thermo-
dynamic microanalysis, give some evidences on several
mixing episodes, the primary model does not account.

Infiltration zone model

It is a must to pronounce the infiltration, based on spatial ana-
logy and lithological homogeneity in seeping conditions, as there
is no well available. Some indices on geochemistry of waters in
early transition stages may be derived of springs and shallow we-
lls in the valley, however, early infiltration stages taking part in
prior must be assumed by lithology in a major.

We use the Rudolf well, LM springs (warm) and adja-
cent cold springs (e.g. Bo¢ny pramen, pod Bielym etc.) to
derive a model of the infiltration zone (Fig. 29). Previous
studies (e.g. Franko, 1984; Fricovsky and Tometz, 2013)
localized the infiltration zone to the Kla¢ianka valley. The
Rudolf and LM springs are analogized to represent early
infiltration/transition facies, recording transient Ca-Mg-
HCO,-SO, type. By lithology, the only possible source
of sulphate acquirement is the Late Triassic, found in the
hydrogeological massif of the Nizke Tatry Mts. Applica-
tion of Mg-correction (Fournier and Potter, 1979) to the
Ty« (Fournier and Truesdell, 1973) yields overrated tem-
peratures, implying excess Mg?’, that can not simply be
adjusted to oversaturation with Mg-carbonates. This is,
moreover, accented by positive T . — pH correlation for
springs pointing to various Mg>” and Ca?* source.

We prefer hypothesis based on two flow channels; a
deeper one off the Nizke Tatry Mts. in deep and relatively
slow circulation controlled by fissured and karst-fissured
permeability, and the shallow one associated with fast
downflows along a fissure swarms at the periphery of the
basin. Both mix together at the periphery in TCM (ther-
mal-cold-mixing) regime, satisfying excess Mg?" objection
and relatively stable Na/K ratio compared to cold springs
by reciprocal leaching of Na/K silicates, not destructed by
CO, saturation at this stage.

By the excess Mg?*, the mixing rate is over 50 %, which
is, in fact, a partial dilution. The TCM is then objected to
realize prior differentiation for downflow (transition-ac-
cumulation donation) and upflow (springs upwelling) re-
gime. Indeed, there is a difference between cold and warm
springs in pH. Then, the mixing must realize in CHN Mid
Triassic carbonates or KNA Jr-Cr2 succession (satisfying
stable Na/K ratio).

Transition zone model
The entire structure of the BeSenova elevation is con-

sidered open in hydrogeological regime referring to both
reservoir zones. To satisfy this objection, recharge must
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be supplied in at least two effective profiles, separated
spatially and horizontally. This calls the transition zone to
split for a shallow and deep channels, obviously just after
a short period of conjoint submersion off the infiltration
zone.

Shallow transition/shallow recharge channel

Comparison of facies defined by wells and springs from
the infiltration zone with the shallow reservoir (BEH-1,
FBe-1): At an early stage, the transition realizes in weath-
ered or fissured upper zone of the Jurassic-Mid Cretaceous
KNA horizon, involving dissolution of limestones primary.
Increase in Na/K reflects partial temperature build-up and
decrease in filtration velocity prior effective inflow into
shallow reservoir that allows preferential Na* leaching out
of Jr-Cr2 bedrock. Releasing of K" from silicates in the
IWCP is obviously less intense. A slow transition in silica
metastability from the LT opal to chalcedony regime gives
a supportive proof onto decrease in filtration velocity with
depth and distance from the infiltration zone, maintain-
ing a contact with silicates-dominated environment (Fig.
29). Still, there is no sign of equilibrium attainment with
carbonates, which dissolution alternates spatially. While
dissolution of limestones realizes in early shallow transi-
tion stage (increase in Ca/Mg ratio) within Jurassic—-Mid
Cretaceous succession, this is soon altered by dissolution
of impure dolomites from the Borové Formation and the
CHN Mid Triassic dolomites (decrease in Ca/Mg ratio).

Deep transition/deep recharge channel

A model of deep transition is interpreted by compar-
ing infiltration zone and deep reservoir facies (FGTB-1,
ZGL-1), analogously to previous. Obviously, Na-silicates
are dissociated from the Jurassic-Mid Cretaceous horizon
preferentially along with calcite. By decrease in absolute
CO, content between infiltration and accumulation/reser-
voir production zone, along with a better fit of pCO, re-
lated to dissociation of Ca-silicates (hypothetical phase),
derived of the K-Mg-Ca geoindicator (Fig. 18) saturation
of submerging thermal waters with calcite must take part
before effective inflow to the production zone (CO, is
consumed in activity and saturation variation in the deep
reservoir variation). Preferential (primary) saturation with
respect to calcite during downflow projects into equilibra-
tion with an average crustal rock by acquiring Ca** on the
Na-K-Mg-Ca plot (Fig. 21). Qualitative Na/K geother-
mometry analysis (Figs. 10 and 11) defines the Na* and K*
addition of preferential rock leaching origin. Decrease in
Na/K ratio with the depth and temperature reflects aggres-
sive CO, accretion during submersion (or at least its con-
servation from the infiltration zone), supplied through a
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contact with carbonates of variable impurity, progressively
setting on a modification or restriction of easily leached
albite into K-silicates.

An initial, transient type chemistry (Ca-Mg-HCO,-
SO,) may be partially altered towards Ca-Mg-SO,-HCO,,
acquiring some SO,* at a contact with Late Triassic hori-
zon and Carpathian Keuper shales and slates during down-
flow, modifying peripheral character of recharges towards
immature. Attaining, or conserving the transient character
supports then an assumption of quasi-isochemical mix-
ing with residential thermal waters at an effective inflow
towards production zone, implied e.g. by high 6T = 0
dispersion (Figs. 25 and 26).

A presented model is based on geometry of the struc-
ture and interpolation of records between both production
zones and infiltration area. Probability of identified pro-
cesses is than a matter of uncertainties of the CSM.

Deep reservoir (accumulation/production zone) model

CSM for the deep reservoir (Fig. 30), referred as to Mid
Triassic carbonates of the Krizna Nappe, is constructed as
based on results of geothermometry and essential mixing
models applied to samples of the ZGL-1 and FGTB-1
well, with simultaneous comparison with the infiltration
zone to respect a conceptual histories of samples.

The deep reservoir is all but homogeneous referring to
its vertical profile (already documented on both production
wells), hydrogeochemistry and intraformational processes.
The effective inflow realizes most probably towards base.
Because of similarity in a macroscale (deep reservoir basal
facies and recharges are of Ca-Mg-HCO,-SO, to Ca-Mg-
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SO,-HCO,), the inflow is most probably of quasi iso-chem-
ical TTM (thermal-thermal-mixing) regime. However, the
velocity of submerging filtration controls initial intake
geochemistry, that is definitely not constant. A sensitivity
to recharges is then documented through a dispersion of
0T ;= 0> 50 % of the reservoir range (Figs. 25 and 26).
Apparent similarity in TDS content and geochemistry type
between reservoir zone recharges and residential waters
plots as quasi-logarithmic distribution of samples on the
silica — total carbonate model (Fig. 7), where the organiza-
tion of the population follows the SiO, — CO, equilibrium
function (by Arnorsson, 1985) trend, departed towards
no-boiling region due to general silica lows.

Discussion on reservoir convection

In previous, the studies took the deep reservoir as a rel-
atively homogeneous aquiferous body of “simple” tecton-
ics bound vertical evasion towards surface, referring to the
transition/accumulation zone. Yet already (FriCovsky et
al., 2014) presented an idea of minor convection as based
on reservoir base overheating analysis, inferring formation
of isolated convection cells of various spatial extension.
Application of the reservoir geothermometry and ther-
modynamics (this paper) reveals, however, several more
indices to combine with initial hypothesis.

A domestic convention on silica geothermometry inad-
equacy gainsays its principles in essence. Let the reservoir
carbonates be impure (siliciclastics intercalations, beds,
lenses, grains) and limited in spatial extension. A variation
in absolute SiO, (Fig. 4) gives a fair evidence on instable
contact of samples with its source (stable accommodation

1 - shallow intiltrations

2 - deep infiltrations

3 - SO, acquire, transient type chemistry
4 - carbonatogene type chemistry

analogy at
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“springs
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5 - deep recharge

6 - TCM mixing

7 - warm springs

8 - joint transition

9 - shallow transition

10 - deep transition

11 - primary calcite dissolution
12 - increase in Na/K ratio

13 - preferential Na™ leaching
14 - filtration deceleration

15 - chalcedony metastability
16 - preferential dolomite dissolution
17 - preferential K* leaching
18 - increase in Na/K ratio

19 - preferential Na“ leaching
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Fig. 29. Infiltration and transition zone CSM. For its localization see Fig. 1.
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in reservoir positions would result just in SiO, lows), pro-
jected consequently onto quantitative temperature estima-
tions (Appendix D).

A most vivid evidence on some vertical mass move-
ment in the reservoir is provided by a use of K-Mg-Ca
geoindicator (Fig. 18) or geobarometer (Giggenbach,
1988). The model reveals the reservoir partial CO, off a
range to induce a calcite precipitation, thus its saturation
realizes already in downflow to the production zone. In
details, variations in pCO, are equal to differences in the
L, and L functions (Eq. 47). This is because reservoir
Mg*" varies (e.g. according to Mg-SiO, alteration system
analysis, Fig. 13) along with the Mg/Ca ratio, resultant to
instable saturation of thermal waters with respect to car-
bonates during a consistent contact with a source rock. The
variation must than be an effect of even minor changes
in temperature and pressure, possible only through intra-
formation vertical movements.

In combination to base overheating implications, ther-
mal waters partially enter separated and spatially limited,
insulated convection cells, however, through the entire
vertical profile of the body because of building up a densi-
ty and p-T gradient between its top and a base, as the latter
is heated unconformly.

Discussion on carbonates equilibria

The entire geothermal structure is predominantly host-
ed in carbonates. These are involved in the infiltration and
transition zone, even variably impure, or as a compound of
calcareous pelites and sandstones. In reservoir positions,

Fig. 30. Deep reservoir mass movements controls.
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dolomites prevail over limestones, along with the occur-
rence of transient and impure or intercalated forms.
Application of the K-Mg-Ca geoindicator (K-Ca-pCO,
geobarometer) baffles expectations of CO, regime by as-
signing the CO, fugacity to Ca-alumosilicates hydrolysis.
This is not possible in local conditions. In other words, the
notice points to saturation of thermal waters with calcite
(Fig. 19) prior effective intake into reservoir (production
zone) position. Then, because thermal waters become
saturated with calcite, samples organize towards an equi-
librium with a wallrock (Na-K-Mg-Ca model, Fig. 21) by
preferential dissolution of dolomite, increasing the Mg/Ca
ratio continuously. However, thermal waters become over-
saturated with dolomites soon, maintaining a contact with
a source (Fig. 20). Onset of induced convection causes unit
variation in saturation of carbonates. Because of a stable
contact with a source rock, the unit of carbonate which
has precipitated due to change in temperature and pressure
in the vertical upflow is subsequently replaced by a unit
dissolved in a downflow. This produces an excess CO,
towards reservoir base, controlling immaturity of thermal
waters by restraining a principal, Na-K, K-Mg and Na-Mg
thermodynamic subsystems equilibrium attainment.

Discussion on silica regime

A silica regime has not been subjected to detailed
analysis in previous. At deep reservoir conditions, use of
saturation stability analysis (Fig. 4) records unbalanced
distribution of records between conductive quartz solubil-
ity, chalcedony and LT opal polymorphs. At a given tem-

1 - recharging waters

2 - effective recharges from Klacianka valley

3 - laterall inflows from Liptovska Mara depression
4 - iso-chemical mixing (?)

5 - lateral runoff to Ivachnova depression

6 - lateral leaking towards Vy3né Sliace

7 - upwelling

hydraulic gradient
driven filtration

hydraulics / convection
driven filtration

convection / density
gradient driven filtration
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perature range, the variation is rather assigned to uneven
silica content due to instable contact with its source. At
deep reservoir conditions, chalcedony becomes metastable
and in control on reservoir aqueous silica content (Fig. 5),
attaining equilibration with a median of T, _ = 67 °C.
Application of silica geothermometers yielded reasonable
results for chalcedony as well with median for conductive
cooling models of T = 75 °C. We assume the difference is
not only a record of various sensitivity of functions to the
dissolved silica content, but due to the instable contact of
samples with a silica source and reaction time as well.

If the chalcedony becomes saturated, it is possible that
some dissociated H,SiO, becomes available for onward
alteration of silicates. In vertical filtration regime, only a
minor part of chalcedony can be deposited by a drop in p-T
conditions, rather more is incorporated into Na/K silicates
alteration and chlorite-talc activation.

Contribution to deep reservoir hydrochemical regime

Reservoir hydrochemical regime is controlled usu-
ally by primary lithology, temperature, pressure and
residential period of thermal waters in the structure. In
carbonates-hosted environment, a fluid saturation and
available CO, plays a crucial role. Thermal waters of the
deep reservoir are deficient in absolute Na" and K* content,
expectable under insufficient source conditions. Compared
to infiltration zone, the Na/K, K/Ca and K/Mg ratios de-
crease dramatically by conservation of absolute alkali con-
centrations and increase in Ca?* and Mg*".

Application of Na/K qualitative geothermometry re-
cords samples organized in the rock dissolution region
(Fig. 10) away of any alteration equilibration (Fig. 9),
causing quantitative estimates (Appendix E) overrated.
Under high CO, content, the inequilibration reflects mod-
ification of Na-silicates into K-silicates, restraining albite
equilibration while increasing adularia, illite and musco-
vite activity. While complex equilibrium of albite (9/18
samples) is roughly of T, = 30-46 °C, adularia equili-
brates at T ., = 40-65 °C.

The immaturity of reservoir fluids (MI =-0.1-0.4; Fig.
16) is promoted by easier activation of Na- and K- mont-
morillonites (Tabs. 5 and 6), reaching equilibration (even
in a magnitude of equilibration activity) with the reservoir
fluid. Excess CO, and muscovite activity (Fig. 15) allows
LT alteration of impure siliceous reservoir dolomites not
involving metamorphic ion exchange reactions, but with
LT talc activation, secondary Mg-calcite, calcite and CO,
production. The incoming CO, is available to contribute
further on a unit-scaled calcite — dolomite — Mg-calcite
dissolution/precipitation cycle during reservoir convec-
tion.

These processes are controlled by equilibration tem-
perature and depth. The talc equilibrates at T, = 65-70
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°Cand T, ., = 60 °C preferentially (Tabs. 2 and 5). The
chlorite records a balance in equilibration constant and
thermodynamic activity at T, = 70-75 °C and T, =
80 °C with some preference. Then, the excess Mg?" in the
reservoir is assumed to persist up to 50—60 °C, which cor-
responds to upper reservoir zones, maintaining low K/Mg
and Na/Mg ratios (Fig. 31).

Both carbonates tend to precipitate in evasion regime,
simultaneously allowing some equilibration of alkalis with
consumed CO, as a rate of Na-silicates modification de-
creases proportionally. Under given trend between DRTE
and SRTW (1) at Na-K-Mg-Ca geoindicator (Fig. 21),
Mg-calcite is lost more intensively as the fluid breaks a
contact with a source rock.

Discussion on deep reservoir adiabatic boiling

A boiling as one of crucial reservoir dynamics has been
studied simultaneously with qualitative geothermometry
analysis. A basis for this study was a discussion of boil-
ing and mixing models (Fricovsky and Tometz, 2013;
Fricovsky et al., 2015). After carried qualitative geother-
mometry analysis, we conclude that the boiling is definite-
ly disqualified as:

« samples plot deep in the non-boiling region (Fig. 7) at
the silica—total carbonate mixing model (missing any trend
organization towards a boiling line)

* enthalpy and silica fraction functions intercept (Fig.
8) implying rather polystadial mixing instead of steam-
loss induced silica deposition

« saturation curves (Figs. 5, 15, 19, 20 and 24) of par-
ticular solids are conserved in shape, not varying satura-
tion states transitions

* total saturation index curves (Figs. 25 and 26) plot as
continuous in shape, not varying complex saturation states
transitions

Shallow reservoir (accumulation/production zone)
model

With analogy to deep reservoir, a shallow aquifer
hosted in CHN Mid Triassic carbonates and upper zone
of KNA Jr-Cr2 succession is compared to infiltration zone
in CSM construction procedure. Reservoir geochemistry
is represented by the samples of BEH-1 and FBe-1 wells
of different depths, thus screening different zones of an
aquiferous body.
Thermal waters are of secondary origin that is well
documented on:
e facies difference in silica content, inverse to depth
and temperature distribution in the reservoir body
(Fig. 4)

e temperature overestimates on the silica-enthalpy
mixing model (Fig. 6)
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Fig. 31. Deep reservoir CSM. For its localization see Fig. 1.

e transition between rock dissolution and preferential
alkali leaching observed at Na/K (Fig. 11) equilib-
rium plot (variable Na/K, K/Mg and Na/Mg ratio in
a formation); and

e inconsistent plot of samples on Mg-SiO, alteration
plot (Fig. 13) varying equilibrium temperatures
between quartz and chalcedony stability at persis-
tently low K/Mg ratio

e A reference is also given to use of mixing models
in SRTW conditions (Fricovsky and Tometz, 2013;
Fricovsky, 2014; Fricovsky et al., 2015). Two re-
servoir facies are then recognized as:

e deep reservoir originated facies (vertically inva-
ding the shallow aquifer)

o shallow transition recharged facies (laterally re-
charging the shallow aquifer)

Deep reservoir originated facies

We expect the deep reservoir thermal waters to evade
the bearing horizon at temperatures about 50-55 °C, in-
itially saturated with chalcedony and oversaturated with
carbonates. The vertical evasion realizes at open fault sys-
tems and quasi-vertical fissure swarms.

By the geochemical type, it is possible the evading wa-
ters preserve deep reservoir originated transient (Ca-Mg-
HCO,-S0, to Ca-Mg-S0,-HCO,) character.

Because of a loss of a contact with a source rock and
change in p-T conditions, Mg-calcite is of higher tendency
to precipitate spontaneously, consuming CO, and magne-
sium at various magnitude. Onset of calcite deposition is

1 - effective intake

2 - transient type recharge

3-TTM regime

4 - oversaturation to calcite

5 - oversaturation to dolomite

6 - unconform base overheating

7 - drop in p-T conditions

8 - unit carbonate precipitation

9 - p-T conditions build-up

10 - unit carbonate dissolution

11 - excess CO, accretion

12 - chalcedony metastability

13 - sulphatogene type origination

14 - chalcedony saturation

15 - Na-silicates -> K-silicates modification
16 - muscovite reactivity limitation

17 - illite saturation

18 - chlorite / talc LT alteration

19 - dolomite preferential precipitation
20 - drop in CO,

21 - vertical evasion

22 - lateral leaking

23 - fixing Na/K ratio with drop in CO2
24 - drop in Na/K ratio
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expected to realize at late evasion stages. A drop in aque-
ous aggressive CO, stabilizes modification of Na-alkalis,
slowly increasing the Na/K ratio, progressively fixing
a portion of dissolved SiO, in increasing thermodynamic
activity of Na-silicates with its minor precipitation only.
This is documented on an increase in albite saturation in-
verse to temperature (Fig. 15).

Some loss in silica in deeper reservoir parts or prior
intake is also documented on silica-enthalpy mixing model
by overestimating deep reservoir temperatures considered
of end-member quality. An inverse overview, provides an
option of post-mixing silica release from the IWCP Bor-
ové Formation.

Shallow transition originated facies

The separate recharge towards the shallow reservoir
is expected due to an open hydrogeological character of
a system, aided by facies analysis commented above. At
shallow transition, the hydrochemical character of in-
takes into aquiferous zone may vary between transient
and carbonatogene type, controlled by early dilution pri-
or submersion. Thermal waters sampled at FBe-1 well
are facially affine to infiltration zone facies at the Na/K,
conserving the relative ratio (Fig. 11) with simultaneous
increase in alkali concentrations. Because of their position
within preferential Na* and K* leaching regime we expect
the sodium intake realizing by minor hydrolysis of so-
dium-silicates in the KNA Jr-Cr2 profile, altered with the
slow, but progressive K" dissociation from the CHN Mid
Triassic dolomites and IWCP formations after the intake
into production zone (Fig. 12).
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Fig. 32. Shallow reservoir CSM. For its localization see Fig. 1.

Discussion on shallow reservoir mixing

Both facies mix in the shallow reservoir, in the TCM
(thermal-cold-mixing) regime. Even sampled waters are
clearly of thermal character (T, > 20 °C), only deep res-
ervoir facies can be recognized as thermal end-member.
A hydrochemical type of associated thermal waters may
vary by a magnitude of modifications between transient
and carbonatogene character, controlled by a mixing rate
(Fig. 32).

A mixing event off any iso-chemical and iso-thermal
parameters destructs any optional equilibration attained.
By mixing of both facies, the Mg?" increases as residential
waters are enriched by magnesium from shallow transi-
tion.

The silica content also increases as shallow intake
waters dissociate silicates from the IWCP and dolomite
impurities, as well as a minor contribution from a contact
with KNA Jr-Cr2 bedrock formations can not be excluded.

Vys$né Sliace (secondary) discharge zone model

There is no questioning of primary discharge zone lo-
cation nearby the town of Besenova, associated with open
faults-bound vertical upwelling of geothermal waters from
the deep and shallow reservoir respectively. The mixed
type of springs in Beseiova is consequent to a definite di-
lution of reservoir thermal waters by the groundwater from
the IWCP and Quaternary cover respectively, yet conserv-
ing oversaturation with respect to carbonates, equilibrated
by deposition of travertines forming dome structures.
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However, the existence of dry CO, fluxes and thermal
springs in the Vysné Sliace area provided some early note
on possible thermal waters occurrence in its nearby deep
territory. A first hint on some facies relations has been
provided by application of mixing models (Fricovsky and
Tometz, 2013; Fricovsky, 2014).

Silica-enthalpy-carbonate variation

There are distinguished facies of the Vysné Sliace ter-
ritory. We assigned the VSH-1 well to represent thermal
waters prior upwelling, while thermal springs represent a
surface propagation of waters, with primary end-member
in the deep reservoir at a first assumption.

Facies relation of VSH-1 and springs yields overesti-
mated temperatures of well facies, contravening expected
SiO, deficiency of loosing-by-cooling (in precipitation or
association of silicates), however, there is some silica lost
between DRTE and VSH-1 facies, recorded by overesti-
mate of deep reservoir temperatures (Fig. 6). The silica-en-
thalpy fraction model (Fig. 8) provides an amorphous silica
check-test with excess resultant temperature and overesti-
mate in the temperature by post-mixing silica dissolution.
Two subfacies have been, however, identified on a silica —
total carbonate model (Fig. 7) with deficient (D-LTC) and
excess (D-HTC) total carbonate content, relative to DRTE
and SRTW facies. Probably, the D-LTC records a “prima-
ry” subfacies evading deep reservoir with loosing silica
fixed in activation of sodium-silicates due to loss of CO,,
mixing with shallow reservoir waters to give an origin of
D-HTC, to form a resultant VSH-1 facies. Because of the
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Fig. 33. Vysné Sliace minor discharge zone CSM. For its localization see Fig. 1.

silica enthalpy results, the TTM regime must be realized in
the Jurassic-Mid Cretaceous profile, to increase the SiO,
content. Then, VSH-1 facies are most probably cooled
and diluted rapidly by shallow groundwater (SCGW) to
drop the silica and carbonate content prior upwelling as
tempered springs. A dramatic cooling (by dilution and fast
upflow at open faults and fissure swarms) along with rapid
drop in pressure causes induced CO, separation of differ-
ent preferential propagation towards the surface.

Discussion on equilibrium and alteration

A carbon dioxide saturation plays an essential role in
evaluation of geochemical processes related to lateral run-
off of deep and shallow reservoir thermal waters towards
the Vysné Sliace zone. An increase in Na/K ratio compared
to DRTE is expected through the drop in available CO, by
deposition of carbonates, mostly Mg-calcite (increase in
MI inverse to Mg**; Fig. 16) combined with the preferen-
tial leaching of Na-silicates from KNA Jr-Cr2 profile (Fig.
11). Such an increase in absolute sodium concentration
owes to mixing with the shallow groundwaters (second
stage) and shallow reservoir evading thermal waters at a
persistent contact with a source rock, and, probably, fil-
tration deceleration, prolonging a water-rock contact suf-
ficient for preferential leaching. Yet the maturity index is
still low (MI = 0.8-0.9).

By comparing the SRTW and VSH-1 facies, an onset
of calcite deposition realizes along a leaking due to run-
off velocity low enough to enable its loss. The resultant
increase in K/Ca ratio (Fig. 18) is rather to drop in Ca*
as the absolute K* level is almost stable. Meanwhile, the
K/Ca ratio increases between DRTE and VSH-1 facies,
as a combination off loss in Ca?" (calcite deposition) and
some increase in K*. Under relatively low K/Mg ratio, the
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GKM3 (Giggenbach, 1988) geothermometer yields tem-
peratures conform to upper deep reservoir zones (TwMg =
59-63 °C at GKM3). Probably a leaching of potassium
is fixed by adularia (Fig. 15) and illite (Fig. 24) oversat-
uration, controlled by CO, reduction of precipitation of
Mg-calcite. An absolute concentration of alkalis in VSH-1
may then be a consequence of mixing between SRTW and
DRTE facies in the KNA Jurassic-Mid Cretaceous hori-
zon.

We also inspected facial and maturity relations on the
Na-K-Mg geoindicator (Fig. 17). Thermal waters of VSH-
1 are different in Mg?* compared do DRTE, however,
relatively conform to SRTW facies. On the Na-K-Mg-Ca
geoindicator (Fig. 21), the VSH-1 shows, however, no rela-
tion to reservoir facies. In coincidence to silica — enthalpy
conclusions, an expected loss in Mg?** by deposition of car-
bonates at low temperatures is partially replaced by mixing
of VSH-1 waters with S-CGW hosted in IWCP prior they
upwell as thermal springs in the Vysné Sliace area (Fig.
33). The polystageous mixing explains overrated dilution
ratio at silica-enthalpy fraction model (Fig. 8).

A contribution to lateral leaking mechanisms

There has not been, however, any debate on probable
driving mechanisms of lateral leakings towards the Sliace
area. Hydraulic models presented in Fendek et al. (1988);
Remsik et al. (1993); Remsik et al. (1998) provided some
idea on preferential piezometry gradients from the central
elevated parts towards SW. This may then be an option for
general runoff, not providing conditions for some residen-
cy of thermal waters in the structure (within the accumula-
tion/transition zone).

In fact, the mechanism has not been subjected to study
neither in this paper. However, there are two more options
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to be added into a complex CSM. The lateral leaking of
thermal waters may then be induced by combination of:

e piezometric gradient
build-up of density gradient (deep reservoir)
difference in reservoir pressure

CONCLUSIONS

Tens of decades have passed since the geothermom-
eters were successfully applied in the reservoir temper-
ature estimation (e.g. Fournier, 1979; Arnérsson et al.,
1983; Giggenbach, 1988) or the conceptual site models
construction and analysis of geochemical regime and
origination of thermal waters (e.g. Truesdell et al., 1977;
Kharaka et al., 1982; Antrodischia et al., 1985). Only a
few notes on isotope (Remsik et al., 1998) and sulphate
(Bodi§ and Borosova, 1996) geothermometry application
were discussed with reference to the Beseiiova elevation
geothermal structure. In fact, many techniques failed in
temperature estimation (quantitative application) in local
conditions (e.g. Fendek et al., 1988; Remsik et al., 1993;
Remsik et al., 1998), because of the immaturity, low tem-
perature conditions or predominat carbonate-hosted reser-
voirs. Being based on thermodynamics and hypothetical
fluid-mineral equilibrium, geothermometers, however,
represent a powerful tool for conceptual site models con-
struction once correlated with the water chemistry (boiling
and mixing) models, geology, alteration mineralogy, hy-
drogeology, and geothermics.

The Besenova elevation may be concluded as a complex
hydrogeothermal structure of open hydrogeological char-
acter. Besides expected lateral inflow from the Liptovska
Mara depression (e.g. Fig. 30), realized in the quasi-iso-
chemical and isothermal regime, the correlation of ionic
ratios with mixing models (presented e.g. in Fricovsky
and Tometz, 2013) has identified a minor recharge zone
towards the Kla¢ianka valley that correlates with the lo-
cal hydraulics and piezometry. Infiltration originates by at
least one mixing episode between shallow and deep fil-
tration channels (Fig. 29) prior separation from upwelling
as tempered (warm) springs or descent into transition—ac-
cumulation zone. Deep reservoir waters are recharged in
quasi-isochemical regime. Thermal waters are saturated
with the calcite prior intake (Fig. 18), whilst attaining sat-
uration with dolomite just after an inlet. Increase in CO,
content under oversaturation with carbonates (Figs. 19 and
20) modifies Na-silicates towards K-silicates, simultane-
ous to preferential K* leaching from reservoir impurities
(Fig. 31). Meanwhile, it is possible the LT alteration of
impure dolomites realizes on a thermodynamic activity
scale, altering a talc-chlorite-muscovite (illite) subsystem.
Immaturity of thermal waters because of low Na/K ratio
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and possible modification of preferential thermodynamic
activities of alkali silicates is driven and proportional by
vertical separate filtration in convection cells due to uncon-
form base overheating. Possibility of silicates alteration
is documented by saturation of waters with chalcedony
(Figs. 4 and 5). In vertical evasion regime, thermal waters
rise up along open faults towards the shallow reservoir,
where they mix with recharges from a shallow filtration,
prior upwelling as springs, depositing travertine accord-
ing to secondary saturation with calcite or travertine (Fig.
32). In the Sliace springs area (Fig. 33), it is possible that
shallow and deep reservoir leakages mix in a first stage un-
der TTM regime, prior dilution by shallow groundwaters
(TCM regime). Rapid ascent along faults from the deep
reservoir causes drop in pCO, driving formation of dry
carbon dioxide fluxes on a surface, supported by second
degassing stage after dilution. The mixture propagates as
warm springs. Besides, a part of thermal waters leaks lat-
erally towards the Ivachnova depression, due to regional
piezometry (Fig. 30). Yet available geothermometers have
been applied quantitatively as well. A silica—chalcedony
conductive models appear of a best match referring to res-
ervoir temperature conditions instead of comparing results
to the wellhead measurements (Fig. 9, Appendix A). More
precise results have been, however, derived of saturation
index temperature (T, for chalcedony; Tabs. 1 and 2).
For the deep reservoir environment, cation geothermome-
ters are definitely skewed by immaturity (Figs. 16 and 17),
with an exception of Mg-corrected Na-K-Ca geothermom-
eter (Fig. 22). Multicomponent equilibrium geothermom-
etry pointed on some complex equilibrium attainment in
deeper (descending) parts of the deep reservoir (Figs. 25
and 26). Other zones were analysed in details in the main
text.

Because of complexity and immaturity of a deep res-
ervoir (assumed as a most potential of the entire basin),
we rather recommend continuing studies focused at defini-
tion of local geoindicators (such as chalcedony, gypsum)
for onward exploitation monitoring and relation analysis
of thermal waters to other structures associated with the
basin.

If not for quantitative temperature estimation and
correlation, geothermometry techniques are distinctively
valid for qualitative analysis either in low enthalpy or car-
bonates-hosted systems, if correlated together and applied
with caution and reference to their essential principles.
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Vyuzitie geotermometrie pri odhade rezervoarove;j teploty a konstrukcii
koncepénych modelov: Principy, metody a aplikacie v podmienkach hlbokého
rezervoaru hydrogeotermalnej Struktiry beSeniovskej elevacie, Slovensko.

Aplikacia geotermometrov pre odhad teploty (napr.
Fournier, 1979; Arnorsson et al., 1983; Giggenbach, 1988),
objasnenie geochemického pdvodu, podmienok formova-
nia termalnych véd a tvorbu koncepénych modelov (hy-
dro)geotermalnych Struktar a poli (napr. Truesdell et al.,
1977; Kharaka et al., 1982; Antrodischia et al., 1985) je ce-
losvetovo uznavanou metédou na podporu realizovanych
geologickych, hydrogeologickych a geofyzikalnych studii.

Vyuzivanie metéod geotermometrického vyskumu
a prieskumu bolo v podmienkach Zapadnych Karpat dl-
hodobo zazndvané a obmedzené na niekol’ko zmienok
v lokalnych podmienkach Struktiry Besenovskej eleva-
cie (Bodi§ a Borosova, 1996; Remsik et al., 1998). Je
pravdou, ze mnohé z nich pravidelne zlyhavali pri odhade
rezervoarovej teploty (napr. Fendek et al., 1988; Remsik et
al., 1993; Remsik et al., 1998) termalnych vod v dosled-
ku ich termodynamickej nevyzrelosti, nizkych teplot
a prevazne karbonatového prostredia. AvSak, nakolko su
tieto metddy zalozené na striktnych termodynamickych
zakonitostiach a predpoklade zachovania rovnovazneho
stavu na rozhrani, napriklad, termalna voda — mineralna
faza, geotermometre predstavuju v skutocnosti dolezity
prostriedok pri konstrukcii koncepénych modelov hy-
drogeotermalnych a geotermalnych Struktur, ak st ko-
relované s modelmi zmien makrochemického zlozenia
vody a suvisiacej alteracie hornin a altera¢nych asociacit,
vyhodnotenim geotermickych parametrov, poznanim geo-
logickej stavby a hydrogeologickych pomerov.
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Cielom prezentovanej Studie je poukéazat’ na zaklad-
né geotermometrické techniky celosvetovo vyuzivané pri
odhade rezervoarovej teploty a konstrukcii koncepénych
modelov (hydro)geotermalnych Struktr s ich néslednou
aplikaciou v lokalnych podmienkach besenovskej eleva-
cie.

Hydrogeotermalna Struktira elevacie Besenovej moze
byt celkovo charakterizovana ako zlozity, hydrogeolo-
gicky otvoreny systém. Koreldciou iénovych pomerov
s makrochemickymi modelmi zmieSavania (prezentované
v praci Fricovsky a Tometz, 2013) bola identifikovana in-
filtracnd zéna v okoli Kl'acianskej doliny, ¢o je v sulade
s lokalnymi hydraulickymi podmienkami a distribuciou
piezometrickych napéti. Zaroven je stale opodstatneny
predpoklad kvazi izochemického pritoku termalnych
vod od Struktary depresie Liptovskej Mary na vycho-
de. V okoli Klacianskej doliny dochddza minimalne
k jednej epizdde zmieSavania medzi hlbokym a plytkym
infiltracnym kanalom, ktora prebicha pred separaciou zos-
tupnych, dota¢nych od vystupnych a vyverovych smerov
(obr. 29). Termalne vody v hlbokom obehu dosahuju satu-
raciu voci kalcitu este pred vstupom do produkénej Casti
rezervoaru (obr. 18) v centrdlnej tranzitno-akumulacnej
zbne. ZvySovanie obsahu CO, podmiefiuje modifikaciu
Na-silikatov na K-silikaty, preferencne disociovanych zo
siliciklastickych primesi rezervoarovych karbonatov (obr.
31). Vysledky multikomponentovej geotermometrie (tab.
5 — 6; obr. 27 — 28), analyzy satura¢nych stavov (obr. 20
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a 24) a alterac¢nych systémov (obr. 10 — 13) poukazuje na
moznu aktivaciu nizkoteplotnej alteracie rezervoarovych
dolomitov so siliciklastickymi primesami a polohami,
zvySovanim reaktivity talku pri rozpustani Mg-kalcitu,
presyteni termalnych vod voci dolomitu a produkcii CO,.

Celkova minimalna vyzrelost' hlbokych termalnych
vod je nasledne indikovana nizkym iénovym pomerom
Na/K a modifikdciou termodynamickych reaktivit al-
kalickych silikatov v suvislosti s vertikalnou filtraciou
v izolovanych konvekénych bunkach pod vplyvom ne-
rovnomerného prehrievania bazy (obr. 30). Alteracia na
urovni termodynamickej aktivity, respektive Ciastocnej
ionovymeny je podporovana celkovou saturdciou ter-
malnych vod voéi chalcedonu. Termalne vody vystupuju
zaroven po otvorenych zlomovych systémoch v smere
k plytkému rezervoaru, kde dochadza k ich zmieSavaniu
s termalnymi vodami plytsicho obehu. Cast’ zmiesanych
vod nésledne pokracuje po tektonickom vystupe k po-
vrchu, kde vyvieraji v podobe termalnych pramenov
a podiel'aju sa na tvorbe travertinovych struktur (obr. 32).
V prostredi sekundarnej vyverovej zony Vysnych Sliacov
predpokladame, ze k prvej etape zmieSavania dochadza
medzi termalnymi vodami z obidvoch rezervoarov pred
ich naslednym zmieSavanim a nariedenim plytkymi
podzemnymi vodami (obr. 33). Rychly vystup predo-
vsetkym z hlbokého rezervoaru po otvorenych zlomovych
systémoch spdsobuje prudky pokles parcialneho tlaku
CO,, ¢o podmietiuje vznik suchych vyronov plynov doku-
mentovanych v minulosti, k ¢omu prispieva aj sekundarne
odplynovanie po prudkom ochladeni nariedenim. Kym
¢ast’ termalnych vod z hlbokého rezervoaru vyviera v po-
dobe termalnych pramenov v okoli Vy$nych Sliacov, Cast’
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termalnych vod pokracuje v hlbokom prudeni v smere
k depresii Ivachnovej (obr. 30).

Aplikécia geotermometrov pri odhade rezervoarovej
teploty, eventudlne teploty posledného vyvézenia termal-
nym vodam voci jednotlivym termodynamickym sys-
témom, bola ovplyvnena termodynamickou nevyzrelost'ou
termalnych vod (obr. 2, 16 — 17). Presved¢ivé vysledky
(obr. 9) boli dosiahnuté pri geochemickom modelovani
nasytenia termalnych vod Struktary voci chalcedonu (obr.
4-75).

V podmienkach hlbokého rezervoaru sa ako pers-
pektivny geotermometer ukazala Mg-korekcia Na-K-Ca
geotermometra (obr. 22). Multikomponentova geotermo-
metria poukazala na moznost' kratkodobého, celkového
vyvazenia termalnych vod alebo pritomnost” geochemicky
vyzretych termalnych vod v hilbsich Castiach rezervoaru.

Na zaklade zlozitosti nového predkladaného mode-
lu Struktury termalnych véd, zretelne odlisnej od pred-
chadzajuceho modelu jednoduchej infilracie a vyveru
(napr. Fendek et al., 1988) odporucame pozornost’ zamerat’
na urcenie lokalnych geochemickych geoindikatorov vy-
chéadzajucich z chalcedonu, alebo sadrovca.

Okrem kvantitativneho vyuzitia pri dlhodobom moni-
toringu termalnych vod a rezervoarovej odozvy je zaroven
mozné tieto geoindikatory s urcitostou vyuzit' pri up-
resnovani koncepéného modelu, definovani koncepéne;j
historie termalnych vod a interpretacii vzajomnych, ge-
netickych vztahov termalnych vod s termalnymi vodami
Liptovskej kotliny.

Vyuzitie geotermometrov preukdzalo svoje opodstat-
nenie aj v podmienkach nizkoentalpickych akarbonatovych
Struktar, predovsetkym pri tvorbe koncepéného modelu
a ako podporna metdda geochemického modelovania.
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APPENDIX A - SILICA GEOTHERMOMETERS

Phase Geothermometer Author Model Code
[731/(4.52 —log CS)] —273.15 Fournier, 1977 conductive GSAl
Amorphous silica _ 104CS?
P _}_271 565; 1%2()293;5 + 515.8118(211101goc(sjs Gunarsson and Arnérsson, 2000 conductive GSA2
. 30.7 +0.53113CS + 1.2578:-10“CS? . .
Moganite 25.9241-107CS’ + 19.57log CS Gislason et al., 1997 conductive CGM
[1032/(4.69 —log CS)] —273.15 Fournier, 1977 conductive GSC1
Chaleed [1021/(4.69 —log CS)] —273.15 Arnorsson et al., 1983 conductive GSC2
alcedony
[1112/(4.91 —log CS)] —273.15 Fournier, 1991 conductive GSC3
[1264/(5.31 —log CS)] —273.15 Arndrsson et al., 1983 adiabatic GSC4A
[1309/(5.198 — log CS)] — 273.15 Fournier, 1977 conductive GSQ1
[1315/(5.205 — log CS)] —273.15 Truesdell, 1975 conductive GSQ2
[1157.7/(4.88 —log CS)] —273.15 Verma, 2011 conductive GSQ3
42.2 +0.28831CS —3.6686:10*CS? . .
+3.1665-10°CS’ + 88.390log CS Fournier and Potter, 1982 conductive GSQ4
55.3 +0.3659CS — 5.3954-10*CS? . .
+5.5132-107CS? + 74.360-log CS Arnorsson et al., 1988 conductive GSQ5
1t _ 104 2
Quartz 147'191;’0;1?)‘;‘1‘:1‘569“18 1.7414-10°'mS Verma and Santoyo, 1997 conductive GSQ6
_ . = 2 . —
363593 1571511812: CS4.9727 107CS" + 1.0468-10 Arnorsson et al., 1988 adiabatic GSQ7A
5 5.75 1o —-273.15 Fournier, 197 adiabatic A
1522/ log CS)] —273.1 ier, 1973 diabati GSQ8
[1164/(4.9 —log CS)] —273.15 Arnorsson et al., 1983 adiabatic GSQ9A
1 5.81 1o —273.15 Arnorsson et al., 1 adiabatic
264/(5.81 —log CS)] —273.1 0 1., 1983 diabati GSQ10A
[1498/(5.7—log CS)] —273.15 Arnorsson et al., 1983 adiabatic GSQI1A
Onal [1 000/(4.84 —log CS)] —273.15 Fournier, 1977 conductive GSOL
a
P [781/(4.51 —log CS)] —273.15 Fournier, 1977 conductive GSOH

Explanations: CS — concentration of SiO, in mg-kg™'; mS — concentration of SiO, in mol-I"!

52



APPENDIX B — CATION GEOTHERMOMETERS

B. Fricovsky et all: Geothermometry techniques in reservoir temperature estimation and conceptual site models construction:...

Phase Geothermometer Author Code
[777/(0.7 + log NK)] — 273.15 Fournier and Truesdell, 1973 GNK1
[856/(0.857 + log NK)] — 273.15 Truesdell, 1976 GNK2
[1217/(1.483 + log NK)] —273.15 Fournier, 1979 GNK3
[883/(0.78 + log NK)] — 273.15 Tonani, 1980 GNK4
933/(0.993 + log NK)] —273.15 Arnoérsson et al., 1983 GNKS5
2
1319/(1.699 + log NK)] —273.15 Arnoérsson et al., 1983 GNK6
Na/K £
1178/(1.47 +1log NK)] - 273.15 Nieva and Nieva, 1987 GNK7
g
[1390/(1.75 + log NK)] — 273.15 Giggenbach, 1988 GNK8
[1289/(1.615 + log NK)] —273.15 Verma and Santoyo, 1997 GNK9
— 2 _ 3
1393.564411;%45510gY +378.189l0gY? — 95.753logY Amnérsson et al, 1988 GNK10
[876/(0.877 + log NK)] —273.15 Santoyo and Diaz-Gonzalez, 2010 GNK11
[2330/(7.35 + log KM)] —273.15 Fournier, 1991* GKM1
K*Mg [1077/(4.03 + log KM)] —273.15 Fournier, 1991** GKM2
[4410/(14 + log KM)] —273.15 Giggenbach, 1988 GKM3
[1590/(0.770 + log NL)] — 273.15 Kharaka et al., 1982 GNLI1
[1 000/(0.389 + log NL)] —273.15 Fouillac and Michard, 1981*** GNL2
No/Li [1195/(0.13 +log NL)] —273.15 Fouillac and Michard, 1981**** GNL3
a/Li
[1 049/(0.44 + log NL)] —273.15 Verma and Santoyo, 1997*** GNL4
76/(0.07 + log NL)] — 273.15 Verma and Santoyo, 7 NL5
1276/(0.07 + 1 273 dS 1997**** G
[2 002/(1.322 + log NL)] - 273.15 Sanjuan, 2010 GNL6
Li/Mg® [2200/(5.47 —log LM)] - 273.15 Kharaka and Mariner, 1989 GLM
Na/Ca’? [1096.7/(3.08 —log NC)] — 273.15 Tonani, 1980 GNC
K/Ca's [1930/(3.861 — log KC)] —273.15 Tonani, 1980 GKC
[1647/(log NK + Blog CN +2.24)] - 273.15
Na-K-Ca p=13forT, <100°C
= or > og Ca’/Na < ournier and Truesdell,
4/3 for T 100 °C/log Ca’*/Na < 0 F i d Truesdell, 1973 GNKC

samp
Explanations: NK — Na/K in mg-kg™'; KM — K*Mg in mg-kg™, Y — Na/K in mol-1"'; NL — Na/Li in mg-kg'; LM — Li/Mg®® in mg-kg™'; NC — Na/Ca®*
in mg-kg'; KC — K/Ca® in mg-kg'; CN — Ca®*/Na in mg-kg'; * — for log (K¥Mg) > 1.25 in mg-kg'; ** — for log (K*/Mg) < 1.25 in mg-kg™'; *** — for
mCl < 0.3 mol'kg! in mol-kg!; **** — for mCl > 0.3 mol-kg ' in mol-kg"
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APPENDIX C - DESCRIPTION OF SAMPLES (part 1)

;?)]:illll,g Sample code T enp pH Ca Mg Na K | HCO, | Cl SO, Li | SiO, | fCO, TDS | REF
°C - all concentrations in mg:-1™!
ZGL-1 z/21/2/87 61 6.8 510 159 30 23 707 18 | 1384 | 22 | 35 400 2840 1
ZGL-1 7/4/3/87a 62 6.6 510 190 26 16 647 14 | 1558 | 22 | 42 410 2978 1
ZGL-1 7/4/3/87b 61 6.1 510 159 30 23 695 19 | 1397 | 25 80 | 1307 | 2844 1
ZGL-1 7/5/3/87 62 6.1 510 159 30 23 695 12 | 1401 | 24 | 60 690 2 840 1
ZGL-1 z/6/3/87a 61 6.3 510 139 30 23 683 16 | 1342 2 50 870 2753 1
ZGL-1 2/6/3/87b 62 6.3 500 145 30 23 683 15 | 1327 | 22 | 60 786 2731 1
ZGL-1 z7/3/87 62 6 500 148 30 23 695 15 | 1324 | 2.1 80 650 2743 1
ZGL-1 2/22/3/87 62 6.6 506 153 36 23 695 12 | 1377 | 2.1 45 452 2 820 1
ZGL-1 z/31/3/87 53 6.3 473 224 28 22 610 9 1641 | 22 | 45 660 2033 1
ZGL-1 7/2/4/87 61 6.4 495 160 30 22 683 14 | 1408 | 2.1 45 645 2838 1
ZGL-1 7/3/4/87 62 6.4 495 199 30 22 683 9 1558 | 2.1 45 647 3021 1
ZGL-1 2/20/2/92 51 7 548 145 16 12 653 4 1433 | 14 50 484 2878 2
ZGL-1 z/31/10/97 61 6.4 553 138 17 24 711 6 1376 | 0.3 20 230 2 867 2
ZGL-1 z/27/11/97 61 6.4 546 150 18 25 787 4 1370 | 0.3 34 420 2959 2
ZGL-1 z/16/12/97 61 6.3 534 156 17 23 730 7 1369 | 02 | 27 290 2897 2
ZGL-1 7/21/8/91 61 6.3 597 130 18 23 760 6 1371 | 03 24 400 2920 2
ZGL-1 7/25/2/98 61 6.4 550 130 20 23 757 5 1432 | 02 | 27 350 2897 2
ZGL-1 7/27/3/98 61 6.3 567 141 20 27 766 4 1360 | 0.3 27 320 2905 2
ZGL-1 7/30/4/98 61 6.4 594 124 21 27 725 5 1374 | 03 28 660 2 865 2
ZGL-1 z/17/5/98 61 6.4 594 142 20 28 725 5 1374 | 03 23 660 2 860 2
ZGL-1 2/28/5/98 61 6.4 582 128 23 28 757 5 1375 | 03 23 367 2917 2
ZGL-1 z/11/6/98 61 6.3 547 134 19 27 720 3 1355 | 03 29 558 2823 2
ZGL-1 z/12/11/07 60 6.6 612 144 25 20 900 5 1380 | 0.3 37 757 3101 3
ZGL-1 z/17/12/07 61 6.6 609 153 28 25 915 3 1470 | 03 | 45 751 3225 4
ZGL-1 z/18/2/08 61 6.9 609 158 31 25 909 5 1400 | 0.3 39 | 1300 | 3152 4
ZGL-1 2/26/2/09 61 6.8 611 155 31 25 927 5 1380 | 03 40 | 1300 | 2662 4
ZGL-1 z/30/3/11 61 6.9 611 153 33 26 988 5 1420 | 03 44 751 3253 5
ZGL-1 z/13/4/11 61 6.8 609 159 34 26 990 5 1440 | 03 40 684 3278 5
ZGL-1 z/7/3/87/1390 63 5.6 500 165 30 23 61 15 | 1418 | 25 60 700 2830 1
ZGL-1 7/19/3/87/1390 63 5.7 517 157 40 29 708 10 | 1377 | 33 70 750 2810 1
ZGL-1 7/2/4/89/1390 62 6 506 232 50 33 707 18 | 1653 | 2.6 | 65 770 3164 1
ZGL-1 z/4/3/87/1510 64 5.8 540 190 28 23 | 1000 | 26 | 1342 | 25 60 800 3162 1
ZGL-1 z/21/3/87/1510 64 6.4 506 173 28 23 700 10 142 2 70 750 2858 1
ZGL-1 2/23/3/87/1510 63 6.6 517 196 30 25 | 1061 | 15 | 1255 | 2.1 70 800 3088 1
ZGL-1 z/1/4/87/1510 64 6.4 440 272 38 30 988 17 | 1436 2 60 750 3202 1
ZGL-1 z/6/3/87/1730 60 5.9 570 300 26 23 | 2123 | 38 991 2 50 760 4110 1
ZGL-1 7/22/3/87/1730 68 6.9 341 528 30 27 | 2647 | 12 914 3 55 720 4493 1
ZGL-1 z/1/4/87/1730 69 6.6 396 495 32 29 | 2501 | 24 | 1006 | 2.5 57 590 4 468 1
ZGL-1 7/6/3/87/1880 69 5.6 510 159 30 23 683 18 | 1416 | 2.5 54 630 2853 1
ZGL-1 7/23/3/87/1880 69 6.8 572 378 30 25 | 2623 | 14 868 2.9 56 650 4496 1
ZGL-1 z/1/4/87/1880 69 6.7 231 605 35 27 | 2647 | 24 932 2.3 53 612 4488 1
FGTB-1 | {/15/3/11 61 6.5 568 136 15 44 695 34 | 1480 | 02 55 768 3021 5
FGTB-1 | /30/3/11 61 6.5 566 147 15 30 720 13 | 1500 [ 0.2 58 770 3017 5
FGTB-1 | /13/4/11 61 6.6 563 156 15 26 714 8 1480 | 0.2 54 628 3008 5

Explanations: REF (References): 1 — Fendek et al. (1988); 2 — Remsik et al. (1998); 3 — Hanzel et al. (2008); 4 — Vandrova et al. (2009); 5 — Vandrova
etal. (2011)
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APPENDIX C - DESCRIPTION OF SAMPLES (part 2)

Well, spring| Sample code T | PH Ca Mg Na K HCO, Cl SO, Li Sio, | fCO, TDS | REF
°C - all concentrations in mg:-1™!
BEH-1 B/8/7/74 34 72 | 625 | 150 22 14 1159 7 1238 | 04 17 1476 | 3236 6
BEH-1 B/13/7/74 33 7.1 625 | 145 30 14 1135 7 1258 | 04 15 1729 | 3233 6
BEH-1 B/18/7/74 33 6.9 | 615 | 141 64 13 1135 11 1284 | 05 15 1654 | 3278 6
BEH-1 B/23/10/74 34 6.5 | 601 | 150 61 33 1208 11 1230 | 0.6 10 1757 | 3305 6
BEH-1 B/18/5/74 32 6.6 | 600 | 132 | 117 38 1336 21 1180 | 04 15 1826 | 3430 6
BEH-1 B/30/8/74 33 6.4 | 600 | 128 | 131 36 1342 21 1186 | 03 16 1823 | 3450 6
BEH-1 B/12/9/74 34 6.5 | 650 | 154 73 33 1445 37 1168 | 04 3 1580 | 3568 6
Fbe-1 F/12/9/09 26 6.6 | 585 | 172 | 103 36 1740 47 833 0.5 27 1812 | 3536 4
Fbe-1 F/26/2/09 26 64 | 593 | 170 | 102 37 1763 47 830 0.5 27 1621 | 3564 4
Fbe-1 F/11309 27 6.6 | 593 | 167 | 101 39 1793 47 843 0.5 30 1398 | 3606 4
Fbe-1 F/30/3/11 26 6.7 | 585 | 162 | 100 39 1769 45 863 0.5 27 1186 | 3580 4
Fbe-1 F/13/4/11 25 6.8 | 588 | 167 | 100 39 1757 44 873 0.5 25 1265 | 3584 4
LM-45 Lm/15/7/87 22 63 | 670 | 284 51 16 2136 26 844 0.4 20 1367 | 3909 7
LM-45 Lm/241085 20 6.6 | 682 | 197 53 17 2172 24 824 0.4 37 1781 | 4009 7
LM-45 Lm/30/10/90 20 6.5 | 703 | 192 54 17 2178 24 825 0.4 38 1586 | 4034 7
LM-140 Lm/27/8/5 28 6.1 668 | 197 47 17 2111 25 818 0.4 23 1523 | 3024 7
LM-140 1m/15/7/85 30 6.1 649 | 186 47 16 2025 24 808 0.4 22 1254 | 3280 7
LM-140 1m/9/10/90 29 6.6 | 644 | 195 51 17 2056 23 979 0.4 40 1736 | 3827 7
RUDOLF | 1/15/9/87 27 6.3 | 648 | 168 43 17 1971 24 751 0.4 21 745 3 660 8
RUDOLF | 1/28/10/87 28 6.3 | 621 181 37 11 1990 23 851 0.2 15 350 3783 8
RUDOLF | 1/24/10/87 29 6.8 | 643 | 197 48 16 2062 22 790 0.3 36 1192 | 3819 8
RUDOLF | 1/30/10/90a 29 6.7 | 643 | 192 49 16 2 044 23 781 0.4 37 1225 | 3770 7
RUDOLF | 1/30/10/90b 29 64 | 672 | 194 45 17 2062 24 836 0.5 17 1250 | 3856 7
RUDOLF | 1/30/10/90¢ 28 6.3 | 622 | 181 51 17 1970 23 851 0.4 15 632 3720 7
VSH-1 Vsh/1 31 7 397 | 153 | 171 33 1756 70 485 1.3 30 479 3066 4
VSH-1 Vsh/2 33 6 408 | 153 | 163 33 1770 67 487 1.2 30 693 3080 4
VSH-1 Vsh/3 30 7 407 | 153 | 152 33 1745 63 484 12 30 782 3042 4
VSH-1 Vsh/4 31 7 448 | 168 | 167 36 1920 69 532 1.3 33 860.2 | 3384 4
VSH-1 Vsh/5 33 6 429 | 165 | 185 36 1 896 76 524 1.4 32 5173 | 3356 4
VSH-1 Vsh/6 30 7 380 | 147 | 165 32 1684 68 465 1.3 29 | 4342 | 2981 4
VSH-1 Vsh/7 31 7 395 | 153 | 172 33 1751 70 484 1.3 30 | 4515 | 3100 4
VSH-1 Vsh/8 33 6 369 | 142 | 159 31 1633 65 451 1.2 28 4455 | 2890 4
VSH-1 Vsh/9 30 7 403 | 156 | 174 34 1785 71 493 1.3 30 | 4845 | 3158 4
Slia¢ s/spring/3 31 7 426 | 156 | 135 34 1768 57 493 1.1 31 1125 | 3105 9
Slia¢ s/spring/4 33 6 392 | 143 | 120 31 1616 51 451 1 28 1086 | 2837 9
Slia¢ s/spring/5 30 7 388 | 145 | 142 31 1656 59 460 1.1 29 7884 | 2918 9
Stiavni¢ka | s/spring/6 9 7.1 133 31 22 4 391 50 133 0.1 0.2 22 766 9
Slia¢ s/spring/7 12 7.1 77 23 13 1 317 10 42 0.1 0.5 11 484 9
Slia¢ s/spring8 11 7 74 20 9 1.2 287 7 45 0.1 0.5 26 443 9
Slia¢ s/spring9 16 7 75 11 9 0.4 269 6 11 0.1 0.1 14 410 9
Slia¢ s/spring/1 20 7.1 | 475 | 142 97 35 1770 56 470 0.7 5 1580 | 3052 9
Slia¢ s/spring/2 16 7 603 | 180 53 19 1598 27 1040 | 0.8 7 1360 | 3530 9

Explanations: REF (References): 4 — Vandrova et al. (2009); 6 — Franko et al. (1979); 7 — Klago and Stuchlikova (1990); 8 — Vandrova and Matejc¢ekova
(1991); 9 — Zbofil et al. (1992)
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APPENDIX D - SILICA GEOTHERMOMETRY RESULTS (part 1)

;)g:iltll,g Sample code Silica geothermometer temperature estimate (°C)
< <|<|<|3]|Z
= dlz12|8|z|g|s|2|zl8|a|d|e|sle|ls|ldale
& 6|68 |6 |8|6|8|6|868|6|868|85,6(8|6|8|6(8|686
ZGL-1 | 2/21/2/87 — | - | 18|28 | — | 55|51 |57 |62 |85 |8 |108|104| 72 [ 11 | 73 | 89 | 74 | 62 | 87
ZGL-1 | z/4/3/87a - | - | 24|35 | - | 6360|6570 93|94 |118|113|80 | 0 |81 |96 | 8 | 70 |94
ZGL-1 | z/4/3/87b 6| 4|50 | 64| 26|97 |93 |97 |98 |124|125(159 (147|112 | — | 111 [122|115| 98 | 121
ZGL-1 | z/5/3/87 — | = |36 |50 |13 |8 |77 |8 |8 |110 | 111|140 |131| 97 | — | 97 | 110|100 | 85 | 109
ZGL-1 | z/6/3/87a — | =129 42| 5 | 72|68 |73 |77 [101|102]|129|122| 88 | — | 89 |103 | 90 | 77 |101
ZGL-1 | z/6/3/87b - | = |36 |50 |13 |8 |77 |8 |8 [110| 111 | 140 | 131 | 97 | — | 97 | 110 [ 100 | 85 | 109
ZGL-1 | z7/3/87 6 [ 4 |50 |64 |26 (97 |93 |97 |98 |124|125|159 (147|112 | — | 111 | 122|115 | 98 |121
ZGL-1 | 2z/22/3/87 - | = 126|38 | 0 [67 |63 |68 |73]96 |97 [122|116] 83 | — |84 [98 |85 | 73 |97
ZGL-1 | 2z/31/3/87 — | =126 38| 0 |67 |63 |68 73[9 |97 |122|116| 83 | — | 8 |98 |85 |73 |97
ZGL-1 | z/2/4/87 — | =126 38| 0 |67 |63 |68 73[9 |97 |122|116| 83 | — | 8 |98 |85 |73 |97
ZGL-1 |z/3/4/87 — | =126 38| 0 [67 |63 |68 |73 ]9 |97 |122|116| 83 | — | 8 | 98 |85 |73 |97
ZGL-1 |2/20/2/92 - | =129 |4 | 5 | 72|68 |73 |77 [101|102]|129|122| 88 | — | 89 |103 |90 | 77 |101
ZGL-1 |2/12/11/07 — | = |26 [38 | 0 |67 |63 |68 |73 |9 |97 [122|116| 83 | — | 8 |98 |85 | 73 |97
ZGL-1 | 2/17/12/07 — | =21 [ 32| - |60 |56 62|67 |9 |91 [114[109| 76 | 5 | 78 |93 |79 | 67 |91
ZGL-1 |2z/18/2/08 — | = |22 33| - |61 |57 |63 |68 |91 |92 |116[110| 78 | 3 |79 |94 |80 | 68 | 92
ZGL-1 |2/26/2/09 — | = |25 37| — |66 |62 |67 |72|95 |96 [121 [115| 82 | — | 83 |97 | 84 | 72 | 96
ZGL-1 |Z/30/3/11 — | = |22 33| — |61 |57 |63 |68 |91 |92 [116[110| 78 | 3 |79 |94 |80 | 68 | 92
FGTB-1 |/15/3/11 - | - |33 |46 9 |77 | 73| 78 | 81 [105]106| 135|126 93 | — | 93 [ 106 | 95 | 81 |105
FGTB-1 | {/30/3/11 — | = 135|149 |11 | 79| 76| 80 | 83 [ 108|109 | 138|129 | 95 | — | 96 | 109 | 98 | 83 | 107
FGTB-1 | {/13/4/11 - | - 13246 | 8 |76 | 72| 77 | 80 [ 105|106 | 133 |125| 92 | — | 93 | 106 | 94 | 80 | 104
ZGL-1 |2/7/3/87/1390 | — | — | 36 | 50 | 13 | 81 | 77 | 82 | 85 | 110 | 111 [ 140 [ 131 | 97 | — | 97 | 110 | 100 | 85 | 109
ZGL-1 | 2/19/3/87/1390 | 0 | — | 43 | 57 | 20 | 90 | 86 | 90 | 92 | 117 | 118 [ 150 [ 139 | 105 | — | 105 | 117 | 108 | 92 | 115
ZGL-1 | 2/2/4/89/1390 — | — |40 | 54 | 16 | 8 | 82 | 86 | 88 | 114 | 115 | 145|135 101 | — | 101 | 113 | 104 | 88 | 112
ZGL-1 | 2z/4/3/87/1510 — | = 36|50 |13 |8 |77 |8 |8 |[110| 111 | 140|131 | 97 | — | 97 | 110 | 100 | 85 | 109
ZGL-1 | 2/21/3/87/1510 | O | — | 43 | 57 | 20 | 90 | 86 | 90 | 92 | 117 | 118 [ 150 [ 139 | 105 | — | 105 | 117 | 108 | 92 | 115
ZGL-1 | 2/23/3/87/1510 | 0 | — | 43 | 57 | 20 | 90 | 86 | 90 | 92 | 117 | 118 [ 150 | 139 | 105 | — | 105|117 | 108 | 92 | 115
ZGL-1 | 2/1/4/87/1510 — | = |36 |50 |13 |8 |77 |8 |8 |[110 | 111 | 140 | 131 | 97 | — | 97 | 110 | 100 | 85 | 109
ZGL-1 | 2/6/3/87/1730 - | =129 4| 5 | 72|68 |73 |77 [101|102]|129|122| 88 | — | 89 |103 | 90 | 77 |101
ZGL-1 | 2/22/3/87/1730 | — | — | 33 |46 | 9 |77 | 73 | 78 | 81 |[105[106 | 135|126 | 93 | — | 93 | 106 | 95 | 81 |105
ZGL-1 | 2/1/4/87/1730 — | = [ 34|48 |10 |79 |75 |79 |8 |107 |108 [137 [128 | 94 | — | 95 [108 | 97 | 82 |107
ZGL-1 | 2/6/3/87/1880 — | =32 |46 | 8 | 76 | 72 | 77 | 80 | 105|106 [133 [125| 92 | — | 93 [106 | 94 | 80 | 104
ZGL-1 |2/23/3/87/1880 | — | — | 34 | 47 | 10 | 78 | 74 | 79 | 82 | 106 [ 107 | 136 | 127 | 94 | — | 94 | 107 | 96 | 82 |106
ZGL-1 |2/1/4/87/1880 — | = |31 [ 45| 7 |75 |71 |76 | 79 | 104|105 [132 [125| 91 | — | 92 [105| 93 | 79 |104
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APPENDIX D - SILICA GEOTHERMOMETRY RESULTS (part 2)

;g:il};g Sample code Silica geothermometer temperature estimate (°C)
< <|<|<| 3|2
= |2lzl2l2|g|2|g|2le|le|B8|2|8|&|o|B8|8|a|a
6 6|68 |6|8|86|86|6|8|6(8|6(8|6|8|6|8|86|8
BEH-1 B/8/7/74 - -1 2 2 | — | 2522129 |37 |57 |58 | 72|71 | 42|29 |44 |64 | 44| 37| 62
BEH-1 B/13/7/74 - = = | = | =20 |17 [ 25|33 |52 |53 |67 66|38 |29 |38 /|60]|39] 33|58
BEH-1 B/18/7/74 - -1 - — | = |21 | 17 |25 |33 52|53 |67 |66 |38 |29 38|60 |39]|33]|58
BEH-1 B/23/10/74 - -1 - - -1 7 4 | 11 | 20 | 39 | 40 | 50 | 49 | 23 | 27 | 22 | 47 | 25 | 20 | 46
BEH-1 B/18/5/74 -1 -1 - — | = |21 | 17 | 25 |33 |52 |53 |67 |66 |38 |29 38|60 |39]|33]|58
BEH-1 B/30/8/74 -1 =11 — | = 123120 |27 [ 35|55 |56 |70 |69 |40 |29 |41 | 62 | 42 | 35 | 60
BEH-1 B/12/9/74 - = = = |~-115]12 |20 |28 | 47 |48 | 61 | 60 | 32 |29 | 33 | 55| 34 | 28 | 53
Fbe-1 F/12/9/09 — | = |12 |18 | — [ 44 [ 40 | 47 | 53 | 74 |75 [ 95|92 |61 |21 |63 |79 |62 |53 |78
Fbe-1 F/26/2/09 — | = |12 |18 | — [ 44 [ 40 | 47 |53 | 74 |75 [ 95|92 |61 |21 |63 |79 |62 |53 |78
Fbe-1 F/11309 — | = |14 |22 | - |48 |45 |51 |57 |79 |80 |100| 97 | 65 | 17 | 67 | 83 | 67 | 57 | 82
Fbe-1 F/30/3/11 — | = [ 12 | 18 | — | 44 | 40 | 47 |53 |74 | 75|95 |92 |61 [ 21 [ 63 |79 |62 |53 |78
Fbe-1 F/13/4/11 - | = |10 | 15| — |40 | 37 |43 |50 |71 [ 72 | 91 | 88 |57 [ 23 |59 |77 |59 |50 | 75
LM-45 Lm/15/7/87 - | -5 7 | — |31 |28 |35 |42 |63 |64 |80 |78 |49 |27 |50 |69 |50 |42 | 67
LM-45 Lm/241085 — | =120 |30 |- |57 |54 |60 |65 |87 |8 |111|107 |74 | 8 |76 |91 |76 | 65 | 89
LM-45 Lm/30/10/90 | — | — | 21 |31 | — |59 | 55 |61 [ 66 [ 8 |90 | 113|108 |75 | 6 |77 | 92 | 77 | 66 | 90
LM-140 |Lm/27/8/5 — | = | 8 |12 | — |37 |34 |40 |47 | 68 | 69 | 87 | 85 | 54 |25 |56 | 74 | 56 | 47 | 72
LM-140  |1m/15/7/85 — | = | 7 |10 |- |35]|32 (39 [45 |66 | 67 |8 |83 |52 |26 |54 |72 |54 |45 | 71
LM-140  {1m/9/10/90 - | =122 |33 |- |61 |57 63|68 |91 |92 (116110 78| 3 |79 |94 | 80 | 68 | 92
RUDOLF | 1/15/9/87 - -1 6 9 | — |33 30|37 |44 | 65|66 |8 |8 |50 |27 |52 |71 |52]44 ]| 69
RUDOLF |1/28/10/87 - | = = | = | =20 |17 | 25|33 |52 |53 |67 |66|38 |29 |38 ]|60]|39] 33|58
RUDOLF | 1/24/10/87 - =119 [29 | - [56 |53 |58 |64 |8 |8 [110[105]| 73 | 9 | 75|90 | 75 | 64 | 88
RUDOLF |1/30/10/90a — | =120 30| - |57 |54 |60 | 65|87 |8 [111[107]| 74 | 8 |76 |91 | 76 | 65 | 89
RUDOLF | 1/30/10/90b -1 =12 2 | = [ 252229 |37 |57 |58 | 72|71 |42 |29 |44 |64 |44 | 37| 62
RUDOLF |1/30/10/90¢ - = = | = |=120 |17 |25 |33 |52 |53 |67 |66]|38 |29 3860393358
VSH-1 Vsh/1 — | = | 14 |22 | - [48 |45 |51 |57 |79 |80 [100| 97 | 65 |17 | 67 | 83 | 67 | 57 | 82
VSH-1 Vsh/2 — | = | 14 |22 |- |48 |45 |51 |57 |79 |80 [100| 97 | 65 |17 | 67 | 83 | 67 | 57 | 82
VSH-1 Vsh/3 — | = | 14|22 | - |48 |45 |51 (57|79 |80 |100| 97 |65 | 17 | 67 | 83 | 67 | 57 | 82
VSH-1 Vsh/4 — | = |17 |25 |~ [52[49 |55 |60 |8 |8 [105[101| 69 |13 |71 |87 | 71 | 60 | 85
VSH-1 Vsh/5 — | = |16 |25 | — |51 |48 |54 |60 | 8 | 83 | 104|100 | 68 | 14 | 70 | 86 | 70 | 60 | 84
VSH-1 Vsh/6 — | = |13 [20 | — |46 | 43 |49 |55 |77 |78 | 98 | 95 | 63 | 19 | 65 | 82 | 65 | 55 | 80
VSH-1 Vsh/7 — | = |14 |22 |- |48 |45 |51 |57 |79 |80 |100]| 97 |65 |17 | 67 | 83 | 67 | 57 | 82
VSH-1 Vsh/8 — | = [ 12 |19 | — | 45 |42 | 48 |54 |76 |77 | 96 | 93 | 62 | 20 | 64 | 80 | 64 | 54 | 79
VSH-1 Vsh/9 — | = | 1522 |- |49 |45 |51 |57 |79 |80 |101]|97 |66 | 17 | 68 | 84 | 68 | 57 | 82
VSH-1 Vsh/10 — | = | 15|22 |- |49 |45 |52 |57 |79 | 80 [101 | 98 | 66 | 17 | 68 | 84 | 68 | 57 | 82
VSH-1 Vsh/11 — | = |13 |19 | — |45 |42 |48 [ 54 |76 |77 |96 | 94 | 62 | 20 | 64 | 81 [ 64 | 54 | 79
VSH-1 Vsh/12 — | = [ 13|20 | - |46 | 42 |49 | 55| 77 |78 |97 |94 |63 | 19| 65|81 | 65| 55| 8
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APPENDIX E — CATION GEOTHERMOMETRY RESULTS (part 1)

;g:illll’g Sample code Cation geothermometry temperature estimate (°C)
_ slolzlelelolalalels]e o8
& |2|%|%|8\5|%|2|5|2|2|2|8|2|3|5]5|2|5|5|2 8|52

ZGL-1 7/21/2/87 S| > > >|>>|>|>|>|>|>]24]| - 368 |>|—-|—-|—-|—-198|>|>]55
ZGL-1 z/4/3/87a S| > > >|>[>|>|>[>|>|>|38| - [40[78|>| || —-|[—-19]|>|>1]39
ZGL-1 z/4/3/87b S>> >|>[>|>|>[>|>[>]23] - |[36[8|>|—-|—-|—-|—-198|>|>]57
ZGL-1 z/5/3/87 SH>|>(>>|>|>|>[>|>]>[23|—-|36|82|>|—-|—-|—-|—-98|>]|>]57
ZGL-1 z/6/3/87a SU> (> [>(>>|>|>[>[>|>21| = 35|79 |>|—-|—-|—-|—-198|>|>|57
ZGL-1 z/6/3/87b SU> (> [>(>|>|>|>[>|>|>21| - |36|81|>|—-|—-|—-|—-198]|>]|>]|57
ZGL-1 z7/3/87 S| > > >|>>|>|>[>|>>]22]|-[36[8|>|—-|—-|—-|—-198]|>|>157
ZGL-1 7/22/3/87 SI> (> >[>|>|>[>|>|>|>|22|-[36|79|>|—-|-|—-|—-|>|>]>1]59
ZGL-1 z/31/3/87 S>> >[>|>|>[>|>|>]>]30|—-[38|76|>|—-|—-|—-]-19|>1]>]38
ZGL-1 z/2/4/87 SI> (> |>[>|>|>[>|>|>|>|24| - |37|79|>|—-|—-|—-|-199]>]|> |6l
ZGL-1 z/3/4/87 S>> |>|>|>[>[>|>|>|>(|28| - [38|76|>|—-|—-|—-|—-199]|>]|>]54
ZGL-1 2/20/2/92 S>> > [>|>|>[>|>|>|>|44| - [482|70|>|—-|—-|—-]|—-]|65|>]>]60
ZGL-1 z/12/11/07 S>> > [>|>|>[>|>|>[>]20—-[35|37|>|—-|—-|—-|—-18|>]>]69
ZGL-1 z/17/12/07 S>> > [>|>|>[>|>|>|>|20 - |35|37|>|—-|—-|—-|—-|95|>]|>|73
ZGL-1 z/18/2/08 S > > |>|>|>>|>|>]>|>[20 - |35|37|>| - —-|—-|—-195|>]>]69
ZGL-1 z/26/2/09 S>> >|>[>|>|>[>|>|>[18] - |[35(37|>|—-|—-|—-|—-198|>|>]72
ZGL-1 z/30/3/11 S>> >|>[>|>|>[>|>[>[19]| - |[35(37|>|—-|—-|—-|—-|>|>|>]69
FGTB-1 | {/15/3/11 S>> >>[>|>>[>|>[>|1|—-({29|3L|>|—-|—-|—-]|—]|6L|>]>]65
FGTB-1 | {/30/3/11 S>> >|>>|>|>[>|>>[13]—-|33[30|>|—-|-|—-|—-1]6l]|>|>]9%
FGTB-1 | f/13/4/11 S| > > >>|>|>|>[>|>[>]19] - |[35[30|>|—-|—-|—-|—-]61]|>|>]82
ZGL-la | 2/7/3/87/1390 SU> (> [>(>>|>|>[>[>]>|23|—-|36|8|>|—-|—-|—-|—-198|>]>]52
ZGL-la  |z/19/3/87/1390 | > | > | > | > | > |[>|>|>|>|>|> 15| =349 |>|—-|—-|—-|—-|>]|>|>1]69
ZGL-la | 2z/2/4/89/1390 S>> |>|>[>[>|>|>|>|>|17| - 34|80 |>|—-|—-|—-|—-|>|>]|>]35
ZGL-la | z/4/3/87/1510 S>> >[>|>|>[>|>|>|>]26|—- (37|81 |>|—|=|—-|-193|>]|>1|47
ZGL-1 z21/3/87/1510 | > | > [ > | > | > |[>|>|>|>|>|> (24| - |36 |77 |>|—-|—-|—-|—-|9%|>]>]58
ZGL-1 z/23/3/8T/1510 | > | > [ > | > | > |[>|>|>|>|>|> (24| - |36|76|>|—|—-|—-|—-197|>]>]69
ZGL-1 z/1/4/87/1510 S > (> > [>|>|>[>|>|>>|23|—-[36|71|>|—-|-|—-|—-|>|>]>]28
ZGL-1 z/6/3/87/1730 S>> |>|>|>|>|>|>|>|>[34|-|39|70|>|—-|—-|—-|-|8]|>]>]31
ZGL-1 z/22/3/87/1730 | > | > | > | > | > |>|[>|>|>|>|> |38 - [40|73|> |- |- |—-|—-|>|>]|>1|77
ZGL-1 z/1/4/87/1730 S > | > [>|>|>>[|>|>[>|>|34][-|39(70|>|—-|—-|—-|—-|>]>]|>]48
ZGL-1 z/6/3/87/1880 SI>|>(>>|>|>|>[>[>]>[23|-1|36|8|>|—-|—-|—-|—-198|>]|>]6l
ZGL-1 z/23/3/87/1880 | > | > | > | > | > | > | > | > |>|>|>[35]| - |39(76|>|—-|—-|—-|—-195|>|>]68
ZGL-1 z/1/4/87/1880 S>> >|>[>|>|>[>|>]>|40| - |41|65|>|—-|—-|—-|—-|>|>]>]63
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APPENDIX E — CATION GEOTHERMOMETRY RESULTS (part 2)

We_l L, Sample code Cation geothermometry temperature estimate (°C)
spring
— alo|lslvloln|lw|lalS|= S g S = E % 2 E 2 O O g §
2 |218(3)5|515(5/3]55|3 & |8 3|5 |5|5]3]5]8] 8|52

BEH-1 B/8/7/74 S >|>|>>[>[>|>>>[>]39| -4 |43 |>|—-|—-|—-|—-|T77T|>]>] 63
BEH-1 B/13/7/74 SI>|>|>>[>[>|>|>[>[>]38|—-[40 [ 43 |>|—-|—-|—-|—-]|92|>]>] 63
BEH-1 B/18/7/74 S|>|>|>>[>[>|>|>[>[>]40 | -4 |48 |>|—-|—-|—-|—-]| > [>]>] 65
BEH-1 B/23/10/74 S >|>|>>[>[>|>|>|>[>| 11 | =32 ][5l |>|-|~-|-|—-| > |>]>]70
BEH-1 B/18/5/74 SI>|(>|>|>|>|>|>|>|>|>| 5 |—-|3L |44 |>|—-|—-|—-|—-|>|>|>]79
BEH-1 B/30/8/74 SI>|[>|>|>|>>|>|>|>|>] 6 [ —|3L 39 |>|—-|—-|—-|—-|>|>|>]79
BEH-1 B/12/9/74 SI>|[>|>|>|>>|>|>|>|>| 1|33 |43 |>|—-|—-|—-|—-| > |>|>] 066
Fbe-1 F/12/9/09 S| >|>[>>|>|>[>[>|>|>] 10| =324 |>|-|—-|—-|—-| > |>]>]| 66
Fbe-1 F/26/2/09 SI>|[>|>|>|>>|>|>|>|>| 9| —-|32 |46 |>|—-|—-|—-|—-| > |>]|>] 62
Fbe-1 F/11/3/09 SI>|[>|>|>|>|>|>|>|>|>| 7T |—-|31 47 |>|-|-|-|-| > |>|>] 67
Fbe-1 F/30/3/11 S| > > >|>|>|>[>|>|>|>| 7|34 |>|—-|—-|—-|-| >]|>]|>]| 66
Fbe-1 F/13/4/11 S| >[>[>[>|>|>[>|>|>|>| 7|31 |4 |>|—-|—-|—-|-| >|>]|>]| 66
LM-45 Lm/15/7/87 S|I>|[>|>[>|>|>[>|>|>|>46 || 42|37 |>|-|-|—-|-| > |>]|>]| 33
LM-45 Lm/241085 S| >[>[>[>|>|>[>]|>|>|>|37|-]140 |40 [ >| ||| —-| > |>]|>]| 51
LM-45 Lm/30/10/90 S >[>[>[>|>|>[>]|>|>|>|36|-]40 |4l [>|—|—-|—=|—=| > |>]|>]| 62
LM-140 Lm/27/8/5 S > >|>>[>[>|>|>|>[>[37 |40 [ 40 |>|—|—-|—=|—-| > [>]>] 51
LM-140 Im/15/7/85 S >|>|>[>[>[>|>|>[>[>]38|—-[40 [ 4]l |>|—-|—-|-|—-]| > |[>]>] 49
LM-140 1m/9/10/90 SI>|>|>[>>|>|>[>[>|>|37T|-[40 |4l |>|-|—-|—-|—-| > |>]|>] 46
RUDOLF 1/15/9/87 SI>|>|>[>>|>|>[>[>|>|34 |39 |2 |>|-|-|-|-| > |>]|>] 4
RUDOLF 1/28/10/87 SI>[>|>|>[>|>|>[>|>|>52 | -4 |28 |>|—-|—-|—-|—-| > |>]|>] 46
RUDOLF 1/24/10/87 S|I>[>|>|>[>|>|>[>|>|>[39 | -4 |35 |(>|—-|—-|—-|—-| > |>|>]| 47
RUDOLF 1/30/10/90a S|I>|>| > >[>|>|>[>|>|>[39 |40 |4l |[>|—-|—-|—-|—-| > |>]|>] 51
RUDOLF 1/30/10/90b SI> (> >|>>>|>|>|>|>[37T]| 140 |45 |>| ||| -] > |>|>] 48
RUDOLF 1/30/10/90¢ SI>[>|>|>|>>|>|>|>|>[35] 140 |4l |>| ||| > |>]|>] 4l
VSH-1 Vsh/1 SI>|[>|>|>|>>|>|>|>|>| 11| |33 |68 |>|—-|~-|—-|—-|>|>|>] 49
VSH-1 Vsh/2 S| > >[>[>|>|>[>|>|>|>| 11| —-|33]|66[>|—-|—-|—-|—-| >|>|>]| 47
VSH-1 Vsh/3 S| > > >[>|>|>[>[>|>|>| 11| —-|33]66|>|—-|—-|—-|—-| >|>|>]| 44
VSH-1 Vsh/4 SI> > > > >[>|>|>|>|>] 9| —|32|67T|>|—-|—-|—-|—-| >|>|>] 44
VSH-1 Vsh/5 S| >[>[>[>|>|>[>[>|>|>|10|—-]32]6|>|—-|—-|—-|—-| >|>]|>]| 49
VSH-1 Vsh/6 S| > > >[>|>|>[>|>|>|>| 12| -]33]|68|>|—-|—-|—-|—-|>1|>|>]|47
VSH-1 Vsh/7 SI>|>|>>[>[>|>|>[>[>] 11 | —-[33]68 |>|—-|—-|—-|—-| > |[>]>] 48
VSH-1 Vsh/8 S >|>|>>[>[>|>|>|>[>]| 12|33 [67T|>|—-|—-|—-|—-| > 1|>]>] 49
VSH-1 Vsh/9 SI>|>|>>[>[>|>|>[>[>]| 11 | —[32]68|>|—-|—-|-|—-| > |[>]>] 43
VSH-1 Vsh/10 S >|>|>>[>[>|>|>[>[>| 11| —-[32]64|>|—-|—-|—-|—-]| > |>]>] 48
VSH-1 Vsh/11 SI>[>|>|>[>|>|>[>|>|>| 12|33 |63 |>|—-|—-|—-|—-|>1|>|>] 46
VSH-1 Vsh/12 S|I>[>|>|>[>|>|>[>|>|>| 12|33 |65 |>|—-|—-|—-|—-|>1|>|>]| 42
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APPENDIX F — LIST OF ACRONYMS AND SYMBOLS IN TEXT

Symbol Description Unit (if any)
B reaction stoichiometry coefficient -
At Mg-correction temperature °C
a activity coefficient of phase k —
a, activity coefficient of species i in phase k —

C number of components in reaction —
CSM conceptual site model -
CHN Cho¢ Nappe (system, succession, horizon) —
cX concentration of i-th component in water ppm, mg-1"!, mg-kg™!
D-HTC discharge zone, high total carbon subfacies —
D-LTC discharge zone, low total carbon subfacies —
DRTE deep reservoir thermal endmember -

F number of independent variables in reactions —

H enthalpy (in general) kJ-kg!
HL enthalpy of liquid kJkg!
H reservoir enthalpy kJkg!
HT high temperature (conditions) —
IWCP Inner Western Carpathian Paleogene (Sub-Tatric Group) succession —
Jr/Cr-2 (Krizna Nappe) Jurassic — Mid Cretaceous succession (duplexes) —
K. equilibrium constant -
KNA Krizna Nappe (system, succession, horizon) —

L Logarithm of ionic concentration ratios —
LT low temperature (conditions) -
M number of equilibrated minerals in solution —
MCG multicomponent geothermometers —
MEG multicomponent equilibrium geothermometry —
MI maturity index -

P number of phases in reactions —
pCO, partial CO, pressure bar, MPa
Pg Paleogene —
p-T (thermodynamic) pressure — temperature conditions —
Q, activity coefficient for aqueous species of phase k —

T, relative concentrations - %
RMED clustered median (multicomponent geothermometry) approach —
S-CGW Sliace springs — cold groundwater facies —
SI saturation index —
SRTW shallow reservoir thermal waters facies —

T temperature (general) °C
T, bottomhole temperature °C
TCR Tatricum Crystalline (bedrock) —
TEU Tatricum Envelope Unit (horizon) —
Tr2 Mid Triassic (carbonates) —
T, estimated temperature °C
T . reservoir temperature °C
T sampling temperature °C
T, wellhead temperature °C
T Geothermometer temperature °C
TCM thermal-cold mixing (regime) -
TCLM ternary chloride mixing model -
TT™M thermal-thermal mixing (regime) —
TSI total saturation index —
Tr3-Cr2 (Krizna Nappe) Late Triassic — Mid Cretaceous profile —
V., stoichiometric coefficient for species i in phase k —
Xeq silica fraction correction —
X, enthalpy fraction correction —
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Terciérna mikrofauna z hlbokych vrtov v Zeliezovskej
priehlbine (Dunajska panva)
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Abstract: The results of the microfauna re-evaluation in the Cenozoic sediments of the Zeliezovce depression
of Danube Basin is presented in terms of the chrono- and lithostratigraphic units in problematic sections of two
selected deep wells excavated in the 1960s by former Oil company CND Hodonin. In the past, the oil boreholes
were realized with intention to determine the stratigraphy and lithology of the Neogene sediments and to verify
their oil and gas carrying capacity. Altogether, 22 samples have been analysed from the boreholes Modrany 1 and
Nova Vieska 1.

The borehole Nova Vieska 1, according to our results terminated at a depth of 3 171 m in the latest Rupelian se-
diments, previously regarded as the Priabonian to Rupelian in age. The microfauna acquired from the well cores
gave a proof of the younger Kiscellian to Egerian (Rupelian to Chattian) age. The overlying Miocene sequence
was divided into the Badenian and Sarmatian part of the sedimentary record. Moreover, the deposits previously
regarded as the Rupelian are of the Lower Badenian age.

Keywords: Danube Basin, Zeliezovce depression, Foraminifera, Oligocene, Miocene, Badenian, Sarmatian, Kis-

cellian, Bajtava, Pozba and Vrable formations

Graphical abstract

Typical microfau
| "\ Spiroplectam

a of the Middle Bédenian =
na carinata biozone ~

Uvod

Prispevok vznikol v rdmci rieSenia projektu geo-
logickej ulohy Vyskum geologickej stavby a zostavenie
geologickych map v problematickych vizemiach Slovenskej
republiky.

Predmetom nasho revizneho Studia boli foramini-
fery z paleogénnych a neogénnych suvrstvi v Zeliezov-
skej priehlbine Dunajskej panvy vo vrtoch Modrany 1
a Nova Vieska 1 (obr. 1).

Vrt Modrany 1 (M-1) bol projektovany a realizovany
CND, zavod Gbely. Projektovana hibka vrtu bola 3 100 m
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+ 22 re-evaluated samples with 192 foraminifer
taxons from two old oil wells in the Danube
Basin revealed Badenian and Sarmatian age of
Neogene sediments.

* Kiscellian to Egerian ages of Paleogene sedi-
ments represent the most striking new findings:
Former Upper Eocene (Priabonian) sediments
are reclassified to the Lower Oligocene (Kiscel-
lian Fm.) and those of Lower Oligocene (Rupe-
lian) into the Lower Badenian (Bajtava Fm.).

Highlights

* In the Danube Basin, the Paleogene lithostra-
tigraphic units of the Buda Paleogene (Gyalog
and Csaszar, 1996) were used for the first time.

(redlne ukonéeny v hibke 2 294 m v jure). Vitanie sa
uskutoénilo 30. 8. 1968 — 7. 1. 1969. U&elom bolo zistit
litologicky vyvoj, stratigraficka prislusnost’ neogénnych
suvrstvi a ich podlozia a overit nafto- a plynonosnost’ jed-
notlivych suvrstvi na elevacii v poklesnutej kryhe.

Vrt Nova Vieska 1 (NV-1) bol projektovany a reali-
zovany CND Hodonin, zavod Gbely. Projektovana hibka
vrtu bola 3 200 m (redlne ukonéeny v hibke 3 171 m, po-
vodne v priabone, po nasej revizii v oligocéne). Vitanie
sa uskutocnilo 23. 10. 1954 — 10. 1. 1957. U&elom bolo
zistit’ pritomnost’ naftonosnych formacii hlavne v badene,
facialny a litologicky vyvoj naftonosnych formacii. Vrt
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Obr. 1. Lokalizacia Studovanych vrtov.
Fig. 1. Location of studied wells.

ani po prehibeni projektovanej hibky nedosia-
hol predterciérne podlozie a podl'a povodnych
udajov sa skoncil v sedimentoch priabonu.

Analyzou mikrofauny sme sa snazili pre-
hodnotit” starSie biostratigrafické tidaje v prob-
lematickych usekoch vrtov, vekovo zaradenych
do vrchného eocénu, oligocénu a badenu, a na
zéklade toho usadeniny zaradit do sucasne
platnych chrono- a litostratigrafickych jedno-
tiek.

Regionalnogeologické ¢lenenie Dunajskej
panvy a stru¢na geologicka charakteristika
uzemia

Studovana oblast’ je z hladiska regional-
nogeologického clenenia (Vass et al., 1988)
sucastou Dunajskej panvy. Ta patri medzi
vnutrohorské panvy a prstovito zasahuje me-
dzi jadrové pohoria Zapadnych Karpat, ktoré
vymedzuju jednotlivé ¢iastkové priehlbiny. Na
zapade je to blatnianska priehlbina vymedze-
na Malymi Karpatmi a Povazskym Inovcom.
Risnovska priehlbina sa nachddza medzi Po-
vazskym Inovcom a TribeCom, komjatickd
priehlbina je situovana medzi TribeCom a stre-

Ipel'ska kotlina

Obr. 2. Regionalnogeologické ¢lenenie Dunajskej panvy.
Fig. 2. Regional-geological division of the Danube Basin.
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A. Zlinska: Terciérna mikrofauna z hlbokych vrtov v Zeliezovskej priehlbine (Dunajskad panva)

doslovenskymi vulkanitmi. Na juhu sa nachadza Zeliezov-
ska priehlbina, ktoru z juhu vymedzuje koryto Dunaja, na
vychode dolina Ipla, vulkanity pohoria Burda a sturovsky
paleogén (morské sedimenty lutétu az egeru). Dunajska
panva sa takmer uplne kryje s regionalnou morfologickou
jednotkou Podunajskou niZinou, ktorej centralnu ¢ast’ tvo-
ri Gabcikovska panva (obr. 2).

Hlavnu cast’ sedimentarnej vyplne panvy tvoria morské
a brakické suvrstvia stredného miocénu (baden — sarmat),
ktoré st prekryté menej hrubymi brakickymi a sladkovod-
nymi jazernymi sedimentmi vrchného miocénu az panonu
a pliocénu.

Slovenska ¢ast’ Dunajskej panvy je sucast’ou rozsiahlej
panonskej zaoblukovej, resp. vnutrooblukovej panvy, kto-
ra tvori systém ,,mensich® ¢iastkovych panvi (Royden et
al., 1983). Jednotlivé ¢iastkové panvy presli po¢as miocé-
nu a pliocénu ¢iasto¢ne rozdielnou genézou. Dosledkom
toho sa vzajomne odliSuju nielen celkovou hrubkou svojej
neogénnej sedimentdrnej vyplne, ale aj chronostratigra-
fickym sledom stvrstvi v ramci jednotlivych sedimentar-
nych sekvencii, zastiipenim, resp. absenciou niektorych
suvrstvi, litologickym charakterom a hribkou (Kovac,
2000). Tvar slovenskej ¢asti Dunajskej panvy je vysled-
kom zlozitého tektonického a komplexného geologického
vyvoja v Case a priestore (Adam a Dlabac, 1961, 1969).
Za dosial’ najstarsie zistené neogénne horniny sa povazu-
ju vulkanity spodnobadenského veku nazvané surianske
vulkanity (Vass, 2002). Reprezentuju ich amfibolické an-
dezity prechadzajuce do amfibolicko-pyroxenickych ande-
zitov (Palfalvi, 1975). Sedimentécia na vicsine izemia sa
zacina spodnobadenskym Spacinskym suvrstvim (Rybar et
al., 2015; NN-5 fide Martini, 1971). Dalgie udaje o geolo-
gickej stavbe panvy st zname z jej zapadného okraja, kde
su na krystalickych horninach podlozia usadené az sedi-
menty vrchnobadenského veku, zaclenené do bahonského
suvrstvia. Na baze stvrstvia st svetlosivé a zelenkastosivé
brekcie tvorené ostrohrannymi tlomkami granitoidov. Na
okraji panvy sedimentovali v tomto obdobi biele a sivo-
biele pies¢ité organodetritické vapence (Palfalvi, L. c.).
V ich nadlozi sa vyskytuju svetlosivé drobno- az hru-
bozrnné pieskovce, ktoré smerom do nadlozia prechadzaja
do sivohnedych bridli¢natych ilov. V uvedenych iloch sa
zistili spolocenstva foraminifer bolivinovo-buliminovej
zony morského vrchného badenu. Pri zdpadnom okraji
panvy sa koncom vrchného badenu usadili sladkovodné
suvrstvia uhol'nych ilov so slojéekmi lignitu.

V nadlozi badenskych sedimentov sa vyskytuji usade-
niny vrabel’ského suvrstvia sarmatského veku, deponované
v brakickom, prevazne plytkomorskom prostredi. Bazalnu
Cast’ suvrstvia tvoria hrubozrnné piesky s vrstvami strkov,
ktorych obliaky su tvorené granitoidmi a krystalickymi
bridlicami. V nadlozi $trkov sa nachadzaji zelenosivé pies-
¢ité ily, ktoré su v spodnej Casti silno Skvrnité. V okrajovej
Casti panvy lezia sarmatské sedimenty priamo na krySta-
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lickom podlozi (Cilek, 1960). Panvovy vyvoj vrabel'ské¢ho
suvrstvia tvoria zelenosivé vapnité ily, prachovce a piesky
dosahujtce hrabku 300 — 600 m.

V spodnom az strednom pandne (zény A — E pandnu)
prebichala sedimentacia v Dunajskej panve v brakickom
prostredi plytkého jazera, ktoré sa zapliialo prevazne del-
tovymi usadeninami transportovanymi riekami z vyzdvi-
hujtceho sa alpsko-karpatského orogénu. Usadzovali sa
sedimenty ivanského suvrstvia, ktoré bolo v okrajovom
vyvoji reprezentované Strkmi, pieskami a ilmi s polohami
lignitov. V panvovom vyvoji boli v najvacsej miere zastu-
pené ily s polohami pieskov. Vo vrchnom pandne (zony
F — H) az ?ponte sa v prostredi plytkého jazera kaspi-
brakického charakteru usadzovali sedimenty beladického
a volkovského suvrstvia. Reprezentuju ich prevazne si-
vozelené ily az prachy, v ktorych sa vyskytuji polohy so
zuhol'natenymi zvySkami rastlin (vrstvy uholnych ilov) az
sloj¢ekmi lignitu ?pontského veku. Bazalne ¢asti sedimen-
tov zony F volkovského stvrstvia st miestami zastupené
strkmi, ktoré lateralne prechadzajt do pestrych ilov. Sedi-
menty zén G — H pandnu pozostavaju zo zelenosivych, hr-
dzavozlto skvrnitych, v mensej miere aj hnedo Skvrnitych
vapnitych ilov, v ktorych st polohy svetlozelenkavosivych
a svetlosivych vapnitych pieskov az drobnozrnnych Strkov
s tlomkami suchozemskych a sladkovodnych gastropédov
(Lunga, 1965).

V nadlozi volkovského stuvrstvia v priestore gab¢ikov-
skej panvy st usadené sladkovodné fluvidlno-limnické az
fluvialne strkovo-piescCité az piesCito-ilovité pliocénne se-
dimenty kolarovského suvrstvia.

Kvartérne sedimenty maji na povrchu Dunajskej panvy
dominantné postavenie. Vo vel'kej hriibke, ktora je v centre
gabcikovskej depresie 500 a viac metrov, pokryvaju su-
visle celé¢ vymedzené uzemie. Kvartérna sedimentacia
ma kontinudlny priebeh a az do recentu vykazuje panvo-
vy superpozi¢ny vyvoj (Vaskovsky a Vaskovska, 1977).
Za najstarSie kvartérne sedimenty sa povazujii bazalne
vrstvy rie¢no-jazernych sedimentov, ktoré tvoria spodnu
cast’ kvartérnej vyplne centra gabcikovskej depresie. Se-
dimenty bazalnych vrstiev kvartéru pozostavaju z cyklic-
ky sa striedajucich pestrych piescito-Strkovitych vrstiev
s Castymi, vel'mi hrubymi polohami ilov a siltov a tvoria
pravdepodobne kontinudlny prechod z vrchnopliocénnych
pieskov, drobnych strkov a pestrych ilov kolarovského su-
vrstvia, oznacovanych tiez ako gabcikovské vrstvy. Fluvi-
alne sedimenty starSicho obdobia stredného pleistocénu sa
podielaju na podstatnej Casti stavby kvartérnej sedimen-
tarnej vyplne a tvoria spodnt cast’ tzv. stredného kom-
plexu piescCito-Strkového stredného suvrstvia. V podstate
ide o obrovsky plochy vejar naplavového kuzel'a Dunaja,
zakryty pokracujucou fluvidlnou sedimentéciou vrchného
pleistocénu a holocénu. Toto stredné suvrstvie (stredny
komplex) oznacil Janacek (1967) ako ,,dunajska Strkova
séria®“. Lezi na spodnom fluvialno-limnickom az fluvial-
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nom palkovi¢ovskom stvrstvi, od ktorého je oddelené hli-
nito-ilovitymi polohami. Stredné suvrstvie tvoria prevazne
hrubsie, dobre opracované §trky, piescité Strky a piesky.
Na rozdiel od starSicho spodného stvrstvia, zriedkavejsie
sa v nom vyskytuju hrubé polohy ilovitych, resp. hlinitych
sedimentov. Hlinito-ilovité vrstvy su po zrnitostnej stran-
ke rozmanité, od piesCitych a prachovitych hlin po ilovité
hliny a ily. V mladsej Casti stredného pleistocénu kontinu-
alne pokracoval synsedimentarny pokles centralnej gabci-
kovskej priehlbiny. To sa dotykalo aj jej menej intenzivne
poklesavajucich okrajovych casti. Hrubka strednej Casti
stredného suvrstvia nie je rovnaka.

Vrchnopleistocénne fluvidlne akumulacie tvoria naj-
vysSiu Cast’ stredného stvrstvia, resp. stredného komplexu
dunajskej Strkovej série a na okraji roviny buduju podlo-
Zie rie¢nych niv Dunaja, Malého Dunaja, Ciernej vody,
Dudvahu, Vahu a Nitry. Litologicky ich tvoria zvodnené,
dobre vytriedené a opracované, prevazne hrubsie piescité
strky a piesky, ktoré dominuju hlavne na povrchu. Strkovy
materidl sa vyznacuje charakteristickym hrdzavohnedym
az hnedozltym a sivym sfarbenim. Fluvidlne sedimenty
stredného a vrchného pleistocénu v terasovom vyvoji vy-
stupuju na l'avobrezi Dunaja v Bratislave a na okrajoch
pahorkatin, kde su pokryté hrubymi vrstvami vrchnopleis-
tocénnych sprasi a sprasovych hlin.

Sedimenty holocénu su reprezentované najmi fluvi-
alnymi akumuldciami litofacidlne pestrych, lateralne sa
meniacich naplavov povrchového nivného krytu dnovych
akumulacii vSetkych hlavnych tokov. Nivy st spestrené
fluvidlno-organickymi sedimentmi vo vyplniach mftvych
ramien, pripadne organogénnymi sedimentmi — raselinami
slatinného typu — v inych lokalne podmacanych depre-
siach (Hruby Sur, Pusté Ulany a i.).

Preskumanost’ §Studovaného izemia

K poznaniu neogénnej stratigrafie vyznamne prispel
vrtny naftovy prieskum, ktory sa v tomto tzemi zacal
v 40. rokoch minulého storocia v okoli Ivanky pri Dunaji.
Stratigrafické zaclenenie sedimentov na zaklade mikro-
fosilii (foraminifer, lastirni¢iek) urobil Pokorny (1946).
Identifikoval badenské, sarmatské a panonske sedimenty.
Matéjka (1949) v strucnosti opisal geologické a stratigra-
fické pomery Dunajskej panvy. V rokoch 1952 — 1954 bol
vyhibeny prvy oporny vrt Bahon-1 (Homola et al., 1955).
Biostratigrafickym vyskumom sedimentov uvedeného vrtu
sa zaoberala Slavikova (1954). V 50. rokoch minulého sto-
ro¢ia sa uskuto¢nilo mapovanie neogénnych sedimentov
Podunajskej niziny v ramci zostavovania generalnej mapy
1 : 200 000, list Bratislava (Buday, 1957). Mikrofaunu
z povrchovych lokalit, ako aj kopanych sond vyhodnotil
Cicha (1957).
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V 60. rokoch pokracoval geologicky vyskum v stvis-
losti s vystavbou vodného diela Dunaj, zamerany na ob-
jasnenie tektonickej stavby juznej oblasti slovenskej Casti
Dunajskej panvy (Janacek, 1966a, b, 1967).

V sedemdesiatych a osemdesiatych rokoch sa v ramci
projektu vyskumnych geotermalnych vrtov realizovalo
nickol’ko hlbokych vrtov. Severozapadne od Galanty bol
vyhibeny geotermélny vrt FGT-1 v Topol'nikoch (Franko,
1978), vrt FGGa-1 v Gab¢ikove (Franko et al., 1984), vrt
FGV-1 vo Vl¢anoch (Remsik et al., 1984) a vrt GPB-1
v Bohel'ove (Fendek et al., 1984). V polovici 80. rokov
minulého storo¢ia sa na tizemi centralnej Casti Bratisla-
vy v ramci projektovanej rychlodrahy realizoval vrtny
prieskum (Vlaskova et al., 1986). Z tychto vrtov boli
spracované viaceré fosilne skupiny (mékkysSe, ostrako-
dy, palynomorfy, vapnity nanoplankton), ¢o prispelo
k presnejSiemu roz¢leneniu vrchnomiocénnych sedimen-
tov okrajovej Casti Dunajskej panvy (Fordinal, 1993a, b,
1995; Fordinal a Tuba, 1988, 1992; Fordinal et al., 1990,
1993; Nagy et al., 1995; Papsikova, 1989).

Zaciatkom 21. storo¢ia bola Studovana stratigrafia
vrchnomiocénnych brakickych a sladkovodnych sedimen-
tov slovenskej Casti Dunajskej panvy (Kovac et al., 2010,
2011; Sujan et al., 2016).

Biostratigrafické vyhodnotenie vzoriek z regionu Po-
dunajska nizina-vychod podéava Zlinska (1997). Paleoeko-
logické trendy vrchnobadenskych sedimentov Dunajske;j
panvy a Viedenskej panvy st korelované v praci Zlinskej
et al. (2002). Tektoniku, biostratigrafiu a paleoekologiu
sarmatu a karpatu v severnej Casti Dunajskej panvy rie-
Sia prace Hruseckého et al. (2001), Zlinskej et al. (2005)
a Fordinala et al. (2006a, b). Najnovsia syntéza biostra-
tigrafie, sedimentologie a paleoprostredia Dunajskej pan-
vy je zhrnutd v pracach Rybara et al. (2013, 2014, 2015),
Kovaca et al. (2015) a Hudackovej et al. (2015).

Studované oligocénne litostratigrafické jednotky
Dunajskej panvy

Litostratigrafia paleogénnych sedimentov je prisposo-
bena litostratigrafii severného Mad’arska, tzv. budinskemu
paleogénu (podla Csaszara — ed., 1997, obr. 3), upravena
v zmysle novsich vyskumov (Budai a Konrad, 2011). Naj-
mlad$im ¢lenom je sécenské suvrstvie (sécensky slir) veku
eger — egenburg. Na oznacenie najmladsich, kiscelskych
az spodnoegerskych sedimentov sme pouzili termin kis-
celske suvrstvie (v zmysle Tariho et al., 1993). Lateralnym
ekvivalentom oboch spomenutych jednotiek su térokba-
lintské pieskovce (Térokbalint). Pod kiScelskym stuvrstvim
je usadené fardské suvrstvie (Baldi, 1984), vo vrchnej
Casti s lateralnym ekvivalentom hdrshegyského pieskovca
(Hdarshegyi). Vek stvrstvia je po hranicu kiscel — priabon
(~36 mil. rokov).
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Obr. 3. Litostratigrafické jednotky terciéru Dunajskej panvy.
Fig. 3. Tertiary lithostratigraphic units of Danube Basin.

Kiscelské suvrstvie (kiScelské ily) — vrchny kiscel
azZ spodny eger

Nazov je zavedeny v Mad’arsku pre ily a sliene rupel-
ského veku s typovou lokalitou pri obci Kiscell. V oblasti
Zapadnych Karpat tento nazov prvy raz pouzili Andrusov,
Bystrickd a Schalekova (1954) a Cilek (1954) pre oli-
gocénne foraminiferové sliene na jz. Slovensku.

Madarsky oligocén na zadklade foraminifer rozdelil
Majzon (1960). Juhoslovensky oligocén s Majzonovymi
zonami koreloval Senes (1964). Podl'a vysledkov typova
lokalita kiScelskych ilov zodpoveda najspodnejSiemu ho-
rizontu oligocénnych morskych slienov (Stvrty Majzonov
horizont), t. j. strednému ,,globigerinovo-kasidulinovému
obzoru®. Tento ,,obzor* v oblasti Dunajskej panvy zod-
poveda spodnému oligocénu, spodnym cyrénovym vrs-
tvam, resp. pestrému uhlonosnému stvrstviu oligocénu,
a v Mad’arsku asi aj vrchnym, uz marinnym ,,0bzorom*

harshegyskych pieskovcov. Nie je vylucena ich Ciastoc-
na ckvivalencia s vrchnou castou budinskych slienov
(obr. 3). Vyssie horizonty kiScelskych ilov tvoria rabda-
minovo-cyklaminovy piesCity obzor (Majzonov obzor

¢. 3), ktory zodpoveda nasmu pieskovcovému obzoru, kla-
vulinovy a vrchny globigerinovy obzor (Majzonov 1. a 2.
obzor), ktory zodpoveda nasim foraminiferovym slienom
rupelu. K stratigraficky dolezitej mikrofaune patri: Trita-
xia szaboi (HANTKEN), Karreriella hantkeniana CUSHMAN,
Planularia kubinyi (HANTKEN) atd’.

Kiscelské stvrstvie predstavuje svetlosivy ilovity
a ilovito-slienity aleurit a ilovity slienovec. Facia je plyt-
kobatyalna, s normalnou salinitou. Je v§eobecne rozsirené
na povrchu v Budinskych vrchoch a v predpoli Severného
stredohoria. V severnej Casti Dorogskej panvy sa preli-
na s manyskym suvrstvim. Vo vrstvovom slede sa obcas
vyskytuju aj pieskovcové useky, tie si vyclenené ako bu-
dakeszisky pieskovec. Vyskytuje sa na povrchu v mensom
mnozstve aj v okoli Recsku a v predpoli Biikku obsahuje
aj manganové loziska. Hrabka sa pohybuje obvykle v roz-
pati 30 — 500 m (max. 1 000 m).

Kiscelské stuvrstvie sa vyskytuje v napr. v Budinskych
vrchoch, Dorogskej panve, Cserhate, predpoli Biikku
(Nagymarosy in Gyalog a Csaszar, 1996) a podla nasSich
terajSich mikrofaunistickych vyskumov aj v zeliezovske;j
prichlbine Dunajskej panvy.
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Studované miocénne litostratigrafické jednotky
Dunajskej panvy

Za zaklad litostratigrafie nam posluzili litostratigra-
fické jednotky podla Vassa (2002, obr. 3), ktorych stra-
tigrafickych rozsah a nazvoslovie boli upravené v zmysle
novsich vyskumov. Stupenl baden sme ponechali ako troj-
dielny. Pouziti ¢asovu skalu Gradsteina a Ogga (2004)
sme tiez upravili a prisposobili novsim pracam, hlavne
podla Pillera et al. (2007) a Gradsteina et al. (2012).

Bajtavské suvrstvie, spodny baden

Nézov je odvodeny od obce Bajtava sv. od Stirova. Su-
vrstvie opisali ako bajtavsku sériu Senes et al. (1971). Ba-
zalnu a okrajovu Cast’ suvrstvia tvoria transgresivne hrubé
klastika — zlepence a andezitové vulkanoklastika periférie
stratovulkanu Borzony vratane andezitového epiklastické-
ho pieskovca, konglomeratu, brekcie, tufu s telesami ria-
sového vapenca a amfisteginového pieskovca. Lateralne
smerom do panvy tieto bazalne horniny prechadzaji do
panvovej facie tvorenej sivym vapnitym rozpadavym pra-
chovcom a ilovcom s bridli¢natym rozpadom. Z hl'adiska
objemu sedimenty panvovej facie predstavuju hlavnu
masu suvrstvia. Stuvrstvie vzniklo v morskom prostredi.
Do jeho pobreznej zony v oblasti Kovacovskych kopcov
(Burda) zasahovala periférna zona vznikajtceho stratovul-
kanu Borzony.

Typovy profil je vrt SO-1 (hibka 6,0 — 150 m) v. od
obce Chl'aba. Vrt a obzvlast’ faunu a nanofléoru podrobne
spracovali Brestenska, Lehotayova a Ondrejickova (in
Papp et al. —eds., 1978).

Severnejsie a severovychodne od stratotypovej oblasti
boli opisané plastovské vrstvy (Vass, 1971), ¢len bajtav-
ského suvrstvia. Hrabka bajtavského suvrstvia je okolo
800 m. Vo faciostratotypovych vrtoch K-5 (Salka pri
Stirove) dosahuje stvrstvie hrabku 867 m, vo vrte ZI-2
(Lontov pri Zeliezovciach) 389 m a vo vrte SO-1 (Chl'aba
pri Starove) 144 m (Fordinal et al., 2002). Bajtavské su-
vrstvie je rozsirené vo vychodnej Casti Dunajskej panvy
v komjatickej a zeliezovskej priehlbine.

Spodnobadensky vek suvrstvia je dolozeny spolocen-
stvom foraminifer, v ktorom st zastupené Lenticulina
inornata (ORB.), Pappina bononiensis compressa CUSH.
a Orbulina suturalis BROENN., makkySmi Fusus (APTYXIS)
lamellosus BorsoN, Corbula (VARICORBULA) gibba (OLIVI)
a Amussium cristatum badense (FONT.) a vapnitym nano-
plankténom zény NN-5 s indexovym druhmi Sphenolithus
heteromorphusus DErFL. (Lehotayova a Ondrejickova,
1966; Lehotayova, Brestenska a Ondrejickova in Papp et
al., 1978).

Z novsich vyskumov spodnobadenské sedimenty
bajtavského stvrstvia mikrofaunisticky potvrdila Zlin-
ska (2004) vo vrte HGZ-3 (Zeliezovce) v hibke 770,5
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— 854,6 m. Zastupuju ich bazalne zlepence a hrubozrnné
pieskovce s polohou ilov (836,0 — 841,0 m). Spoloc¢enstvo
foraminifer obsahovalo druhy: Praeorbulina glomerosa
(BLow), Orbulina suturalis BROENN., Globigerinoides tri-
lobus (Rss.), Pullenia bulloides (ORB.), Bulimina striata
striata ORB., Uvigerina semiornata semiornata ORB.,
U. macrocarinata Papp et TuRNOVSKY, Cibicidoides pseu-
doungerianus (CusH.) a i. Foraminiferové asocicie patria
k lagenidovej biozone (Grill, 1943).

K ¢lenom bajtavského stvrstvia patria: turovské vrs-
tvy (spodny baden), plastovské vrstvy (spodny az stredny
baden), surianske vulkanity (spodny baden) a vulkanity
Burdy (spodny baden).

Pozbianske stvrstvie, stredny azZ vrchny baden

Nézov je odvodeny od obce Pozba jz. od Levic. Na-
zov navrhol Vass (in Keith et al., 1989). Stvrstvie ma na
baze zlepenec, pieskovec a tuf. Smerom do panvy bazalne
klastika miznu. Panvovy vyvoj reprezentuju sivy vapnity
rozpadavy prachovec a ilovec. Blizsie k severnému okraju
panvy v suvrstvi dominuje vapnity, miestami piescity ilo-
vec a prachovec (pri Zlatych Moravciach). V okoli Vrabel
a Mojmiroviec pieskovec a pelit sa striedaju v polohach
hrubych 1 az 3 m (Gaza, 1963, 1965; fide Biela, 1978;
Gaza a Beinhauerova, 1976, 1977). Suvrstvie vzniklo
v morskom prostredi litoralnej zony a na Selfe.

Typové profily su vrt P-3 jv. od Pozby (od 950 do
1 020 m) a vrt Vr-1 sz. od mesta Vrable (od 2 300 do
2 460 m).

Suvrstvie lezi zvacsa skryto diskordantne na Spacin-
skom suvrstvi, na severnom okraji panvy lezi diskordantne
na predneogénnom, zvic¢sa mezozoickom podlozi. Zakry-
té je vrabel'skym stuvrstvim.

Maximalna hriibka suvrstvia v komjatickej a zeliezov-
skej priehlbine vo vrte ZM-1 pri Zlatych Moravciach je
okolo 300 m (Gaza, 1970b).

Vek suvrstvia je stredny az vrchny baden. Obsahuje
rovnakeé spolocenstvo morskych foraminifer ako bahonské
suvrstvie. Miestami dominuje spolo¢enstvo s brakickymi
formami (napr. vo vrte Vrable Vr-1; Jificek in Gaza a Bein-
hauerova, 1976; Jiticek in Papp et al., 1978). Stratigraficky
rozsah pozbianskeho stvrstvia v komjatickej depresii Hok
et al. (1999) rozsirili aj na stredny baden (obr. 3). Zdovod-
fuju to tym, ze strednobadenské a pozbianske sedimenty
vo vyplni depresie predstavuju jeden sedimentacny cyklus,
a preto ich netreba ¢lenit’ na dve suvrstvia, t. j. Spacinské
(stredny baden) a pozbianske (vrchny baden).

Strednobadensky vek suvrstvia je dolozeny foramini-
ferovymi spolocenstvami zony Spiroplectamina carinata
(Grill, 1941). Mikrofaunisticky ho zistila Zlinska (2004)
vo vrte HGZ-3 v hibkovom intervale 550,2 — 770,2 m.
Sedimenty tu tvoria sivé ily s premenlivym obsahom
pieséitej a prachovej primesi, pieskovce s polohami tu-
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fitov a piescitych tufitickych ilov. Asocidcie foraminifer
obsahovali druhy: Globigerinoides trilobus (Rss.), G.
quadrilobatus (ORB.), Pullenia bulloides (OrB.), Globi-
gerinella obesa (BoL), Spiroplectinella carinata (ORB.),
S. acuta (Rss.), Uvigerina semiornata semiornata ORB.,
Valvulineria complanata (OwrB.), Guttulina communis
ORB., Cibicidoides ungerianus (ORrB.), Hansenisca solda-
nii (ORB.), Fursenkoina acuta (Ors.) atd’. (Zlinska, 1. c.).

Sedimenty vrchného badenu biostratigraficky preuka-
zala Zlinské (2004) vo vrte HGZ-3 v hibke 250,4 — 550,2 m.
Predstavuju ich sivé ily s piescitou a prachovou primesou,
prachy a drobno- az strednozrnné piesky. Vyznacujl sa
foraminiferami buliminovo-bolivinovej zony (Grill, 1941).
Pritomné st napr. druhy: Bolivina dilatata dilatata Rss., B.
hebes MACF., Bulimina elongata elongata ORrB., Bulimina
elongata longa (VENGL.), Globigerina bulloides (Ors.), G.
druryi AKers, Globigerinella obesa (BoLL1), Globigerinoi-
des trilobus (Rss.), Lagena acuticosta Rss., Asterigerinata
planorbis (Ors.) atd’.

V odkryve na ssz. okraji obce Mald nad Hronom
mikrofaunu pozbianskeho suvrstvia urcila Zlinska (1993).

Vrabel’ské suvrstvie, sarmat

Nazov je odvodeny od mesta Vrable v komjatickej
priehlbine Dunajskej panvy. Zaviedol ho Vass (1989).
Suvrstvie ma pestré litologické zlozenie. V Zeliezovskej
priehlbine sa na jeho stavbe podiel’a zlepenec (hlavne na
baze), piescity, ooliticky a lumachelovy vapenec, piesko-
vec/piesok a kysly biotiticky tuf. Smerom do centra priehl-
biny narasta podiel sivého vapnitého, miestami tufitického
ilu. Vrchnu ¢ast’ stivrstvia tvori piesok s polohami ilu (Se-
nes in Senes et al., 1962). V komjatickej depresii dominuju
il a piesok, na sv. a v. okraji st uhol'né vrstvy (Gaza, 1968,
1970b; Gaza a Beinhauerova, 1976). V blatnianskej prie-
hlbine dominuji vapnity prach a il, na zdpadnom okraji
priehlbiny s polohami Strku a organogénneho véapenca.
Vrchnt Cast’ suvrstvia tvori piesok, pestry a sivy vapnity il,
uhol'ny il so SoSovkami a slojéekmi uhlia (Homola, 1955;
Gaza, 1968, 1970b). Stvrstvie vznikalo v mori s nizkou
salinitou, v jeho litoralnej zéne a na Selfe. Uhol'né vyvoje
svedc¢ia najskor o prostredi progradujucej delty (deltova
plosina; Vass in Keith et al., 1989).

Typovy profil je vt Vr-1 vyhibeny sz. od mesta Vrable
(hibkovy interval 1 165 — 1 780 m). Stvrstvie leZi so skry-
tou diskordanciou na pozbianskom, resp. na bahonskom
suvrstvi (vrchny baden) a je zakryté ivanskym stvrstvim
(panon). Hrubka suvrstvia je 300 (zeliezovska priehlbina),
500, resp. 700 m (blatnianska a komjatickd prichlbina)
a v risnovskej priehlbine az 1 600 m. Stvrstvie je rozsirené
v celej Dunajskej panve.

Sarmatsky vek suvrstvia je dolozeny hlavne foramini-
ferovymi spoloCenstvami zony velkych elfidii, zony s El-
phidium hauerinum a zoény Protelphidium subgranosum
(Grill, 1941). Mikrospolocenstva z neho opisali Jificek
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(1972), Brestenska in Papp et al. (1974) a z novsich vysku-
mov Zlinska (2004) vo vrte HGZ-3 (Zeliezovce) v hibke
10 — 250 m. Faunu mékkysov opisali Senes (1953), Senes
in Senes et al. (1962) a Svagrovsky (1971).

Vo vrte HGZ-3 sarmatské sedimenty tvoria hlavne sivé
az sivozelené piescité ily s ojedinelymi polohami ilov.
Spodnosarmatskt mikroasocidciu s prevahou elfidii (zona
Elphidium reginum, Grill 1941), no bez typickej formy,
zistila Zlinska (1. ¢.) v hibke 150,4 — 155,5 m. Pritomné st
napr. Elphidium flexuosum flexuosum (ORB.), E. rugosum
(OrB.), Bolivina sarmatica Dipk., Cibicides badenensis
(OrB.), Lobatula lobatula (W.-].) a Ammonia beccarii (L.).
Rod Elphidium sa vo vSeobecnosti povazuje za ukazova-
tel'a malej hibky vody. Vo vi¢som mnoZstve sa nachadza
len v hibke mensej nez 80 — 100 m (Boltovskoy a Wright,
1976; Walton, 1964; Poag, 1981). Foraminifery spreva-
dzaju centrické, prevazne pyritizované rozsievky.

Z ostrakod bol pritomny druh Cytheridea hungarica
ZALANYI, ktory poukazuje na spodnosarmatskil biozonu
Cytheridea hungarica — Aurila mehesi (Zlinska, 1. c.).

Ekvivalentom vrabel'ského suvrstvia vo Viedenskej
panve su holi¢ske a skalické suvrstvie, vo Vychodosloven-
skej panve stretavské a ptruksianske sivrstvie.

K ¢lenom vrabel'ského stvrstvia patria vrstvy od Malej
(spodny sarmat).

Metodika

Po odbere vzorkového materidlu zo skladov Nafta, a. s.,
sme urobili jeho selekciu. Vo vrtoch sme sa zamerali hlav-
ne na hrani¢né tiseky jednotlivych stupiiov. Vzorky po roz-
drveni sa macerovali. Foraminifery sme ziskali z vyplavu
beznym laboratornym postupom, plavenim cez mlynarsky
hodvab a separaciou vyplavu. V pripade negativnych vzo-
riek sme odber zahustili a laboratorny postup zopakovali.
Ziskany material sme $tudovali pod binokularnou lupou.
Niektoré spolocenstva boli pod iou aj fotograficky zdoku-
mentované a si vyobrazené pri mikrofaunistickom vyhod-
noteni jednotlivych vrtov a vo fototabul’kach. Prvé ¢islo za
hibkovym intervalom vrtu je ¢islo jadrovnice, druhé je &is-
lo vzorkovnice. Na uréenie foraminifer a stratigrafického
rozsirenia taxonov bola pouzita literatira zamerana hlavne
na centralnu Paratetydu (napr. Cicha et al., 1998). Profily
vrtov sti prevzaté z prace Bielej (1978). Casova $kala pred-
stavuje modifikaciu prac Gradsteina a Ogga (2004), Pillera
et al. (2007) a Gradsteina et al. (2012).

Vysledky

Modrany 1 (M-1; obr. 1, 4)

Na zéklade 106 taxonov foraminifer (tab. 1, foto-
tab. 1 — 3, obr. 5) a ich zastipenia sme vo vrte Modrany
1 determinovali nasledujtice litostratigrafické jednotky
(obr. 3):
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TAB. I. Spolo&enstvo foraminifer z vrtu M-1: 1 —5 —z hibky 1 098 — 1 103 m; 6 — 7 — z hibky 1 298 — 1 303 m; 8 — z hibky 1 990 az
1995 m.

TAB. I. Intercommunity of foraminifera from borehole M-1: 1 —5 —indepth 1 098 —1 103 m; 6 — 7 —indepth 1 298 — 1303 m; 8§ —in
depth 1 990 — 1 995 m.
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100 pm

100 ym

TAB. II. 1 — Spologenstvo foraminifer z vrtu NV-1: 1 —z hibky 3 024 —3 026,5 m; 2 — z hibky 3 057 — 3 062 m; 3 — 4 — Elphidium jo-
sephinum (OrB.), M-1/1050—1 056 m; 5 — Schackoinella imperatoria (OrB.), M-1/1 050 — 1 056 m; 6 — Orbulina suturalis BROENN.,
NV-1/2 431 m; 7— Lenticulina sp., NV-1 /2 556 m; 8 — Subbotina angiporoides (HorRNIBROOK), NV-1 /3 024 m; 9 — Globigerinoides
primordius BLow et BANNER, NV-1 /3 024 m; 10 — Tenuitella munda (JENkins), NV-1 /3 075 m; 11 — Globigerina officinalis Suss.,
NV-1/3075 m.

TAB. II. 1 — Intercommunity of foraminifera from borehole NV-1: 1 — in depth 3 024 — 3 026,5 m; 2 — in depth 3 057 — 3 062 m;
3 — 4 — Elphidium josephinum (OrB.), M-1/1 050 — 1 056 m; 5 — Schackoinella imperatoria (Ors.), M-1/1 050 — 1 056 m; 6 — Orbuli-
na suturalis BROENN., NV-1/2 431 m; 7 — Lenticulina sp., NV-1/2 556 m; 8 — Subbotina angiporoides (HorniBROOK), NV-1/3 024 m;
9 — Globigerinoides primordius BLow et BANNER, NV-1 /3 024 m; 10 — Tenuitella munda (JENkINs), NV-1/3 075 m, 11 — Globigerina
officinalis SusB., NV-1/3 075 m.
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TAB. III. Jadra z vrtu Modrany 1: 1 — z hibky 1 050 — 1 056 m; 2 — z hibky 1 402 — 1 406 m; 3 — z hibky 1 698 — 1 702 m;
4 —zhibky 1755 -1 760 m; 5 — z hibky 1 990 — 1 995 m; 6 — 7 — z hibky 2 102 —2 105 m.

TAB. III. Centre cores from the well Modrany 1: 1 — from depth 1 050 — 1 056 m; 2 — from depth 1 402 — 1 406 m; 3 — from depth
1698 — 1 702 m; 4 — from depth 1 755 — 1 760 m; 5 — from depth 1 990 — 1 995 m; 6 — 7 — from depth 2 102 — 2 105 m.
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TAB.1V. Jadra z vrtu Nova Vieska 1: 1 —z hibky 1 797 — 1 799 m; 2 — z hibky 2 556 — 2 562 m; 3 — z hibky 2 875 — 2 879 m; 4 — z hibky
3024 —3026,5 m; 5z hibky 3 057 — 3 062 m; 6 — z hibky 3 089 — 3 093 m; 7 — z hibky 3 164 —3 171 m.

TAB. IV. Centre cores from the well Nova Vieska 1: 1 — from depth 1 797 — 1 799 m; 2 — from depth 2 556 — 2 562 m; 3 — from depth
2 875 -2 879 m; 4 — from depth 3 024 — 3 026,5 m; 5 — from depth 3 057 — 3 062 m; 6 — from depth 3 089 — 3 093 m; 7 — from depth
3164—3 171 m.
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Tab. 1

Prehl'adna tabul’ka zastupenia foraminifer v jednotlivych intervaloch vrtu Modrany 1 (M-1).
Summary table of foraminifera representation in particular satin yardage of borehole Modrany 1 ( M-1).

Taxon

1050-1056 m

(12/1)

1050 — 1056 m
(12/5)

1098 -1 103 m

(13/1)

12981303 m
(17/1)

1402 -1406 m

(19/1)

1698 —1702m

(2512)

1755-1760 m

(26/2)

1855-1859m

(28/3)

1990 — 1995 m
(31/3)

Ammodiscus miocenicus KARRER

>

Ammonia viennensis (ORB.)

Amphimorphina haueriana NEUGEB.

Amphistegina mamilla (F. et M.)

Angulogerina angulosa (WILLIAMSON)

Anomalinoides badenensis (ORrB.)

Asterigerinata planorbis (ORB.)

Asterigerinoides sp.

Bathysiphon taurinensis SAcco

Bolivina dilatata Rss.

Bolivina hebes MACFAD.

Bolivina miocenica MACFAD.

Bolivina moldavica granensis C. et Z.

Bolivina pseudoplicata HERON-ALLEN et EARLAND

Bulimina aculeata ORrB.

Bulimina aff. subulata CusH. et PARKER

Bulimina elegans (OrB.)

Bulimina schischkinskayae SAMOILOVA

Bulimina striata ORB.

Catapsydrax sp.

Cibicidoides ungerianus (ORB.)

Cyclammina karpatica C. et Z.

Cyclammina sp.

Cyclammina vulchoviensis VENGL.

Cycloforina badenensis (ORB.)

Cycloforina contorta (ORrB.)

Elphidium aculeatum (ORB.)

Elphidium crispum (L.)

Elphidium fichtellianum (ORrB.)

Elphidium hauerinum (ORB.)

Elphidium josephinum (ORB.)

el Bl ol el

Elphidium macellum (F. et M.)

Elphidium reginum (ORrB.)

Elphidium rugosum (ORB.)

Elphidium samueli ZLINSKA

Elphidium sp.

Eponides pygmeus (HANTK.)

Fursenkoina acuta (ORB.)

Globigerina aff. postcretacea MIATLIUK

Globigerina bulloides ORB.

Globigerina concinna Rss.

Globigerina diplostoma Rss.

Globigerina officinalis SUBB.

Globigerina ouachitaensis HOWE et WALLACE

Globigerina praebulloides BLow

Globigerina praebulloides leroyi BLow

Globigerinella obesa (BoLL1)

Globigerinoides quadrilobatus (ORB.)

Globigerinoides trilobus (Rss.)

Globoquadrina langhiana Cita et GELATI

SRl R

Globoturborotalita druryi (AKERS)

Globoturborotalita woodi (JENKINS)
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Pokracovanie tab. 1.

Taxon

1050—1056 m

(12/1)

1050 -1 056 m

(12/5)

10981103 m
(13/1)

1298 -1303 m

(17/1)

1402~ 1406 m
(19/1)

1698 —1702m
(2512)

1755-1760 m

(26/2)

1855—-1859m

(28/3)

1990-1995 m

(31/3)

Globulina gibba ORrB.

>

Guttulina communis (ORB.)

Hansenisca soldanii (ORB.)

Hanzawaia boueana (ORB.)

o

Heterolepa dutemplei (ORB.)

SRR

Chiloguembelina gracillima (ANDREAE)

Chilostomella czizeki Rss.

Lenticulina cultrata (MONT.)

Lenticulina inornata (ORB.)

Lenticulina sp.

Lenticulina sp. [cf. L. melvilli (CusH. et RENZ)]

Lenticulina vortex (F. et M.)

Lobatula lobatula (W. et J.)

Martinottiella communis (ORB.)

Melonis pompilioides (F. et M.)

Miliolidné foraminifery

Nodosaria aff. acaminata HANTKEN

Nodosaria sp.

Nonion bogdanowiczi VOLOSH.

Nonion commune (ORB.)

Nonion serenus VENGL.

Orbulina suturalis BROENNIMANN

Paragloborotalia? mayeri (CusH et ELL.)

Plectofrondicularia digitalis (NEUGEB.)

Porosononion granosum (ORB.)

Praeglobobulimina pupoides (ORB.)

Praeglobobulimina pyrula (OrB.)

Praeorbulina glomerosa (BLow)

Psammosiphonella cylindrica (GLAESSNER)

Pullenia bulloides (OrB.)

Pygmaeoseistron hispidum Rss.

Quinqueloculina sp.

Reophax nodulosus brevior LOMNICKI

Reticulophragmium amplectens (GRzYB.)

Reussella spinulosa (Rss.)

Semivulvulina deperdita (ORrB.)

Sphaeroidina bulloides ORrB.

Spiroplectinella carinata (ORB.)

Stilostomella advena (CusH. et LAIM.)

SR e R ]

Subbotina linaperta (FINLAY)

Subbotina pseudovenezuelana (BLow et BANNER)

Subbotina tapuriensis BLow et BANNER

Tenuitella danvilensis (HOWE et WALLACE)

Tenuitella munda (JENKINS)

Tenuitellinata angustiumbilicata (BoLL1)

P

Textularia gramen maxima C. et Z.

Textularia mariae ORB.

Textularia pala Cziz.

Triloculina sp.

Turborotalia cerroazulensis (COLE)

Upvigerina aculeata ORB.

Uvigerina pygmoides P. et T.

Upvigerina semiornata ORB.

Valvulineria complanata (ORB.)
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Tab. 2
Prehl'adna tabul'ka zastipenia foraminifer v jednotlivych intervaloch vrtu Nova Vieska 1 (NV-1).

Summary table of foraminifera representation in particular satin yardage of borehole Nova Vieska 1 (NV-1).

Taxon

1797 -1799 m

2431-2435m

2556-2562 m

2875-2879m

3024 -3 026,5 m

3057-3062m

3075-3078 m

3089-3093 m

3103-3 108 m

3156-3161m

Almaena sp.

ol

Ammodiscus glabratus (ORrB.)

>

Ammodiscus miocenicus KARRER

Ammodiscus sp.

Ammonia viennensis (ORB.)

Angulogerina esuriensis HORNIBROOK

Angulogerina muralis (TERQUEM)

Asterigerinata planorbis (ORrB.)

Bathysiphon sp.

Bathysiphon taurinense SACCO

Bolivina aft. pokornyi C. et Z.

Bolivina aff. reticulata HANTKEN

Bolivina aff. semistriata HANTK.

Bolivina dilatata Rss.

Bolivina scalprata muscosa C. et Z.

Bolivina sp.

Bolivina sp. (cf. B. dilatata Rss.)

Bulimina coprolithoides ANDREAE

Bulimina sp.

Cibicidoides ornatus (C. et Z.)

Cibicidoides pseudoungerianus (CUsH.)

Cibicidoides ungerianus (ORB.)

Elphidium sp.

Epistomina cf. elegans (OrB.)

Eponides pygmeus (HANTK.)

Globigerina aff. ottnangiensis ROEGL

Globigerina aff. anguliofficinalis BLow

Globigerina officinalis SuBB.

Globigerina ouachitaensis HOwE et WALLACE

Globigerina praebulloides BLow

Globigerina sp.

Globigerinoides quadrilobatus (ORB.)

Globigerinoides primordius BLow et BANNER

Globigerinoides trilobus (Rss.)

Globorotalia bykovae (AISENSTAT)

Globoturborotalita woodi (JENKINS)

Hansenisca girardana (Rss.)

Hansenisca soldanii (ORrB.)

Hanzawaia boueana (OrB.)

74




A. Zlinska: Terciérna mikrofauna z hlbokych vrtov v Zeliezovskej priehlbine (Dunajskad panva)

Pokracovanie tab. 2.

Taxon

1797 -1799 m

2875-2879m

3024 -3 026,5 m

3057-3062m

3075-3078 m

3089-3093 m

3103-3 108 m

3156-3161m

Heterolepa dutemplei (ORB.)

% 12431-2435m

»* 12556-2562m

Chiloguembelina gracillima (ANDREAE)

>

Chilostomella ovoidea Rss.

4

Lenticulina cultrata (MONTFORT)

Lenticulina sp.

Lobatula lobatula (W. et J.)

Melonis pompilioides (F. et M.)

Nonion commune (ORB.)

Nothia excelsa (GrzyB.)

Nothia latissima (GRzYB.)

Orbulina suturalis BROENN.

Paragloborotalia opima nana (BoLLr)

Paragloborotalia sp.

Praeorbulina sicana (DE STEFANI)

Praeorbulina glomerosa (BLow)

Pullenia bulloides (OrB.)

Pullenia quinquelobata (Rss.)

Recurvoides amplectens (GRzYB.)

Repmanina serpens (GRZYB.)

Rhabdammina cylindrica GLAESSNER

Rhabdammina sp.

Sigmoilopsis celata (CosTA)

Subbotina aft. cryptomphala (GLAESSNER)

Subbotina aft. galavisi (BERMUDEZ)

Subbotina angiporoides (HORNIBROOK)

Subbotina cryptomphala (GLAESSNER)

Subbotina linaperta (FINLAY)

Subbotina praeturritilina (BLow et BANNER)

Subbotina pseudoeocaena (SUBB.)

Subbotina pseudovenezuelana (BLow et BANNER)

Subbotina sp.

Subbotina tapuriensis BLow et BANNER

Subbotina triangularis (WHITE)

Tenuitella munda (JENKINS)

Textularia gramen deltoidea ORB.

Textularia gramen subangulata ORB.

Textularia laevigata ORB.

Trifarina bradyi CusH.

Tritaxilina pupa (GUEMBEL)

Turborotalia cerroazulensis (COLE)

Turborotalia sp.

Uvigerina acuminata Hosius

Uvigerina multistriata HANTKEN

Uvigerina pygmoides P. et T.

Upvigerina sp.

Valvulineria complanata (ORrs.)
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Obr. 4. Litologicky profil vrtov Modrany 1 a Nova Vieska 1 s odberom vzoriek a vysledkami revizie.
Fig. 4. Lithological profile of Modrany 1 and Nova Vieska 1 wells with collection of specimens and the revision results.
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vrdbel’ské siivrstvie sarmatského veku v hibke
1 050 — 1 056 m. Zastupuje ho typicka elfidio-
vo-miliolidovo-néniovd  asociacia  foraminifer
s druhmi Elphidium josephinum (ORB.), E. reginum
(OrB.), E. samueli Z1INSKA, Nonion bogdanowiczi
VoLosH., N. serenus VENGL., Bolivina moldavica
granensis C. et Z. atd’. Mikrofaunisticky v zmysle
Grilla (1941) zodpoveda biozone Elphidium regi-
num.

o pozbianske suvrstvie (v zmysle Hoka et al., 1999)
strednobadenského veku v hibke 1 098 — 1 303 m.
V hibke 1 098 — 1 103 m je v iom pomerne vel'ké
zastupenie aglutinovanych foraminifer rovnomen-
nej zony. Pritomné st aj typické strednobadenské
taxony ako Textularia gramen maxima C. et Z.,
Textularia mariae ORB., Semivulvulina deperdita
(OrB.), Plectofrondicularia digitalis (NEUGEB.)
a planktonicka forma Globoturborotalita druryi
(AkErs). V hibke 1 298 — 1 303 m ma vyrazné
zastupenie Orbulina suturalis BROENN., ktora sa
v panvach centralnej Paratetydy objavuje vo vrch-
nej Casti vrchnej lagenidovej zony. Pomer aglutino-
vanych foriem s uz8§im diapazénom vsak poklesol
(obr. 5), vyskytuje sa tu len strednobadensky druh
Reophax nodulosus brevior LoMNICKI a z vapnitého
bentosu Uvigerina aculeata ORB.

bajtavské suvrstvie v hibke 1 402 — 1 760 m.
Charakterizuje ho spodnobadenskd mikrofauna
lagenidovej zony, hlavne zastupcovia cel'ade Vagi-
nulinidae (rod Lenticulina). Z planktonickej zlozky
su smerodajné Globoturborotalita woodi (JENKINS)
a Tenuitellinata angustiumbilicata (BoLL).

o [kiScelské suvrstvie oligocénneho az spodnoeger-
ského veku v hibke 1 855 — 1 995 m. Charakterizuje
ho vel'mi drobné spoloc¢enstvo planktonickych fo-
raminifer, ktoré objemovo tvoria asi 99 % v asocia-
cii foraminifer. Pritomné st napr. Chiloguembelina
gracillima (ANDREAE), Tenuitella munda (JENKINS),
Globigerina aff. postcretacea MIATLIUK, Tenuitella
danvilensis (Howe et WALLACE) a Tenuitellinata
angustiumbilicata (BoLL1). Vo vzorke z hibky 1 990
— 1 995 m narasta pocet foriem prechadzajtcich
z eocénu [napr. Turborotalia cerroazulensis (COLE),
Subbotina pseudovenezuelana (BLow et BANNER),
Subbotina linaperta (FINALY) a Reticulophragmium
amplectens (Grzys.)]. V hibke 2 102 —2 105 m boli
len Glomky schranok mékkysov.

Nova Vieska 1 (NV-1; obr. 1, 4)

Na zéklade 86 taxénov foraminifer (tab. 2, fototab.
2 a 4, obr. 6) sme vo vrte Nova Vieska 1 determinovali
nasledujuce litostratigrafické jednotky (obr. 3):

e bajtavské sivrstvie spodnobadenského veku v hib-
ke 1 797 — 2 562 m. Charakterizuje ho mikrofauna
lagenidovej zony (rod Lenticulina) a indexové
planktonické formy Globigerinoides sicanus DE
STEFANI, Praeorbulina glomerosa (BLow) a Orbu-
lina suturalis BROENN.
kiScelské suvrstvie oligocénu az spodného egeru
v hibke 2 875 — 3 108 m. V asociacii foraminifer
ma kvantitativnu prevahu drobny plankton s cha-
rakteristickymi druhmi ako: Chiloguembelina
gracillima (ANDREAE), Globigerinoides primordius

Tab. 3
Prehl'adna tabul’ka litostratigrafického zaradenia vzoriek z jednotlivych vrtov.
Summary table of lithostratigraphical classification of samples from individual wells.

Modrany 1

Nova Vieska 1

1050—1056m 12/1
1050—-1056m 12/5
1098 -1 103 m
12981303 m

2102-2105m 33/3
2102-2105m 33/4

2 800 —2 805 m 85/2

3156-3161m

vrabel'ské stvrstvie

pozbianske suvrstvie

bez identifikacie
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Obr. 5. Graf pomerné¢ho za-
stupenia jednotlivych typov
foraminifer vo vrte Modra-
ny 1 (M-1): a — aglutinova-
né, vb — vapnity bentos, p
— plankton.

Fig. 5. Graph of proportional
representation of different
types of foraminifera in the
well Modrany 1 (M-1): a —
agglutinated, vb — calcareous
benthos, p — plankton.
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Obr. 6. Graf pomerného za-
stipenia jednotlivych typov
foraminifer vo vrte Nova Vies-
ka 1 (NV-1): a — aglutinované,
vb — véapnity bentos, p — plank-
ton.

Fig. 6. Graph of proportion-
al representation of different
types of foraminifera in the
well Nova Vieska 1 (NV-1):
a — agglutinated, vb — calcare-
ous benthos, p — plankton.

Brow et BANNER, Globigerina aff. anguliofficinalis
Brow, Tenuitella munda (JENKINS), Globigerina ou-
achitaensis HOWE et WALLACE atd’.

V hibke 2 800 — 2 805 m sa nahle zhorsili podmien-
ky sedimentacie, ¢o sa odrazilo na absencii mikrofauny
(obr. 6).

V hibke 2 875 — 3 026,5 m sme nasli indexové fosilie
Chiloguembelina gracillima (ANDREAE) s vyskytom od
spodného kiScelu az do spodnej Casti vrchného kiscelu
a Globigerinoides primordius BLow et BANNER objavuju-
ci sa vo vrchnom rupeli, resp. vrchnom oligocéne (chat,
P22 — N4).

V hibke 3 057 — 3 093 m pribada viac eocénnych ta-
x6nov, mnohé maju LAD v spodnom kisceli, ako napr.
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Subbotina cryptomphala (GLAESSNER), S. angiporoides
(HorNIBROOK), S. pseudoeocaena (SuBB.) a Turborotalia
cerroazulensis (CoLE), alebo sa priebezne vyskytuji od
priabonu do egeru az egenburgu [Subbotina praeturritilina
(BLow et BANNER), Globigerina officinalis SuBB., Paraglo-
borotalia opima nana (Borr1)], ale zistili sme aj formy
s FAD v kiSceli, napr. Tenuitella munda (JENnkINs) a Glo-
bigerina aff. anguliofficinalis BLow. Preto tieto sedimenty
zarad’'ujeme este k oligocénu.

V hibke 3 103 — 3 108 m sa nevyskytuje taxén s FAD
v oligocéne, aj ked’ LAD niektorych sa kon¢i v spodnom
kisceli [Subbotina tapuriensis BLow et BANNER a Subboti-
na aff. cryptomphala (GLAESSNER)].

V hibke 3 156 — 3 161 m su rekrystalizované formy.
Rod Almaena je znamy z eocénu az oligocénu. Litologicky
vsak ide pravdepodobne o harshegysky pieskovec (obr. 3).

Revizia starSich biostratigrafickych udajov

Modrany 1

Na rozdiel od profilu Bielej (1978), ktora z hibky
1 098 — 1 303 m uvadza sedimenty spodnobadenského
veku, sme tento interval zaradili do stredného badenu,
z6ny aglutinancii, s typickymi strednobadenskymi taxon-
mi. Tato zénu v hibke 1 098 — 1 103 m potvrdili aj po-
vodné mikrofaunistické urcenia Holzknechta a Jandove;j
v sprave Gazu (1970a).

Spodny baden (bajtavské suvrstvie) sme zistili az v naj-
blizsej vzorke z hibky od 1402 do 1 760 m, ale to uz v hib-
ke 1 670 m Biela (1. c.) udava rupel (v dneSnom ponimani
kiScel). Ten sme ako kiscelské suvrstvie mikrofaunisticky
preukdzali hibsie, az v intervale 1 855 — 1 995 m, kde Biela
uvadza latorf a priabon (obr. 4).

V povodnych mikrofaunistickych urc¢eniach (Holz-
knecht a Jandovd) v sprave Gazu (1970a) ani v geo-
logickom opise vrtu sa o pritomnosti oligocénu vobec
neuvazuje. Pod sedimentmi spodného badenu v hibke
1 665 — 1 786 m uvadza Gaza (l. c.) karpatska formaciu
a pod flou vrchny eocén. Karpat ani typicky vrchny eocén
sme mikrofaunisticky nepotvrdili.

Nové Vieska 1

Narozdiel od Bielej (1978), ktorav hibke 2533 -2 746 m
udava sedimenty rupelského veku, sme nasli spodny baden
(bajtavské sivrstvie) do hibky 2 746 m a namiesto latorfu
(2 746 — 2 904 m) a priabénu (2 904 — 3 171 m) v hibke
2750-3 171 m oligocén (obr. 4). Spodny baden uvadzany
v Homolovej praci (1960) do hibky 2 533 m sme rozsi-
rili az do hibky zhruba 2 750 m, teda povodny akvitan?
v hibke 2 533 — 2 746 m po novom zodpoveda spodnému
badenu a vrchnoeocénny usek (2 746 — 3 171 m) oligocénu
(kiscelské suvrstvie a harshegysky pieskovec; obr. 3).
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Zaver

Z dvoch vybranych hlbokych naftovych vrtov (Modra-
ny 1 a Nova Vieska 1; obr. 1) v Dunajskej panve, hibe-
nych v 60. rokoch minulého storo¢ia byvalym podnikom
CND Hodonin, sme mikrofaunisticky prehodnotili terciér-
ne sedimenty. Z celkovo zrevidovanych 22 vzoriek sme
determinovali 192 taxdénov foraminifer, na zaklade kto-
rych sme dosiahli tieto vysledky:

A. V neogénnych sedimentoch sme zistili prislus-

nost’ k dvom stratigrafickym stupfiom: badenu
a sarmatu:

e sarmatské sedimenty vrabelského suvrstvia (fo-
raminiferova zéna Elphidium reginum; fide Grill,
1941) sme zistili vo vrte Modrany 1 v intervale
1 050—-1 056 m;

o strednobadenské sedimenty pozbianskeho su-
vrstvia (foraminiferova zona Spiroplecatmmi-
na carinata; fide Grill, 1941) sme zistili vo vrte
Modrany 1 v intervale 1 098 — 1 303 m;

e spodnobadenské sedimenty bajtavského sitvrstvia

(mikrofaunisticky prisluchajice k lagenidovej bio-
zone; fide Grill, 1943) sme zistili v oboch vrtoch,
vo vrte Modrany 1 v intervale 1 402 — 1 760 m a vo
vrte Nova Vieska 1 v intervale 1 797 — 2 562 m.
V paleogénnych sedimentoch sme zistili pri-
slusnost’ k stratigrafickym stupiiom kiScel azZ eger.
Ukazali sa tym najmarkantnejSie rozdiely oproti
povodnému vyhodnoteniu mikrofauny a tym aj ve-
kovému zaéleneniu sedimentov vo vrtoch Modrany
1 a Nova Vieska 1. Sedimenty povodne zaradené
do vrchného eocénu (priabon) sme preradili do
spodného oligocénu (kiScelské suvrstvie) a spod-
nooligocénne (rupelské) do spodného badenu (baj-
tavské suvrstvie). Korelacia vysledkov revizie je
zobrazena na obr. 4.

Vyznamnym krokom bolo po prvykrat pouzitie pa-
leogénnych litostratigrafickych jednotiek budinskeho
paleogénu v Dunajskej panve (Gyalog a Csaszar, 1996).
Ziskana mikrofauna poukazala na prislusnost’ sedimentov
ku kiscelskému suvrstviu a dolozila ich vek na kiscel az
spodny eger. Pod kiScelskym stvrstvim je vo vrte Nova
Vieska 1 (zhruba od 3 148 m) harshegysky pieskovec.

C. Z planktonickych foraminifer smerodajnych pre
vek kiScel az spodny eger boli vo vrte Modra-
ny 1 v intervale 1 855 — 1 859 m determinované
napr. Chiloguembelina gracillima (ANDREAE),
Tenuitella munda (JENKINS), T. danvilensis (HOwE
et WALLACE), Tenuitellinata angustiumbilicata
(Borni), Angulogerina angulosa (WILLIAMSON);
vo vrte Nova Vieska 1 v intervale 2 875
—2 879 m Chiloguembelina gracillima (ANDREAE),
3 024 — 3 026,5 m Globigerinoides primordius
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Brow et BANNER, 3 075 — 3 078 m Globigerina aff.
anguliofficinalis BLow a Tenuitella munda (JEN-
KINS).

. Paleogénne asociacie foraminifer vykazuju podob-
né znaky ako foraminifery ziskané z oblasti Han-
dlovskej kotliny (Zlinska, 2013; Zlinska a Gross,
2013). V oblasti zeliezovskej priehlbiny je vSak
mikrofauna viac diverzifikovand. V Handlovskej
kotline mala prevahu planktonicka zlozka, bentos
sa vyskytoval len ojedinele. Spolo¢nym znakom
tanatocen6z su vzrastové parametre foraminifer.
Véacsinou st vel'mi drobného vzrastu, ¢o indikuje
nahlu a rychlu zmenu sedimenta¢nych podmienok.
V tomto pripade moéze ist' o zmenu salinity a tep-
loty.

Prehlad litostratigrafického zaradenia jednotlivych

vzoriek zo Studovanych vrtov je znazorneny v tab. 3.
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Tertiary microfauna in deep wells of the Zeliezovce
depression (Danube Basin)

From two selected deep oil wells (Modrany 1 and Nova
Vieska 1; Fig. 1) in the Danube Basin, we have microfau-
nistically re-evaluated Tertiary sediments. In the past, the
oil boreholes were realized with the intention to determine
the stratigraphy and lithology of Neogene sediments, and
to verify their oil and gas carrying capacity. From totally
22 re-evaluated samples we have determined 192 fora-
miniferal taxons, on the basis of which we have detected
in Neogene sediments the affiliation to the two stratigrafic
stages: Badenian and Sarmatian. Sarmatian sediments of
Vrable Formation (foraminiferal zone of Elphidium regi-
num; fide Grill, 1941) were detected in the depth interval
1 050 — 1 056 m in borehole Modrany 1. Middle Badenian
sediments of the Pozba Formation (foraminiferal zone of
Spiroplecatmmina carinata; fide zone Grill, 1941) were
detected in depth interval 1 098 — 1 303 m in borehole
Modrany 1| and the Lower Badenian sediments of Bajtava
Formation (microfaunisticaly belonging to the Lagenida
biozone; fide Grill, 1943) were detected in both boreho-
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les. In borehole Modrany 1, they were detected in interval
1402 — 1 760 m and in the borehole Nova Vieska in inter-
val 1 797 -2 562 m.

In Paleogene sediments we have found the affiliation to
the stratigrafic stages Kiscellian to Egerian, whereby thus
appeared the most striking differences in comparison to
the primeval microfauna evaluation, and thereby also to
the age incorporation of sediments in the wells Modrany
1 and Nova Vieska 1. Sediments originally incorporated
to the Upper Eocene (Priabonian) we reclassified to the
Lower Oligocene (Kiscellian Formation) and those of
Lower Oligocene (Rupelian) into the Lower Badenian
(Bajtava Formation).

An important step was that in the Danube Basin, the-
re were for the first time used Paleogene lithostratigrafic
units of the Buda Paleogene (Gyalog and Csaszar, 1996).
The ob- tained microfauna thus pointed out and proved the
affiliation of sediments to Kiscellian Formation. In a bo-
rehole Nova Vieska 1, there is developed under Kiscellian
Formation a Hdarshegyi sandstone (approx. from 3 148 m).
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Chemical composition of groundwater and mortality for cardiovascular diseases in the Slovak Republic

Abstract: This study deals with the analysis of relationship between chemical composition of the groundwater/
drinking water and the data on mortality for cardiovascular diseases (MCVD) in the Slovak Republic. Primary
data consist of the Slovak national database of groundwater analyses (20,339 chemical analyses, 34 chemical
elements/compounds) and data on MCVD (8 health indicators) collected for the 10-year period (1994-2003).
The chemical and health data were unified in the same form and expressed as the mean values for each of 2883
municipalities within the Slovak Republic. Pearson and Spearman correlation as well as artificial neural network
(ANN) methods were used for analysis of the relationship between chemical composition of groundwater/drinking
water and MCVD. The most significant chemical elements having influence on MCVD were identified together
with their limit values (limit and optimal contents). Based on the results of calculations, made through the neural
networks, the following chemical elements/parameters in the groundwater were defined as the most significant for
MCVD: Ca** + Mg* (mmol 1), Ca*", Mg, TDS, CI, HCO,", SO,*, NO,, SiO, and PO,*. The obtained results
document the highest relationship between MCVD and the groundwater contents of Ca>+Mg>* (mmol 1), Ca*
and Mg?*". Following limit values were set for the most significant groundwater chemicals/parameters: Ca?* + Mg**
4.4 —7.6 mmol 1", Ca** > 89.4 mg I'! and Mg* 42-78.1 mg 1"!. At these concentration ranges the mortality for
cardiovascular diseases in the Slovak Republic reaches the lowest levels. These limit values are about twice higher
in comparison with the current Slovak valid guideline values for the drinking water.

Key words: Groundwater, drinking water quality, cardiovascular disease mortality, neural network, Slovak Re-
public

Relative mortality for cardiovascular diseases in the Slovak Republic

Graphical abstract

UVOD

Kardiovaskularne ochorenia (CVD) st na Slovensku
dlhodobo najc¢astejSou pri¢inou timrti obyvatel'stva. Pred-
stavuju priblizne 50 % zo vsetkych pricin smrti (NHIC
2012; OECD 2013). Za hlavné rizikové faktory CVD sa
povazuju stres, genetickd predispozicia, nadvaha, pra-
videlné fajcenie, nadmerny prijem alkoholu, nespravne
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 Cardiovascular diseases (CVD) represent the
most common cause of death in Slovakia,

* The increased CVD mortality was documen-
ted in Slovakia in silicate rock formations with
deficit Ca and Mg groundwater/drinking water
contents,

Highlights

* Recommended values for Ca and Mg in drin-
king water were defined through artificial neu-
ral network data analysis.

stravovacie navyky a taktiez environmentalne faktory.
K najddlezitejsim environmentalnym faktorom patri che-
mické zlozenie, resp. urovenl kontaminacie podzemnej
vody (najma pitnej), pody a ovzdusia.

Predmetom c¢lanku je problematika vplyvu chemické-
ho zlozenia podzemnej (pitnej) vody na rézne indikatory
umrtnosti na CVD (relativna a Standardizovana tmrtnost’
a potencialne roky stratené¢ho zivota). Podzemnad voda
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predstavuje na Slovensku najvyznamnejsi zdroj pitnej
vody na zasobovanie populacie Slovenska, a to priblizne
pre 90 % obyvatelov (Klinda a Lieskovska, 2010). Pri-
blizne 10 % populacie Slovenska pouziva vodu z indi-
vidualnych studni na pitné Gcely a varenie. Okolo 50 %
populacie je zasobovanych pitnou vodou z miestnych vo-
darenskych zdrojov, spravovanych lokalnymi vodarensky-
mi spolo¢nostami, ktoré sa vyznacuju nizkou vydatnostou
(mengej ako 10 1. s™), zachytenych a distribuovanych vo-
dovodnymi rozvodmi v blizkosti osidlenych oblasti. Len
v juznej Casti Slovenska (v kvartérnych sedimentoch) je
populacia zasobovana z vel’kych vodarenskych zdrojov na
vzdialenost’ 50 — 100 km. V tejto praci povazujeme pod-
zemnu a pitnt vodu za jeden celok. Sme si vedomi istych
nepresnosti, ktoré s tym savisia a mozu limitovat’ nase
vysledky. Velkost’ databazy (viac ako 20 000 chemickych
analyz, viac ako 30 chemickych prvkov/parametrov) vsak
do zna¢nej miery redukuji mozné neistoty. Podiel bale-
nej vody v ramci pitného rezimu l'udi sme neboli schopni
zhodnotit’.

Umrtnost, resp. zvysena incidencia na CVD sa mnoho-
krat spaja s nadbytkom, resp. deficitom viacerych chemic-
kych prvkov v podzemnej vode vyuzivanej na pitné ucely.
Zrejme najcastejSie sa CVD spdjaju s deficitnym obsahom
Ca* aMg*, resp. nizkou ,,tvrdost'ou’ vody (Dawson et al.,
1978; Shaper et al., 1980; Rylander et al., 1991; Rahman
a Husain, 2011). Existujt vSak prace, ktoré tato zavislost’
nepotvrdzuji, napr. Maheswaran et al. (1999). Mnohé d’al-
Sie prace spajaju CVD so zvySenym obsahom potencialne
toxickych prvkov (PTE) v podzemnej (pitnej) vode, najma
As, Cd, Pb, Sb a Ba (Schroeder a Kraemer, 1974; Bhatna-
gar, 2006; Mitchell et al., 2011; Sturchio et al., 2013).

V ¢lanku sa zaoberame hodnotenim vztahu medzi
Sirokou $kalou chemickych prvkov bezne analyzovanych
v podzemnej vode a CVD. Hlavnym prinosom tejto prace
je vyuZitie inovativnej a jedine¢nej metody — umelej inte-
ligencie vo sfére Statistickych metdd — na analyzu vzta-
hu medzi geologickym prostredim a ludskym zdravim.

Hlavnym cielom prace je urCit, ktoré chemické prvky
v podzemnej vode najviac vplyvaju na CVD v zavislosti
od geologickej stavby izemia, a zadroven urcit’ ich limitnu
koncentraciu (optimalnu, maximalne pripustnii a minimal-
ne potrebnu), pri ktorej je umrtnost na CVD na Slovensku
¢o najnizsia.

MATERIAL A METODY
Chemické zloZenie podzemnej vody

Hlavnym zdrojom informacii o chemickom zlozeni
podzemnej vody boli tdaje z narodného environmental-
no-geochemického mapovania, a to najmé z Geochemic-
kého atlasu Slovenskej republiky, Cast Podzemné vody,
a environmentalno-geochemickych mép regiéonov Sloven-
skej republiky (Vrana et al., 1997; Rapant et al., 1999).
Tie boli doplnené najmé o tdaje z nadrodné¢ho monitorin-
gu podzemnej vody, hydrogeochemickych map a d’al§ich
regionalnych a lokalnych geochemickych prac (SHMU
— www.shmu.sk/en; Kordik et al., 2000). V nasej databa-
ze st zahrnuté prakticky vsetky zdroje podzemnej vody,
ktoré sa pouzivaju na hromadné zasobovania obyvatel'stva
pitnou vodou. Celkovy pocet zhromazdenych chemickych
analyz podzemnej vody bol 20 339. Zahrnuté st chemické
analyzy vody od roku 1991, ked’ sa zacalo moderné envi-
ronmentalno-geochemické mapovanie Slovenskej republi-
ky v ramci programu IGCP 360 Geochemical Correlation
Programme (Darnley et al., 1995). Celkovo boli zhro-
mazdené idaje za roky 1991 — 2010. V pripade viacerych
analyz z rovnakého zdroja podzemnej vody sme pouzili
najreprezentativnejSiu chemicku analyzu. Hustota vzorko-
vania podzemnej vody bola priblizne 1 vzorka na 2,5 km?.
Obsah chemickych prvkov/parametrov analyzovanych
v zivotnom prostredi, v naSom pripade v podzemnej vode,
definujeme ako tzv. environmentalne indikatory — EI (Ra-
pant et al., 2010).

Udaje o chemickom zloZeni vody sme upravili do
takej podoby, aby sa dali prepojit’ s idajmi o umrtnosti

Tab. 1
Charakteristika chemického zlozenia podzemnej vody Slovenska (priemerné hodnoty).
Characteristics of chemical composition of the groundwater in the Slovak Republic (mean values).

PODZEMNA VODA (n = 20 339)

pH  MIN  CHSK,  Ca¥+ Mg+ Li Na'
7,33 629,75 2,18 3,5 0,019 20,34
F- Cr S0, NO, NO, PO}~
0,13 32,96 79,32 0,11 38,76 0,20
Se Pb Hg Ba Al Sb
0,0010 0,0014 0,000 1 0,074 7 0,0297 0,000 9

K* Ca* Mg* Sr Fe Mn NH,-
11,10 93,56 28,29 0,36 0,17 0,12 0,10
HCO, S0, Cr Cu Zn As cd
303,85 18,21 0,0013 0,0026 02673 0,0019 0,0010
MRy 2R
14,46 0,053

Pozn.: MIN — celkova mineralizacia, idaje okrem pH v mg . 1", Ca®>" + Mg*" v mmol . I!, ?’Rn a *Ra v Bq . I"!
Note: Data except of pH in mg 1"}, Ca?* + Mg?" in mmol 1"}, >’Rn and ***Ra in Bq !
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Ca+ Mg
»Tvrdost” vody —
podzemna voda

min. 0,35
1,01 (146)
1,45 (141)
2,27 (438)
3,44 (721)
4,69 (714)
5,70 (439)
6,14 (140)
6,99 (116)
max. 7,97 (28)
Poznamka: Cislo v zatvorke uvadza pocet obci v danom intervale

00

krajské mesto

obecné hranica
okresna hranica
krajska hranica
Statna hranica

EEEREC0

Obr. 1. Distribticia Ca** a Mg** (mmol . I'") v podzemnej vode obci Slovenskej republiky.
Fig. 1. Ca*" and Mg?" (mmol I'") distribution in the groundwater of the Slovak Republic at municipality level.

na CVD, ktoré su vyjadrené ako hodnoty pre najmensie
uzemnospravne jednotky SR — obce (spolu 2 883 obci).

Na zaklade vstupnych analytickych tudajov bola
z celého izemia SR spracovana plosna distribacia jednotli-
vych chemickych prvkov/zla¢enin formou tzv. pixelovych
map (1 pixel s plochou 1 km?) prostrednictvom softvéru
Maplnfo Professional 9.0. Pre kazdy pixel bola vypocitana
priemerna koncentracia prvku metodou inverznych vzdia-
lenosti od stredu pixela k 10 najbliz§im vzorkam. Priemer-
né hodnoty koncentracie chemickych prvkov/zlucenin/
parametrov v jednotlivych administrativnych celkoch SR
(obce, okresy, celé uzemie SR) sa vypocitali ako aritme-
ticky priemer vsetkych pixelov spadajucich do hranic
prislusnych celkov. Pixely, ktoré len ¢iasto¢ne spadali do
administrativneho celku, boli zahrnuté do vypoctov.

Hodnoty priemernej koncentracie hodnotenych che-
mickych prvkov/parametrov v podzemnej vode SR (EI)
su uvedené v tab. 1 (Rapant et al., 2014a). Priklad mapo-
vého vyjadrenia chemického zloZzenia podzemnej vody
Slovenskej republiky v pripade parametrov Ca** + Mg
(mmol . I'!) je uvedeny na obr. 1. Ostatné environmentalne
indikatory st spristupnené na internetovej stranke www.
geology.sk/geohealth.

Umrtnost’ na kardiovaskularne ochorenia

V zmysle medzinarodne;j klasifikacie choréb (MKCH,
10. revizia) (www.czisk.sk) kardiovaskularne ochorenia
zahfnaju choroby obehovej sustavy, diagnoézy 100 — 199.
Ide najmé o hypertenziu, ischemické choroby srdca (in-
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farkty), cievne choroby mozgu, choroby tepien, zil a iné
ne$pecifikované choroby obehovej sustavy. Udaje hodno-
tiace incidenciu (vyskyt) CVD neboli dostupné.

Udaje o CVD, ktoré hodnotime v tejto praci, su cha-
rakterizované ako zdravotné indikatory (ZI) pri vybra-
nych diagnézach. Predstavuji priemerné hodnoty za roky
1994 — 2003, a teda priemerné hodnoty za jednotlivé
obce Slovenskej republiky (2 883 obci). Zdrojom udajov
bola databaza Statistického uradu Slovenskej republiky
(www.statistics.sk).

Na charakteristiku umrtnosti na CVD sme spracovali
udaje tykajuce sa nasledujtcich skupinovych diagnéz: 100
— 199 (vSetky ochorenia obehového systému), 121 — 125
(ischemické choroby srdca) a 163 — 164 (mozgové porazky
a infarkty). Umrtnost’ na jednotlivé diagnézy sme prepo¢i-
tali do podoby zdravotnych indikatorov.

Vsetky zdravotné indikatory boli vypocitané for-
mou kumulativnej funkcie za roky 1994 az 2003, teda za
10-ro¢né obdobie, pri¢om vsetky pripady tmrti boli spoci-
tané a vsetky pocty obyvatel'ov boli vyjadrené ako osobo-
roky (pocet obyvatel'ov k 31. decembru prislusného roku)
za kazdy hodnoteny tGzemny celok. Metodika vypoctu
a Standardizacie zdravotnych indikatorov (REIOO — 199
az PYLLI121 — 125; tab. 2) je v stulade s odporucaniami
Svetovej zdravotnickej organizacie (WHO) a inych auto-
rov (Beaglehole et al., 1993; Jenicek, 1995; Last, 2001;
Bencko et al., 2003a, b).

Jednotlivé diagnézy CVD sme prepocitali do podoby
zdravotnych indikatorov vyjadrujicich relativnu a Stan-
dardizovani amrtnost na vybrana pri¢inu umrtia a ako
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potencialne stratené roky zivota. V nasej praci pouZivame
na hodnotenie zdravotné indikatory uvedené v tabulke 2,
kde je uvedeny aj postup vypoétu jednotlivych indikato-
rov. V grafickej forme zndzoriiujeme relativnu tmrtnost’
na vSetky druhy CVD (Rel00 — 199) v Slovenskej repub-
like (obr. 2). Ostatné zdravotné indikatory st dostupné na
internetovej stranke www.geology.sk./geohealth.

Rozdelenie environmentalnych a zdravotnych indika-
torov podl’a geologickej stavby

Geologicka stavba SR je relativne vel'mi komplikova-
na. Vyznacuje sa striedanim hornin rdznej genézy a veku,
a teda aj rozneho mineralogicko-petrografického charak-
teru a tym aj s roznym geochemickym pozadim (Kohut
et al., 1999). Vysledkom tejto skutocnosti je aj vel'mi roz-
dielne chemické zlozenie podzemnej/pitnej vody. Predpo-
kladame, ze ma aj rozdielny vplyv na vyskyt CVD, resp.
na ich umrtnost’.

Geologicka stavba SR bola v praci Rapanta et al.
(2014a) rozclenena na 8 hlavnych celkov (obr. 3), a to:

1 — paleozoikum: hlavne metasedimenty a metavulkanity,

2 — krystalinikum: hlavne granitoidy, ruly a migmatity,

3 — karbonatické mezozoikum a bazalny paleogén: hlavne
vapence, dolomity a vapnité zlepence,

4 — karbonaticko-silikatové mezozoikum a paleogén:
hlavne sliene, slienité vapence, dolomity, pieskovce
a bridlice,

5 — flySovy paleogén: hlavne pieskovce, bridlice a ilovce,

6 — neovulkanity: hlavne andezity, bazalty a ich vulka-
noklastika,

7 — neogén: hlavne ily, ilovce, zlepence, piesky a Strky,

8 — kvartér: hlavne $trky, piesky, ily a ilomky hornin.

Poradie geologickych celkov z hladiska zdravotnych
indikatorov (od najpriaznivejSicho po najnepriaznivejsie)
bolo takéto: flySovy paleogén — karbonaticko-silikato-
vé mezozoikum a paleogén — karbonatické mezozoikum
a bazalny paleogén — neogén — kvartér — krystalinikum
— paleozoikum — neovulkanity. Ako najpriaznivejsie geo-
logické prostredie pre l'udské zdravie boli definované kar-
bonatické horniny a najnepriaznivejsie silikatové horniny
(Rapant et al., 2014a).

Podrla tohto rozclenenia geologickej stavby sme na-
sledne rozc¢lenili chemické zlozenie podzemnej vody
(environmentalne indikatory — EI) a taktiez ukazovatele
umrtnosti na CVD (zdravotné indikatory — ZI), ktoré sme
podrobili $tatistickej analyze formou $tatistickych metod
uvedenych v nasledujucom texte.

Statisticka analyza

Na Statistické spracovanie vztahu udajov o EI a ZI
sme pouzili klasické Statistické metddy, a to Pearsonov
korelaény koeficient a Spearmanov korela¢ny koeficient.
Statisticki vyznamnost' vypocitanych korelacii hodnoti-
me pomocou jeho hodnoty P takto: P < 0,05 — overena
zavislost’ (+), P < 0,01 — vysoka zavislost’ (++), P < 0,001
— vel'mi vysoka zavislost’ (+++).

Tab. 2
Charakteristika hodnotenych zdravotnych indikatorov pri imrtnosti na kardiovaskularne ochorenia.
Characteristics of evaluated health indicators for cardiovascular mortality.

Zdravotny indikator Popis indikatora Sposob vypoctu Préenger
Relativna umrtnost’ na vybranu pri¢inu imrtia
Rel00 — 199 obehovy systém 531,05
Rel21 - 125 ischemické choroby srdca 100 000 x [pocet {imri na vybrané ochorenie/ 269,82
pocet obyvatel'ov]
Rel63 — 164 mozgové porazky a infarkty 63,57
Standardizovana imrtnost’ na vybrani pri¢inu imrtia

SMRI00 — 199 obehovy systém

(19 vekovych skupin) 100 Nepriamo vekovo §tandardizovana amrtnost

SMRI21 — 125 ischemické choroby srdca na slovensky Standard 100

SMRI63 — 164 mozgove porazky a infarkty 100

Potencialne roky strateného Zivota pri vybranej pric¢ine imrtia

PYLLIOO — 199 obehovy systém 100 000 x [stcet nedozitych rokov do veku 866,19
) C 65 rokov (imrtia vo veku 1 az 64 rokov) pri

PYLLI21 - 125 ischemické choroby srdca Gmrti na vybrand pricinu/podet obyvatelov] 396,32

Pozn.: zdravotné indikatory klasifikované v zmysle Medzinarodnej klasifikacie chorob, MKCH, 10. revizia (www.czisk.sk),

* priemer pre Slovenskt republiku za obdobie 1994 — 2003

Note: Health indicators are classified according to International classification of diseases, ICD 10" revision (www.czisk.sk),

* mean for the Slovak Republic for the period 1994 —2003
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Poznamka: Cislo v zatvorke uvadza podet obci v danom intervale.

Obr. 2. Relativna umrtnost’ na kardiovaskularne ochorenia na Slovensku.
Fig. 2. Relative mortality for cardiovascular diseases in the Slovak Republic.
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Poznamka: Cislo v zatvorke uvadza pocet obci v danom geologickom celku.

Obr. 3. Rozclenenie geologickej stavby Slovenskej republiky na hlavné geologické celky.
Fig. 3. Division of geological structure of the Slovak Republic in main geological units.
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Neuronové siete

Sledovanie vztahov medzi dvomi réznymi premen-
nymi je doménou Statistiky. Vyber vhodnej Statistickej
metody s cielom spojenia dvoch databaz si vSak vyzaduje
vel'mi korektny pristup k ziskavaniu relevantnych vztahov
zévislosti. Na vyjadrenie intenzity stochastickej zavislosti
medzi dvomi premennymi sa pouzivaji korelaéné koefi-
cienty, ktoré vyjadruji zavislost’ vztahov medzi skimany-
mi atribatmi. Klasické Pearsonove korelaéné koeficienty
vyjadruju mieru jednoduchej linearnej zavislosti dvoch
premennych. Spearmanove korelacné koeficienty su
mierou monoténnej zavislosti. Nase tdaje vSak nemaju

normalne rozdelenie, su rozdelené nerovnomerne, casto
zat'azené chybou, neuplné a vykazuju vysoku variabilitu.
Neistoty v pripade udajov o zdravotnych indikatoroch,
ktoré mézu modifikovat’ nase vysledky, siivisia najméa so
zostavovanim Statistickych hldseni. V pripade viacerych
diagnoz sa ako pri¢ina smrti uvadza vacsinou ta diagnoza,
ktora je v poradi uvedena ako prva (napr. kardiovaskular-
ne ochorenie alebo zlyhanie obli¢iek). Tato diagnoza vsak
nemusi byt vzdy tou hlavnou, ktord zapri¢inila smrt’ pa-
cienta.

Nase udaje maju vSetky nalezitosti bezného Zivota,
Casto su neuplné, nieckedy chybné. Bolo by preto nesprav-
ne predpokladat’ existenciu funkéného vzt'ahu. Pouzitie

Tab. 3
Priemerné hodnoty zdravotnych indikatorov kardiovaskularnych ochoreni vo vybranych oblastiach Slovenskej republiky.
Mean values for health indicators of cardiovascular diseases in selected areas of the Slovak Republic.

gig::;gig?; 1 6 4 5 Krupina Bardejov SR
Zdxavotny n=100 n=303 n=154 n=727 n=36 n=386

Rel00 — 199 569.73 638,78 505,07 463,32 889,20 492.82 531,05
Rel21 — 125 337,11 315,99 252,94 257,49 389,91 247,71 269,82
Rel63 — 164 51,95 93,45 77,04 41,58 133,66 56,00 63,57
SMRI00 — 199 111,73 108,50 98,86 100,03 131,06 100,71 100
SMRI2I - 125 128,21 101,39 97,54 109,94 119,09 98,92 100
SMRI63 — 164 84,78 125,53 121,31 72,61 168,12 97,26 100
PYLLIOO — 199 1052,18 1 050,95 937,66 831,99 1518,17 779,92 866,19
PYLLI2I - 125 548,98 488,65 395,63 372,17 683,12 310,97 396,32

Pozn.: 1 —paleozoikum, 4 — karbonaticko-silikdtové mezozoikum a paleogén, 5 —flySovy paleogén, 6 —neovulkanity, SR — priemer v Slovenskej

republike, n = pocet obci v hodnotenom geologickom celku/okrese

Note: 1 —Paleozoic, 4 — Carbonatic-silicate Mesozoic and Paleogene, 5 — Paleogene Flysch, 6 — Neovolcanic rocks, SR — mean for the Slovak
Republic, n = number of municipalities in evaluated geological unit/district

Tab. 4
Priemerné hodnoty vybranych environmentalnych indikatorov vo vybranych oblastiach Slovenskej republiky.
Mean values for selected environmental indicators in selected areas of the Slovak Republic.

Oer;)el;)gick)" . 1 6 4 5 Krupina Bardejov SR
Environmentalny n=100 n=303 n=154 n=727 n=36 n =286

MIN 302,27 439,73 586,79 524,64 409,08 484,79 629,75
Ca* + Mg* 1,68 2,11 3,45 3,02 1,80 2,75 3,50
Ca* 43,15 56,13 99,86 88,53 49,30 80,75 93,56
Mg 14,70 17,14 2327 19,67 13,95 17,98 28,29

cr 13,18 21,66 21,24 17,14 21,45 13,77 32,96
SO 45,65 49,70 65,38 62,72 34,08 44,96 79,32
NO, 18,02 26,44 21,72 16,19 28,14 14,84 38,76
PO~ 0,10 037 0,10 0,05 0,62 0,03 0,22
HCO," 138,29 191,51 323,63 287,65 173,87 282,12 303,85
Sio, 13,72 41,72 12,34 11,26 48,79 11,30 18,21

As 0,008 63 0,002 41 0,001 35 0,000 79 0,001 63 0,001 14 0,001 92
cd 0,000 50 0,001 27 0,000 52 0,000 62 0,002 96 0,000 25 0,001 02
Pb 0,001 42 0,001 34 0,001 21 0,001 25 0,001 09 0,000 94 0,001 36
Sh 0,007 20 0,000 25 0,000 34 0,000 62 0,000 16 0,000 13 0,000 94

Pozn.: 1 —paleozoikum, 4 — karbonaticko-silikatové mezozoikum a paleogén, 5 — flySovy paleogén, 6 —neovulkanity, SR — priemer v Slovenske;j
republike, n = pocet obci v hodnotenom geologickom celku/okrese, MIN — celkova mineralizacia

Note: 1 — Paleozoic, 4 — Carbonatic-silicate Mesozoic and Paleogene, 5 — Paleogene Flysch, 6 — Neovolcanic rocks, SR — mean for the Slovak
Republic, n = number of municipalities in evaluated geological unit/district
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Tab. 5
Pearsonova a Spearmanova korelacia medzi EI a umrtnost'ou na kardiovaskularne ochorenia v geologickom prostredi v celku.
Pearson and Spearman correlation between EI and mortality for CVD for geological environment as a whole.

Linearna korelacia Spearmanova koreldcia
Parameter
r P vyznamnost’ R P vyznamnost’
Ca* + Mg” & Rel —0,0861 0,000 +++ —0,155 0,000 +++
Ca* + Mg?* & SMRI —0,020 8 0,396 - —0,045 0,069 -
Ca* + Mg?* & PYIL 0,084 4 0,001 ++ -0,121 0,000 +++
Ca’ & Rel 0,081 8 0,001 ++ —0,144 0,000 +++
Ca* & SMRI -0,030 6 0,211 - —0,039 0,114 -
Ca* & PYII —0,097 6 0,000 -+ -0,116 0,000 +++
Mg** & Rel —0,080 6 0,001 ++ -0,174 0,000 +++
Mg* & SMRI 0,002 0,934 - -0,057 0,020 +
Mg* & PYII —0,0452 0,065 - 0,121 0,000 4+
MIN & Rel -0,067 1 0,006 ++ -0,128 0,000 +++
MIN & SMRI 0,000 1 0,996 - —0,033 0,177 -
MIN & PYIIL 0,070 2 0,004 ++ 0,117 0,000 +++
NO,” & Rel -0,0329 0,179 - -0,095 0,000 +++
NO,” & SMRI 0,077 7 0,002 ++ 0,053 0,030 +
NO,” & PYIII 0,042 5 0,083 - 0,003 0,903 -
PO,* & Rel 0,063 4 0,01 + 0,099 0,000 +++
PO} & SMRI 0,135 8 0,000 +++ 0,099 0,000 +++
PO & PYIII 0,094 7 0,000 +++ 0,077 0,002 ++
As & Rel 0,013 7 0,576 - 0,028 0,248 -
As & SMRI —0,013 4 0,584 — 0,039 0,112 -
As & PYII -0,0197 0,421 - 0,092 0,000 -+
Cd & Rel 0,030 6 0,212 - 0,013 0,599 -
Cd & SMRI -0,014 2 0,561 - 0,038 0,124 -
Cd & PYIIL 0,029 1 0,234 - 0,054 0,028 +
Pb & Rel 0,028 1 0,251 - 0,017 0,498 -
Pb & SMRI 0,003 4 0,891 - 0,018 0,460 -
Pb & PYIII -0,007 2 0,77 - 0,008 0,738 -
Sb & Rel —0,0323 0,187 - 0,102 0,000 ++
Sb & SMRI 0,035 6 0,146 - 0,018 0,466 -
Sb & PYIII 0,010 6 0,665 - 0,028 0,258 -

Pozn.: r — Pearsonov korelacny koeficient, R — Spearmanov korela¢ny koeficient, P—hodnota: hladina vyznamnosti = 0,05 — overena zavislost’
(+), P=0,01 — vysoka zavislost’ (++), P= 0,001 — vel'mi vysoka zavislost’ (+++), MIN — celkova mineralizacia

Note: r — Pearson correlation coefficient, R — Spearman correlation coefficient, P — value; level of significance = 0.05 — verified dependence
(+), P=10.01 — high dependence (++), P=0.001 — very high dependence (+++)
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Tab. 6
Koeficient senzitivity a poradie vplyvu 10 najvplyvnejsich prvkov v podzemnej vode na zdravotné indikatory umrtnosti
na kardiovaskularne ochorenia podl'a vypoctov ANN.
Coefficients of sensitivity and order of influence for 10 the most influential elements/parameters in groundwater in relation to health
indicators of cardiovascular diseases according to calculations through ANN.

indikicor | RE100-199 | Rel21-125 | Rel63-164 |SMRI00 - 199|sMRiz1 —12s|  SYELE | PYLCRO 1 PYLESEL
S, P S, P S, P s, P S, P S, P S, P S, P
Ca*+Mg» 13700 1 | L1539 1 | 1,0778 1 | 16771 1 | 1,1593 1 |1,0439 2 |1,0462 1 | 1,1028 1 | 1.1
Ca?* 1,211 0 2 1,063 8 2 1,037 1 2 1,386 9 2 1,068 4 2 11,0449 1 1,006 2 3 1,0309 2 1,8
Mg 11500 3 | 10546 3 | 10091 6 | 12010 3 [ 10678 3 |[1,0404 3 [1,0024 6 |1,0208 3| 32
MIN 10550 4 | 10280 4 | 10321 3 | 10184 4 | L0289 | 10197 4 |1,0021 7 | 10155 4 | 41
HCO, 1,026 0 5 1,027 0 5 1,026 0 4 1,005 5 5 1,011 1 4 11,0041 9 11,0100 2 1,008 4 5 4,1
Cl 1,027 0 6 1,018 8 6 1,021 4 5 1,001 0 11 1,002 1 11 | 1,014 4 5 11,0017 8 1,0007 10 6,4
50, L0090 7 | 10085 7 | 10083 8 | 10011 10| 10030 8 | 10021 11 |1,0025 5 | 10010 8 | 66
NO, 1,004 0 8 1,007 1 8 1,002 3 10 | 1,0022 6 1,001 8 12 { 1,0024 10 | 1,000 8 11 ] 1,0005 12 7,9
Na* 1,002 1 9 1,001 4 13| 1,001 5 12 | 1,000 7 13 | 1,001 3 14 {1,0019 12 | 1,002 7 4 1,001 0 7 8,6
si0, L0030 10| 10013 14| 10106 7 | 10006 14 | 10026 10| 1,0068 6 |1,0001 9 | 10001 18| 9.0
Ba 1,001 0 15| 1,0019 11 1,000 7 14 | 1,000 3 16 | 1,007 2 5 11,0050 7 11,0000 211 1,0002 16 | 10,7
K* 1,001 3 12 | 1,0012 15 | 1,0002 20 | 1,000 6 15 | 1,003 5 7 11,0006 17 1,0009 10] 1,0003 14 ] 11,2
=Ry L0004 18 | 10001 26| 10049 9 | 10001 18 | L0016 13 | 10045 8 |1,0000 23| 10011 6 |123
oH 10012 19| 10017 12| 10002 19| 1001 12| 10065 6 |1,0003 21 | 10000 28| 10009 9 | 128
PO 1,002 0 11 1,000 4 19 | 1,000 1 22| 1,0013 9 1,000 7 17 11,0004 19 | 1,000 1 19 | 1,0000 23 | 14,1
CHSK,. 10000 21 | 10000 31| 10003 18| 10016 8 | 10005 20 | 1,0005 18 [1,0001 18| 10003 13 | 149
Hg 1,000 0 20 | 1,002 7 9 1,0000 27 | 1,000 1 19 | 1,000 1 24 11,0001 25 ]1,0001 16 | 1,000 1 20 | 16,2
Fe L0002 23| 10019 10| 10002 21 | 10001 20 | 10006 19| 1.0000 30 |1.0001 17 | 1,0000 29 | 17.1

Pozn.: s, — koeficient citlivosti, P — poradie vplyvu, xP — aritmeticky priemer poradia vplyvu vSetkych hodnotenych zdravotnych indikatorov,
MIN - celkova mineralizacia
Note: s, — coefficient of sensitivity, P — order of influence, xP — arithmetic mean of order of influence for all evaluated health indicators

Tab. 7
Vysledky vypoctov ANN a odvodené limitné hodnoty 10 najvplyvnejsich prvkov v podzemnej vode
Slovenskej republiky na Rel00 — 199.
Results of calculations of ANN and derived limit values for 10 the most influential chemical elements in groundwater
of the Slovak Republic in relation to Rel00 — 199.

Poradie Parameter s R Limitny obsah Optimélny obsah Hodnorte.né fupkcie Obsah*
' DH HH DH HH zavislosti min max
1. Ca? + Mg** 1,370 0,992 2,90 9,10 4,40 7,60 konvexna parabola 0,35 7,97
2. Ca” 1,211 0,999 89,40 neexistuje  neexistuje neexistuje  konvexna parabola 9,83 201,01
3. Mg* 1,150 0,986 24,30 95,80 42,00 78,10 konvexna parabola 2,45 97,75
4. MIN 1,053 0,960 553,10 1263,20 629,40 1186,80  konvexna parabola 87,30  1412,30
5. Clr 1,027 0,988 31,80 neexistuje  neexistuje neexistuje  konvexna parabola 1,23 143,74
6. HCO, 1,026 0,979 241,90 neexistuje 326,10 567,90 konvexna parabola 16,57 592,05
7. sor 1009 0961 neexistje 7330  neexistuje neexistuje Priamka s negativnou 938 319,50
8. NO, 1,004 0,939  neexistuje 37,60  neexistuje neexistuje ggg‘nli‘fosu“ega“mo“ 133 227,09
9. SiO, 1,003 0,999 18,20 neexistuje  neexistuje neexistuje konkdvna parabola <0,000 1 0,20
10. PO 43‘ 1,002 0,919 0,20 neexistuje  neexistuje neexistuje konkdvna parabola 0,00 3,35

Pozn.: s —koeficient citlivosti, R* — koeficient determinacie, DH — dolna hranica, HH — horna hranica, *min. — max. obsah prvkov/parametrov
v podzemnej vode SR (jednotky v mg . I, Ca?* + Mg?* v mmol . I'!), MIN — celkova mineralizacia

Note: s — coefficient of sensitivity, R* — coefficient of determination, LL — lower limit, UL — upper limit, *minimum — maximum contents of
chemical elements/parameters in groundwater of the Slovak Republic (units in mg I'!, Ca + Mg in mmol I'!)
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Fig. 4. Definition of limit values for the influential elements on ReI00 — 199.
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klasickych metod regresnej analyzy nemusi zachytit’ kom-
plexnost’ problematiky a mohlo by viest’ k nespravnym za-
verom. Komplexné situacie vyzaduji analytické pristupy
riesenia. Preto na analyzu vztahov medzi chemickym zlo-
zenim podzemnej vody a umrtnostou na CVD (MCVD)
pouzivame umeld inteligenciu — umelé neurdénové siete
(ANN).

ANN st jednou z najviac vyuzivanych modelovacich
technik v mnohych oblastiach vyskumu. Podrobny prehl'ad
historie vzniku a rozvoja neurénovych sieti podava Krie-
sel (2007). NajvyznamnejSou vlastnostou neurénovych
sieti je skutoCnost’, ze su univerzalnym aproximatorom
funkcie. Univerzalnost’ neurénovych sieti ako aproxima-
torov bola matematicky dokézand (Hornik et al., 1989).
Vyhodou ANN je vystihnutie aj zlozitych nelinedrnych
zavislosti. Nevyhodou ANN je, Ze nepozname mechaniz-
mus posobenia hodndt jednotlivych faktorov na vystupny
parameter. Absentuje ekvivalent regresnej rovnice, znamej
z regresnej analyzy.

Kazda z natrénovanych sieti je unikatnym vysledkom,
ktory je jednoznacne definovany len topoldgiou siete
a vektorom synaptickych vah. Globalna analyza citlivosti
v neuroénovych sietach vsSak poskytuje poznatok o dole-
zitosti prislusnej vstupnej premennej v natrénovanej sieti.
Kovalishyn et al. (1998) a Zurada et al. (1995) predlozili
niekol’ko metéd merania senzitivity vstupnych premen-
nych ANN. Gevrey et al. (2003) prezentovali a porovnali
sedem metod merania dolezitosti vstupnych premennych
ANN. Pokial’ je pomer citlivosti (s,) pri danej vstupne;
premennej mensi ako jedna, da sa predpokladat’, ze jej vy-
radenie neznizi, ale dokonca zvysi vykonnost’ siete (Stat-
Soft, 1999).

Kvalitu neurénovej siete mézeme hodnotit’ pomocou
viacerych metrik. NajcastejSie pouzivanou je hodnota
korela¢ného koeficientu R, ktora urCuje vzajomny vztah
medzi vystupmi a ciel'mi, t. j. odhadnutymi hodnotami
a hodnotami vystupnej premennej. Hodnota 1 znamena
uzku zavislost’, hodnota 0 znamena ziadnu zavislost’.

Pomocou neurdénovych sieti sa ur¢ovalo poradie vply-
vu chemickych prvkov v podzemnej vode na CVD spolu
s limitnymi hodnotami (maximalne pripustnym, resp. mi-
nimalne potrebnym a optimalnym obsahom) koncentracie
chemickych prvkov vo vode.

Poradie vplyvu chemickych prvkov vo vode na CVD
bolo urfené na zéklade hodnoty koeficientu citlivosti s .
Vplyv na CVD maju tie chemické prvky, pri ktorych ko-
eficient citlivosti je vicsi ako 1. Na identifikaciu vplyv-
nych prvkov z pohl'adu chemického zlozenia podzemnej
vody bolo pocitanych 100 sieti. Zvoleny pocet 100 sieti
sa ukazal ako plne dostato¢ny, lebo pri d’al$ich sietach uz
hodnota korelaéného koeficientu nerastla, ale stagnovala
alebo klesala. Napriek tomu, Ze vykonnost’ (spolahlivost’)
siete je uspokojiva, vplyv jednotlivych chemickych prv-
kov vo vode bol pomerne nizky a bol v pripade kazdej
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siete r6zny. Preto sme na urcenie poradia vplyvu chemic-
kych prvkov vo vode na ZI pouzili medidnové hodnoty s,
zo vsetkych 100 vypocitanych sieti. Takyto postup pouzili
napr. Opitz a Shavlik (1996), Han et al. (2011), Kourentzes
et al. (2014) a Rapant et al. (2015).

Na zaklade medianovej hodnoty koeficientu citlivos-
ti (s,) vypocitanej pre kazdy chemicky prvok hodnotime
vplyv chemického prvku na MCVD. Vplyv je tym VAcsi,
¢im je vécSia hodnota s . Chemické prvky s hodnotou s,
< 1 povazujeme za také, ktoré na CVD nevplyvaji. Sta-
tistickti vyznamnost’ vypocitanych koeficientov s, udava
koeficient determinacie R%. Cim je vyssi, tym vicsia je
Statistickd vyznamnost’ vypocitanych koeficientov senziti-
vity. Vysledky vypoctov ANN na ziskanie tvaru zavislosti
medzi EI a ZI sme overili metodou decilov, a to spdsobom,
ktory uvadzame. Rozpétie hodnot obsahu skimaného prv-
ku vo vode sme rozdelili na decily. V d’alSom kroku sme
nasli taziska bodov, ktorych suradnica x prisluchala do
jednotlivych decilov. Nasledne sme cez taziska 2. az 9. de-
cilu prelozili polyném druhého stupna, resp. priamku. Pri
vel'mi vplyvnych prvkoch je zhoda vynikajica. S pokle-
som vplyvu prvkov zhoda existuje, ale podobnost’ klesa.

ANN nam umoziuju odvodit’ aj limitné hodnoty che-
mickych prvkov vo vode z hl'adiska CVD, teda koncentra-
ciu chemickych prvkov, pri ktorych je umrtnost na CVD
¢o najnizSia. VyClenujeme dva druhy limitnych hodnét,
a to limitné (kritické) hodnoty a optimalne limitné hod-
noty. Limitné hodnoty predstavuji priesecnik namode-
lovanej krivky obsahu chemickych prvkov s priemernou
hodnotou zdravotného indikatora. Optimalne hodnoty
predstavuju prieseénik priemernej hodnoty zdravotného
indikatora + Standardn®i odchylku zdravotného indikatora.
V pripade, ked’ namodelovana krivka obsahu chemickych
prvkov nepretinala priemerni hodnotu zdravotného indi-
katora, limitné hodnoty sa nedali urcit’.

Ako priemernt hodnotu zdravotného indikatora pou-
zivame bayesovsky vyrovnany priemer zdravotného indi-
katora, ktory zohl'adituje pocet obyvatelov v jednotlivych
obciach. Takyto postup bol pouzity napr. v pracach Chai-
kaew et al. (2009) a Chen et al. (2008).

VYSLEDKY

Priemerné hodnoty zdravotnych indikatorov umrtnosti
na CVD v dvoch najpriaznivej$ich geologickych celkoch
z hladiska zdravotnych indikatorov (flySovy paleogén,
karbonaticko-silikatové mezozoikum a paleogén) a dvoch
najnepriaznivejsich geologickych celkoch (neovulkani-
ty a paleozoikum) z hl'adiska zdravotnych indikéatorov
st uvedené v tab. 3 spolu s priemernymi hodnotami za
Slovensku republiku a dva vybrané okresy SR, budova-
né réznym geologickym prostredim. Priemerny obsah 10
najvplyvnejsich chemickych prvkov na umrtnost na CVD
podla ANN a styri klasické potencialne toxické prvky
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spajané so zvySenou umrtnostou na CVD — arzén, kad-
mium, olovo a antimén — v uvedenych celkoch st uvedené
v tab. 4.

Vybrané vysledky linearnej a Spearmanovej korelacie
medzi EI a ZI z celého geologického prostredia st uvedené
v tab. 5.

V tabul'ke 6 a 7 st uvedené vysledky vypoctov ANN.
V tabul’ke 6 su uvedené vysledky koeficientu senzitivity
najvplyvnejsich chemickych prvkov v podzemnej vode
v pripade hodnotenych zdravotnych indikatorov imrtnos-
ti na CVD spolu s poradim vplyvu jednotlivych prvkov.
V tabul’ke 7 st zosumarizované vysledky vypoctov ANN
tykajace sa relativnej imrtnosti na CVD — Rel00 — 199
— spolu s odvodenymi limitnymi hodnotami najvplyvnej-
Sich chemickych prvkov/zloziek/parametrov v podzemnej
vode. Sposob vymedzenia limitnych hodnét vplyvnych
prvkov je znazorneny grafickou formou na obr. 4.

DISKUSIA

Na zaklade porovnania vysledkov umrtnosti na CVD
(tab. 3) v jednotlivych geologickych celkoch a dvoch vy-
branych okresoch vyplyva, ze existuju medzi nimi vyrazné
rozdiely. Nizsiu amrtnost’ na CVD dokumentujeme v kar-
bonatickych geologickych celkoch (mezozoikum, paleo-
gén), a to takmer vo vSetkych hodnotenych zdravotnych
indikéatoroch. Napriklad sumdarny ukazovatel Gmrtnosti
na CVD Rel00 — 199 je v najpriaznivejSom geologickom
celku (celok 5, flySovy paleogén = 463,32) takmer o 38 %

niz§i ako v najnepriaznivejSom geologickom celku (celok
6, neovulkanity = 638,78). Podobny trend pozorujeme aj
v pripade porovnania hodnot ostatnych zdravotnych indi-
katorov (s vynimkou ukazovatela Rel63 — 164, mozgové
porazky). Vyrazné rozdiely v ukazovatel'och iimrtnosti na
kardiovaskularne ochorenia pozorujeme v pripade dvoch
porovndvanych okresov Krupina a Bardejov. Oba su za-
sobované pitnou vodou len zo zdrojov podzemnej vody
v ramci daného okresu. Oba okresy sa vyznacuju vidiec-
kym typom osidlenia a maju podobny socialno-ekono-
micky charakter (Rapant et al., 2014a). Odlisné v oboch
okresoch je geologické prostredie. Okres Krupina je cely
budovany horninovym prostredim vulkanitov (vo vzt'ahu
k zdravotnym indikatorom je to najmenej priaznivé geo-
logické prostredie). Okres Bardejov je cely budovany
horninovym prostredim flySového paleogénu (vo vztahu
k zdravotnym indikatorom je to najviac priaznivé geolo-
gické prostredie). Rozdiel medzi hodnotami Rel00 — 199
v tychto dvoch okresoch je viac ako 80 % a v pripade via-
cerych ciastkovych zdravotnych indikatorov (PYLLIOO
—199, PYLLI21 — 125, Rel63 — 164) je rozdiel viac ako 90
az 100 %.

Vyraznejsie rozdiely v zdravotnych indikatoroch kar-
diovaskularnych ochoreni v oboch okresoch v porovnani
s rozdielmi medzi jednotlivymi geologickymi celkami
vysvetlujeme tym, zZe silikatové horniny (krystalinikum,
paleozoikum, vulkanity) st menej zvodnené a obyvatel-
stvo je v nich ¢asto zasobované pitnou vodou zo vzdia-
lenejsich, véacsinou karbonatickych hornin, teda s vyssim

Tab. 8
Limitné hodnoty slovenskej normy pre pitnti vodu (NV €. 496/2010 Z. z.)
v porovnani s nas§imi odvodenymi limitnymi hodnotami.
Comparison of limit values of Slovak guideline for drinking water (NV ¢. 496/2010 Z. z.), with our derived limit values.

Parameter Jednotka Limitné hodnoty* Limitna hodnota Optimalne hodnoty*
NV ¢. 496/2010 Z. z. DH HH DH HH
Ca* + Mg** mmol . ! 1,1-5,0° 2,90 9,10 4,40 7,60
Ca* mg . I"! >30° 89,40 - - -
Mg* mg. 1" 10-30° 24,30 95,80 42,00 78,10
MIN mg. 1" 1 000® 553,10 1263,20 629,40 1186,80
Cr mg. 1" 250 31,80 - - -
HCO, mg. 1" - 241,90 - 326,10 567,90
SO, mg. 1" 250 - 73,30 - -
NO,~ mg. 1" 50 - 37,60 - -
SiO, mg. " - 18,20 - - -
PO*> mg . 1" - 0,20 - - -

Pozn.: *medzna hodnota, ® odporu¢ana hodnota, DH — dolna hodnota, HH — horna hodnota, *nami odvodené limitné a optimalne hodnoty
najvplyvnejsich environmentalnych indikatorov vo vztahu k Rel00 — 199, MIN — celkova mineralizacia
Note: *limit value, ®recommended value, DH — lower level, HH — upper level, *our derived limit and optimal contents for the most influential

environmental indicators in relation to ReI00 — 199
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obsahom Ca?* a Mg?*, ktoré st na Slovensku ovel'a viac
zvodnené. Uvedené rozdiely v zdravotnych indikatoroch
medzi karbonatickymi a silikdtovymi geologickymi cel-
kami st podl'a nas sposobené najmé rozdielnym obsahom
Ca? a Mg* a ,tvrdostou” vody. Obsah tychto parametrov
je v karbonatickych geologickych celkoch vyrazne vyssi
(tab. 4).

Na zaklade vysledkov Spearmanovej a linearnej kore-
lacie (tab. 5) nemozno vyslovit’ ziadne signifikantné zave-
ry. Nase premenné (EI a ZI) nemaji normalne rozdelenie
a skiimané zavislosti nie st vo v§eobecnosti linearne a ¢asto
ani monotoénne, preto dosiahnuté vysledky nepovazujeme
za preukazné. Korelacné koeficienty v oboch pripadoch su
vel'mi nizke a vo viac nez 90 % pripadov osciluji medzi
hodnotami + < 0,1. Délezita je vSak skutoc¢nost’, ze ko-
relaéné koeficienty medzi Ca*", Mg>" a ,,tvrdostou” vody
a zdravotnymi indikdtormi umrtnosti na CVD vykazuju
vo vSetkych pripadoch (aj pri indikatoroch CVD neu-
vedenych v tabulke) zaporné hodnoty, a to vaésinou pri
Statisticky vyznamnej korelacii. Tato skuto¢nost’ nazna-
cuje zvysent umrtnost’ na CVD pri nizkom (deficitnom)
obsahu Ca?* a Mg*" v podzemnej/pitnej vode Slovenskej
republiky a pri jej nizkej tvrdosti.

Z vysledkov vypoctov neurdnovych sieti (tab. 6) sa
ako najvplyvnejSie prvky/zlozky chemického zlozenia
podzemnej vody na zdravotné indikatory CVD prejavuje
Ca*" + Mg*, Ca**, Mg*, MIN a HCO, . Tychto 5 envi-
ronmentalnych indikatorov sa vyskytovalo vo vsetkych
zdravotnych indikatoroch kardiovaskularnych ochoreni
medzi desiatimi najvplyvnejsimi EI. Ostatné EI uvedené
v tab. 6 boli zastupené medzi desiatimi najvplyvnej$imi
len pri niektorych ZI umrtnosti na CVD. Z nich CI', SO 42*,
NO,", Na" a SiO, maja vel'mi nizky priemerny vplyv na
hodnotené zdravotné¢ indikatory kardiovaskularnych ocho-
reni (xP < 10).

Medzi najvplyvnejsimi EI sa jasne vyclenuju tri sku-
piny chemickych prvkov/zloziek. Prvii skupinu pred-
stavuju Ca* + Mg*, Ca®>* a Mg*". Tieto tri EI podla nas
maju najvacsi vplyv na umrtnost’ na CVD. Vyznacuju sa
aj najvySsimi hodnotami koeficientu senzitivity s,. Druha
skupina EI (MIN a HCO,") mé podl'a nas len stochasticky
vplyv na timrtnost’ na CVD. Podmienené je to tym, Ze che-
mické zlozenie podzemnej vody Slovenskej republiky je
prevazne Ca-Mg-HCO, charakteru. MIN a HCO,~ vnima-
me ako indikatory obsahu Ca*" a Mg?" v podzemnej vode.
HCO," predstavuje najviac zastipeny anién v podzemne;
vode Slovenskej republiky a jeho obsah je spojeny najma
s kationmi Ca*" a Mg?" (mineralizacia vody v dosledku
rozpustania karbonatov). Podobne je to aj v pripade mine-
ralizacie vody (MIN), ktorej hodnoty v podmienkach SR
st podmienené najmé koncentraciou Ca* a Mg* vo vode
(najzastupenejsie kationy) a HCO,™ (najzastiipenejsi anion;
Rapant et al., 1996). Tretiu skupinu vplyvnych prvkov
predstavuju CI', SO,> a NO, . Tieto tri parametre st kla-
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sickym prikladom antropogénneho znecistenia podzemnej
vody Slovenskej republiky. Ich vplyv na zaklade hodndt
koeficientu s, je v8ak vyrazne niz8i (vdcSinou o 1 rad)
nez vplyv Ca?*, Mg*" a ,tvrdosti“ vody. V pripade tychto
troch parametrov dolezitu Glohu zohrava skutoCnost’, ze
ich zvySeny obsah v podzemnej vode Slovenska vplyvom
antropogénneho znecistenia je sprevadzany vacsinou zvy-
Senou koncentraciou Ca?* a Mg?, ktoré sa preukazali ako
najvplyvnejsie z hl'adiska umrtnosti na CVD.

Vysledky vypoctov ANN v pripade Rel00 — 199 su
uvedené v tabulke 7 spolu s vypocitanymi limitnymi
hodnotami. Ako vplyvné prvky (s, > 1) sa prejavili eSte:
SiO,, Na*, PO, F, K*, pH, Ba, Mn, Zn, *’Rn, **Ra, Cu,
Fe, NO, a Sb. Ako nevplyvné prvky (s, < 1) sa zistili:
ChSK,,, NH/", As, Hg, Cr, Cd, Se, Pb a Al. Vysledky
vypoctov ANN v pripade ostatnych hodnotenych zdra-
votnych indikatorov kardiovaskularnych ochoreni su do-
stupné na internetovej stranke www.geology.sk/geohealth.
Zaujimavou skuto¢nost'ou je zistenie, ze prakticky vset-
ky potencialne toxické prvky sa prejavili ako nevplyvné,
v pripade Sb so zanedbateInym vplyvom (s, < 1,000 2).
Toto zistenie je v stlade s doterajSimi poznatkami o ma-
lom vplyve potencidlne toxickych prvkov na zdravotny
stav obyvatel'stva v kontaminovanych uzemiach po ban-
skej ¢innosti v Slovenskej republike (Rapant et al., 2014b).

Z dosiahnutych vysledkov je zrejmé, ze z hodnotene;j,
relativne Sirokej $kaly analyzovanych prvkov v podzemne;j
vode ma uréujtci vplyv na tmrtnost’ na CVD obsah Ca?*
+ Mg?", Ca?* a Mg?". Viacerymi pripadovymi §tadiami sa
preukazal ich vplyv (deficit) na CVD (Pocock et al., 1980;
Sauvant a Pepin, 2000; Ferrandiz et al., 2004; Yang et al.,
2006; Kousa et al., 2006; Leurs et al., 2010). Vapnik a hor-
¢ik st vel'mi ddlezité vnutrobunkové kationy a ich vyznam
pre spravnu ¢innost srdca bol vo svetovej literatire opisa-
ny uz viackrat (Bencko et al., 2011; Kozisek, 2003, 2005;
Rubenowitz-Lundin a Hiscock, 2005; Cotruvo a Bartram,
2009). Vo viacerych pracach sa v suvislosti s vyskytom
CVD casto priklada vel’ky vyznam optimalnej koncentra-
cii Mg, ktory vplyva najmé na hypertenziu (Yang, 1998;
Catling et al., 2008; Monarca et al., 2006; Rosanoff, 2013).

Pri vymedzeni limitného obsahu sme na zaklade vy-
poctov ANN v pripade Ca** + Mg**, Mg*", MIN a HCO,"
mohli vy¢lenit’ limitny (minimalne potrebny, maximalne
pripustny) aj optimalny obsah (tab. 7, obr. 4), pri ktorom
bol vyskyt Rel00 — 199 pod priemernou hodnotou EBRel
sa nepodarilo urcit’ hornu limitn1 hodnotu (krivka nepre-
tina priemernt hodnotu EBRel). V pripade Ca*", CI', SiO,
a PO, sme dokézali ur¢it’ len dolnt limitni hodnotu ich
obsahu. V pripade SO,> a NO,  sme dokazali urcit’ len
hornt limitna hranicu.

V tabulke 8 uvddzame vypocitané limitné hodnoty
najvplyvnejsich prvkov v porovnani s limitnymi hodnota-
mi slovenskej normy pre pitni vodu. V pripade najvplyv-
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nejSich prvkov (Ca?* + Mg?, Ca*", Mg*) su nase limitné
hodnoty vyrazne vyssie (priblizne 2- az 3-krat), ako udava
slovenska norma pre pitni vodu (NV SR ¢. 496/2010 Z. z.).
Pri tychto ,,zvySenych® hodnotach koncentracie Ca*',
Mg?, Ca** + Mg*" je Grovei tmrtnosti na CVD na Sloven-
sku vyrazne nizsia ako celoslovensky priemer.

Na zaklade vypoctov ANN ako limitné hodnoty v pit-
nej vode z hladiska umrtnosti na CVD mézeme teda na-
vrhnat' v pripade Ca** > 90 mg . I, pri Mg?* > 24 mg . I!
a pri Ca?* + Mg? > 2,9 mmol . I'".

Horné limity obsahu Ca*", Mg*, resp. ,,tvrdosti vody
nepovazujeme za prili§ dolezité. Podzemnd/pitnd voda
prekracujuca horné hranice (¢i uz limitované v slovenske;j
norme pre pitnu vodu, alebo nami odvodené limitné hod-
noty) sa na urovni Slovenskej republiky vyskytuje naozaj
len ojedinele a takato podzemna voda sa nepouziva na za-
sobovanie obyvatel'stva pitnou vodou.

ZAVER

Z dosiahnutych vysledkov vyplyva, ze iimrtnost’ na
CVD na tizemi Slovenskej republiky je ovplyviiovana che-
mickym zlozenim podzemnej vody, najmi obsahom Ca*',
Mg?* a ich sumou Ca*" + Mg?" (mmol . I'"). Vyrazne nizsia
umrtnost na CVD v porovnani s celoslovenskym prieme-
rom sa zistila pri obsahu tychto parametrov v podzemnej
vode v nasledujtcich trovniach: Ca** > 90 mg . I'!, Mg**
>24 mg . 1" aCa* + Mg* > 2,9 mmol . I"'. Tieto nase
hodnoty obsahu st priblizne 2 — 3-krat vyssie ako limitny
obsah slovenskej normy pre pitnti vodu (NV €. 496/2010
Z. z.). Odporacame zvazit zvysenie su¢asnych odporuca-
nych limitnych hodnét tychto ukazovatel'ov pitnej vody.
Definitivne limitné hodnoty budu uréené az po komplex-
nom spracovani chemického zlozenia podzemnej/pitnej
vody vo vztahu k Sirokej Skéale zdravotnych indikatorov
(okrem CVD aj onkologické ochorenia, ochorenia travia-
cej a dychacej sustavy a zliaz s vnutornym vylucovanim).

Zvysena umrtnost na CVD na uzemi Slovenskej re-
publiky je spétd s nizkym (deficitnym) obsahom vépnika
a hor¢ika v podzemnej/pitnej vode a nizkou ,,tvrdostou‘
vody.

Uvedomujeme si uréité nepresnosti, ktoré limituju
nase vysledky. NajdolezitejSou skuto¢nostou je to, ze I'u-
dia vzdy nepiju presne takua istd vodu, aki uvadza nasa
priemerna analyza vody v obci. Na§ model vSak zahfiia
celé uzemie Slovenskej republiky (priblizne 50 000 km?),
celu slovenska populaciu (priblizne 5,5 mil. I'udi) rozde-
lent do vsetkych 2 883 obci. Mame vyhodnotenych viac
ako 20 000 chemickych analyz vody a 34 prvkov/zloziek
a sledujeme umrtnost’ na kardiovaskularne ochorenia pro-
strednictvom viacerych zdravotnych indikatorov.

O dolezitosti Ca*" a Mg?* v pripade vyskytu kardiovas-
kuldrnych ochoreni bolo publikovanych nespocetne vel'a
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prac (napr. Dawson et al., 1978; Shaper et al., 1980; Rylan-
der et al., 1991; Rosborg — ed., 2015).

Kardiovaskularne ochorenia spolu s onkologicky-
mi ochoreniami predstavuji v rozvinutych krajinach
rozhodujuce pri¢iny umrti. Obsah Ca* a Mg>" (resp.
Htvrdost* vody) vSak nie st limitované WHO v pitne;j
vode. Na zéklade dosiahnutych vysledkov tykajucich sa
kardiovaskularnych ochoreni odpora¢ame WHO prehod-
notit’ stanovenie medzinarodnych §tandardov obsahu Ca?*
a Mg?* v pitnej vode.
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Chemical composition of groundwater and mortality for cardiovascular diseases
in the Slovak Republic

Cardiovascular diseases (CVD) have been the com-
monest cause of death in Slovakia for a long time, repre-
senting about 50 % of all causes of death (NHIC, 2012;
OECD, 2013). The main risk factors for CVD include
stress, genetic predisposition, obesity, regular smoking,
excessive alcohol intake, unhealthy eating habits, as well
as environmental factors, which include mainly the level
of natural element concentrations and anthropogenic con-
tamination of the groundwater (especially drinking water),
soil and air.

The main objective of this work is to determine which
chemical elements in the groundwater are most close-
ly associated with CVD mortality, and, simultaneously,
to suggest limit concentrations (optimum, maximum
allowable and minimum required), for which CVD morta-
lity is as low as possible.
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Mortality and increased incidence of CVD are often
associated with an excess or deficit of several chemical
elements in the groundwater/drinking water, most often
with a deficiency of Ca>" and Mg?", and low water hard-
ness (Dawson et al., 1978; Shaper et al., 1980; Rylander
et al.,, 1991; Rahman & Husain, 2011). However, some
studies do not confirm this dependence, e.g. Maheswaran
et al. (1999). Other work associates CVD with increased
concentrations of potentially toxic elements (PTE) in the
groundwater/drinking water, mainly As, Cd, Pb, Sb and Ba
(Schroeder & Kraemer, 1974; Bhatnagar, 2006; Mitchell
etal., 2011; Sturchio et al., 2013).

Groundwater is the most important source of drinking
water for most of population in Slovakia; accordingly,
our work covers the source of drinking water for approxi-
mately 90 % of inhabitants (Klinda & Lieskovska, 2010).
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Approximately 20 % of the Slovak population uses water
from individual wells for drinking and cooking purposes.
About 50 % of the population is supplied with drinking
water from local water companies using local water re-
sources with a low discharge (less than 5 1 s!) captured
and distributed to water supply pipes in the vicinity of
settlements. Only in southern Slovakia (especially in the
Quaternary sediments) the population is supplied from
large water resources that are distributed across distances
of 50 — 100 km.

In the present article we evaluate the association of
a wide range of elements commonly analysed in the
groundwater with data on mortality for cardiovascular
diseases (Tab. 1). Two main datasets included data on
chemical composition of groundwater defined as envi-
ronmental indicators (> 20,000 analyses, 34 parameters)
and data on health indicators of cardiovascular diseases,
tab. 2 (Rel00-199, Rel21-125, Rel63-164, SMRI00-199,
SMRI21-125, SMRI163-164, PYLLI0O0-199, PYLLI21-125)
were analysed. Both datasets were divided according to
geological structure of the Slovak Republic into 8 main
geological units (1. Paleozoic, 2. Crystalline, 3. Carbonatic
Mesozoic and basal Paleogene, 4. Carbonatic-silicate Me-
sozoic and Paleogene, 5. Paleogene Flysch, 6. Neovol-
canic rocks, 7. Neogene, 8. Quaternary) and analysed
through traditional statistical correlations (linear, Spear-
man) as well as through methods of artificial neural net-
works, both expressed in the form of mean values for the
administrative-territorial units of the Slovak Republic
(2,883 munici- palities). The neural networks represent
unique technique of statistical analysis and innovative
method in the field of medical geochemistry used for anal-
ysis of relationship between geological environment and
human health.
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Based on achieved results we can conclude that
mortality on cardiovascular diseases in the Slovak Re-
public is influenced by chemical composition of groun-
dwater/drinking water, mainly Ca**, Mg*" contents and
Ca* + Mg* levels (Tab. 6, 7). Mortality on CVD is
significantly lower compared to Slovak average when
groundwater content of these parameters are following:
for Ca?* > 90 mg I'!, for Mg?" within range of > 24 mg I'!
and for Ca?*+ Mg* > 2.9 mmol I'!. Our derived limit va-
lues are about 2 — 3 times higher compared to limits de-
fined within the Slovak guideline for drinking water and
therefore we recommend increasing them. We are aware
of certain uncertainties that limit our results. The most
important fact is that people do not consume exactly the
same water as it is defined by our average groundwater
analysis for single municipalities. On the other hand, our
model includes whole territory of the Slovak Republic
(about 50,000 sqkm), whole Slovak population (about
5.5 millions of people) divided to all 2,883 municipalities.
We have evaluated more than 20,000 chemical analyses
for groundwater including 34 chemical elements/com-
pounds/parameters and we have analysed mortality for
cardiovascular diseases through several health indicators.

There are a number of works dealing with the Ca*" and
Mg?" relevance to cardiovascular disease mortality (e.g.
Dawson et al., 1978; Shaper et al., 1980; Rylander et al.,
1991; Rosborg, 2015). Cardiovascular diseases represent
in developed countries key causes of deaths for majority
of population. However, Ca?* and Mg>* groundwater con-
tents (or water hardness) are not revised by World Health
Organization (WHO) as parameters influencing human
health. Based on achieved results in this study we propose
to WHO to give consideration to determine international
drinking water standards for Ca?* and Mg?* content levels.
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Manuscript. Archive St. Geol. Ust. D. Stura, Spi§ska Nova Ves, 28 p.

3. The article with more than two authors is referred by the name of the first
author with the amendment et al., but the list of references contains names of all
authors.
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