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Abstrakt

Pfredmétem  zajmu  pfedkladané disertacni prace  byly
geochemické procesy, které vedou ke vzniku kifdové termalni vody
v oblasti Usti nad Labem. Tyto termalni vody jsou vzhledem k ostatnim
kiidovym vodam velice vyjimecné. Jsou nejcastéji chemického typu Na-
HCO; s vysokou celkovou mineralizaci (nad 1 g/1) a také s neobvykle
vysokymi obsahy fluoridovych iontd (okolo 10 mg/1). Dobfe patrni je
jejich vyjimecnost ze srovndn{ s dal$imi termalnimi vodami, které jsou
rovnéz soudasti benesovsko-usteckého zvodnéného systému CKP,
v Déc¢ine. Kifdové vody jsou zde typu Ca-HCO; s celkovou
mineralizaci az o cely fad nizsi (okolo 160 mg/l) a téméf neobsahuji F
ionty. Dalsi zajimavosti tstecky termalnich vod je, Ze nez zminovanym
kiidovym vodim se podobaji termalnim vodam, které se vyskytuji
v Teplicich v télese teplického ryolitu.

Usteckymi termalnimi voda se zabyvala v minulosti jiz fada
autoru (zejména Hazdrova, 1971), ale noveé byly pfi studiu jejich geneze
ve vétsim méfitku pouzity izotopové analyzy a zejména inverzni
geochemické modelovani.

Na zakladé vysledki analyzovanych vzorkd vod a také pak na
zaklade vysledku geochemického modelovani vznikajf Gstecké termalni
vody miSenim podzemnich vod z kolektord CKP s podzemnimi
vodami z podloznich krystalickych hornin Krusnych hor. Pravé télesa
svrchnokarbonskych  granitd  vyskytujici  se v krusnohorském
krystaliniku jsou zdrojem vysokych koncentraci F ionta (Breiter, a dalsf,
1999, Stemprok, a dalsi, 2003).

V Usti nad Labem se kromé termalnich vod typu Na-HCO;
s vysokou celkovou mineralizaci vyskytuje jesté jeden typ termalnich
kiidovych vod. Tato druha skupina termalni vod je typu Na-(Ca)-
HCO3-SO4 a2 ma piiblizné polovicni celkovou mineralizaci (okolo 600
mg/l). T tento typ vznikd miSenim kfidové podzemni vody s vodou
z krusnohorského krystalinika. Rozdil mezi témito dvéma typy
termalnich vod je zpusoben rozdilnym mnozstvim endogenniho COs,

kterému jsou termy vystaveny.
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Krome piisunu endogenniho CO; a miSeni je vznik dsteckych
termalnich vod mozné popsat dvéma zpisoby. Bud rozpousténim
silikatd, nebo kationtovou vyménou spojenou s rozpousténim
endogenniho COz a karbonati podobné (oba zdroje maji hodnoty #C 0
pmC, hodnota 313C endogenntho COz jsou okolo -3%o, karbonaty maji
hodnoty 813C od -5%o0 do +3%o (V-PDB) (Clatk, a dalsi, 1997; Weinlich,
a dalsi, 1998, 1999, 2003; Weise, a dalsi, 2001; Geissler, a dalsi, 2005;
Uli¢ny, a dalsi, 1993).

Zdrojem iontd Cl- se zdaji byt bud relikty solanek vznikljch
v tfetthornim jezefe, které infiltrovaly hluboko do riftové zény a ted
jsou vymyvany (Paces, a dalsi, 2004), nebo solanky pochazejici
z permokarbonskych sedimentu leZicich pod sedimenty CKP vychodné
od studované oblasti (Jetel, 1974).

Ustecké termélni vody s vy$si a niz$i celkovou mineralizaci se
také vyrazné lisi v hodnotach 3§ a 8180 rozpusténého SO4. Co znadi,
ze zdroje siry u nich jsou odlisné. Zatimco sira u termalnich vod s vyssi
celkovou mineralizaci pravdépodobné pochazi ze solanck (Skocek, a
dalsi, 1977), u druhé skupiny termalnich vod jsou pravdépodobnym
zdrojem S sulfidické mineraly (Mach, a dalsi, 1999).
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Abstract

In presented thesis object of study was geochemical processes
that lead to genesis of the Cretaceous thermal water in Usti nad Labem
area. These thermal waters are compared with other Cretaceous waters
very exceptional. Most often they are Na-HCO; chemical type, with
high TDS (above 1 g/L) and with unusually high levels of fluoride ions
(about 10 mg/L). Their uniqueness is well evident from compatison
with other thermal waters, which are also part of the Benesov-Usti
water bearing system, in Decin. Cretaceous waters here are Ca-HCOj3
type with TDS up a full order of magnitude lower (about 160 mg/L)
and almost free from F ions. Another interesting feature of thermal
waters in Usti area is that they are more similar to thermal waters in
Teplice that occur in the body of Teplice rhyolite.

Many authors (especially Hazdrova, 1971) in the past studied
origin of thermal waters in the Usti area, but newly in larger scale have
been applied isotope analysis and above all inverse geochemical
modeling.

Based on results of analyzed water samples and then also on
geochemical modeling Usti thermal water originate by mixing of
groundwater from aquifers of the BCB with groundwater derived from
underlying crystalline rocks of the Erzgebirge Mountains. Just upper
Carboniferous granites occurring in the Erzgebirge crystalline bedrock
are source of high concentrations F ions (Breiter et al., 1999, gtemprok
et al., 2003).

In Usti nad Labem, in addition to the thermal waters of Na-
HCO:s type with high TDS occur one more type of Cretaceous thermal
waters. This second group of thermal waters is chemical type Na-(Ca)-
HCO;-SO4 and has approximately half TDS value (about 600 mg/L).
Also this group originates by mixing cretaceous groundwater with
groundwater from the Erzgebirge crystalline bedrock. The difference
between these two types of thermal waters is caused by different

amounts of endogenous COz, which ate exposed.

In addition to the supply of endogenous CO: and mixing, the
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origin of Usti thermal waters can be described in two ways. Either by
dissolution of silicates or cation exchange associated with dissolution
of carbonates. This is caused by the fact that 613C and #C values of
endogenous CO: and carbonates are similar (both sources have values
14C 0 pmC, 813C value of endogenous COx is around -3 %o, carbonates
have 83C values from -5 %o to +3 %o (V -PDB) (Clark et al., 1997,
Weinlich et al., 1998, 1999, 2003; Weise et al., 2001; Geissler et al., 2005;
Uli¢ny et al.,, 1993).

The source of Cl-ions seem to be either brines relics originating
in a Tertiary lake that infiltrated deep into the rift zone and now they
are washed (Paces et al., 2004) or brine from Permian-Carboniferous
sediments that lie under the BCB sediments ecast of the study area
(Jetel, 1974).

Usti thermal waters with higher and lower TDS are significantly
different in values of 83S and 8'80 of dissolved SO4. What is meant,
that the source of sulfur in them, are different. While the sulfur in
thermal waters with higher TDS probably comes from brines (Skocek
et al,, 1977) in the second group sulfide minerals are source (Mach et
al.,, 1999).
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1. Uvod

Otazka geneze usteckych ale také nedalekych décinskych
termalnich vod byla znovu oteviena v souvislosti se vzristajicim
zdjmem o vyuzivani geotermalnich zdroji a s tim Gzce souvisejicimi
otazkami a obavami o udrzitelnost limity jejich vyuzivani. To bylo také
hlavnim tématem grantu GA ¢. 205/07/0691, za jehoz pfispéni vznikla
i tato prace.

2. Cile prace

Cilem diserta¢ni price bylo, pomoci zde dosud nepouzitych
metod, popsani geochemickych procest, které vedou ke vzniku
kiidovych termalnich vod v oblasti Usti nad Labem. Novym pfistupem
bylo zejména v $irsim méfitku vyuzitl izotopové hydrogeologie a
inverzniho geochemického modelovani.

3. Material a metody

Ke studiu geneze termalnich vod na Ustecku byly vyuzity
v$echny termalni vrty, které se vyskytuji v oblasti benesovsko-usteckého
zvodnéného systému a ze kterych je pravidelné jimana termalni voda.
Jednalo se tedy i o décinské termalni vrty. V Dééiné bylo vzorkovano
pet vrtd (Alcan, DC-1, DC-4, DC-5 a DC-6). V Usti nad Labem jich
bylo vzorkovano také pét (ULK-1, TH-10, ML-2, UL-ZOO-1 a HB-2)
viz . Dale byly vzorkovany dva vrty s prostou vodou, které se vyskytuji
proti sméru proudéni podzemni vody v beneSovsko-usteckém systému
(SK-10C, SK-12C). A nakonec také byly vzorkovany dva zdroje
termalni vody v Teplicich (Pravtidlo, TP-28).
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Obir. 1: Situacni mapa zajmové oblasti.

31 Chemické analyzy

Odbér vzorka vod na chemické analyzy probihal na pielomu
roku 2007 a 2008. Celkem bylo ovzorkovano pét termalnich vrth
v Dé&iné a étyii vrty s termélni vodou v Usti nad Labem. Vzorky byly
bezprosttedné po odbéru pfevezeny do akreditované laboratofe
Monitorig s.t.0.

Chemické analyzy podzemnich vod z vrtd TH-10, SK-10C a SK-
12C, které patii do pozorovaci sitt CHMU, byly prejaty zjejich
databaze. Chemické analyzy Praviidla a TP-28 byly pfevzaty z databaze
lazn{ Teplice.

3.2 Izotopové analyzy

Odbéry vzorkti podzemnich vod pro izotopové analyzy byly
provedeny v prosinci roku 2008. Toto vzorkovani bylo zaméfeno
predevsim na vrty v Usti na Labem. Vzorkovany zde byly vrty ML-2,
ULK-1, UL-ZOO-1 a TH-10. Dale byly odebrany vzorky z vrtd SK-
12C, SK-10C. U vrta UL-ZOO-1 a SK-12C byly analyzovany izotopy
O, H (D 13H), S v SO4(aq) ai O v SO4(aq) a také izotopy C (3C(DIC) i
1#C(DIC) a Str. U vrth ULK-1 a TH-10 byly analyzovany stejné izotopy

az na izotopy stroncia. U vzorku z vrtu ML-2 bylo z analyz kromé

10
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izotopu St vynechano i tritium. U posledniho vzorkovaného vrtu SK-
10C nemohly byt analyzovany izotopy Sa O v SO4(aq) kvuli absenci

sirand, také tritium nebylo u tohoto vrtu métfeno.

Vlednu a cervau roku 2009 byly odebrany dalsi vzorky na
izotopové analyzy. Jednalo se o vzorky teplickych termalnich vod,
Pravifdla a TP-28 a rovnéz o vzorky z tsteckého vrtu HB-2, jenz
nebylo mozné v zimnich mésicich vzorkovat a o vzorky zjednoho
decinského vrtu DC-4. U Praviidla byly provedeny vsechny analyzy
stejné jako u vrta UL-ZOO-1 a SK-12C. U vrtu TP-28 nebyly
provedena analyza izotopt Sr a méfeni *H také nebylo udélano. U vrta
HB-2 a DC-4 byly analyzovany pouze izotopy O v H2O a v SO4(aq), D
a S v SO4(aq).

3.3 Speciacni modelovani

Specia¢ni modelovani bylo provedeno pomoci programu
PHREEQC (Parkhurst, a dalsi, 1999). K vypoctt byla pouzita databaze
minteq4.dat. Tato databaze byla vyvinuta pro program US EPA
MINTEQN (Allison, a dalsf, 1991).

3.4 Inverzni geochemické modelovani

K inverznimu geochemickému modelovani byl pouzit program
NETPATH (Plummer, a dalsf, 1994) vijeho revidované verzi
NetpathXL, coz je verze ktera funguje v operaénim programu

Windows a kterd umi pracovat s daty ulozenymi v excelové tabulce.

11
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4. Vysledky a diskuze

4.1 Chemické sloZeni zkoumanych vod

Chemicky charakter zkoumanych vod je dobfe patrny z Piperova
grafu (Obr. 2).

Obr. 2: Piperav graf chemismu zkoumanych
podzemnich vod (modifikovano z Dupalova, a dalsi,
2012).

Decinské termalni vody jsou nejcastéji typu Ca-HCO;3, ale dva
vrty DC-4 a DC-1 jsou i typu Ca-HCO3-SO4. Celkova mineralizace se u
téchto vrtl pohybuje v rozmezi hodnot 158 - 174 mg/l. Hodnoty pH
se pohybuji okolo 7 a teplota okolo 27°C. Koncentrace F iontd se
pohybuji okolo 0,1 mg/1.

Ustecké termalni vody je mozné rozdélit do dvou skupin. Jednu
skupinu tvofi vrty HB-2, UL-ZOO-1 a ML-2 a druhou skupinu vrty
TH-10 a ULK-1, které se od se vzajemné odlisuji v mnozstvi Ca. Prvni
skupina je typu Na-HCOj3, druha je typu Na-(Ca)-HCO3-SO4. Hodnoty

12
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pH (in situ) termalnich vod v Usti nad Labem se pohybuji v rozmezi od
6,8 (TH-10) do 7,27 (UL-ZOO-1). Teploty se pohybuji od 24,2°C (TH-
10) do 30°C (ULK-1, UL-ZOO-1). Vyse celkové mineralizace ustecky
termalnich vod je tdzce provazana sjejich geochemickym typem.
Skupina vrtd s vodou typu Na-HCO; ma celkovou mineralizaci okolo
1600 mg/1. Druhd skupina ma celkovou mineralizaci okolo 600 mg/1.
Skupina vrtd s podzemn{ vodou typu Na-HCO; ma také relativné
vysoké koncentrace SOy (okolo 230 mg/1), Cl (mezi 120 - 140 mg/]) a
F (okolo 10 mg/l). Ve stovnini snimi, maji vrty druhé skupiny
koncentrace SOy asi 0 50 mg/1 nizsi, koncentrace Cl jsou az o fad nizsi
a obsahy I jsou u téchto vrtd zhruba poloviéni.

Teplické termalni{ vody jsou v Piperové grafu umisténi pfesné
mezi vy$e a nize mineralizovanou skupinou termalnich vod v Usti nad
Labem. Mistni termy jsou typu Na-HCOs, pH maji okolo 7,2, teploty
okolo 40°C. Celkovad mineralizace Praviidla je 743 mg/l, vrtu TP-28
1041 mg/1. Koncentrace F iontl se pohybuji okolo 7 mg/1.

4.2 Izotopové sloZeni zkoumanych vod

Vsechny nimi zméfené vzorky v grafu 8D/ 8180 lezi na globalni
svetové meteorické linii (GMWL) (viz Obt. 3), coz naznacuje, Ze jejich
voda b¢hem infiltrace nebyla vyznamnéji ovlivnéna evaporaci a také Ze
neprosla vys$simi teplotami, kdy by dochéazelo k intenziva{ interakci
vody s okolni horninou. Za zminku stoji pozice vrta v Usti nad Labem.
Ustecké vrty lezi téméf uprostied mezi vrty SK-12C a DC-4 v Déciné a
vrty Praviidlo a TP-28 v Teplicich. Podzemni vody v Usti nad Labem se
na zakladé Obr. 3 zdaji smési nekolika komponent: staré podzemni
vody s negativnimi izotopovymi hodnotami a slozky izotopové
nabohacené modern.

13
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Obr. 3: Graf 8D/ 8'80 — nova data ve srovnani
s mineralnimi vodami ohareckého riftu

Vysledky méfeni izotopt C naznacujf, ze zkoumané podzemni
vody prodélaly z hlediska izotopti C slozity vyvoj a ze byly vystaveny
interakcim s raznymi zdroji C, které zasadné zménily jejich hodnoty
S13C a aktivity 4C, které mély na pocatku po infiltraci. Pro spravnou
interpretaci ptivodu C ve studovanych vodach na zaklad¢ izotopového
slozeni C je proto nutné znat izotopové charakteristiky potencialni
zdroji C, aby mohla byt odhadnuta mira jejich vlivu na zkoumanou
podzemni vodu. Mozné zdroje C v oblasti jsou karbonaty a endogenni
CO». Radiouhlikové stafi bylo odhadnuto pomoci programu
NETPATH v kapitole 4.5.

Hodnot 8%S(SO4%) ukazuji u usteckych termalnich vod
minimalné dva zdroje S. Jeden zdroj u skupiny term s vyssi celkovou
mineralizaci (8%*S okolo 7%o (CDT)) a jeden u skupiny s nizs$i celkovou
mineralizaci (838 okolo -17%0 (CDT)) (Obr. 4).

14
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Obr. 4: Graf 83S(SO4)/koncentrace SO4 (modifikovino
z Dupalova, a dalsi, 2012).

Zdrojem siry u vySe mineralizovanych termalnich vod mize byt
tietthorni nebo permokarbonska solanka, u druhé skupiny usteckych

term sira pochézi ze sulfidickych mineralt.

Izotopovy pomér 87Sr/86Sr podzemni vody ve vrtu UL-ZOO-1
v Usti nad Labem je 0,710117. Tato hodnota spadid mezi hodnoty
0,708803 a 0,718598. Prvni hodnota, 0,708803, byla naméfena v
kifdové vrtu SK-12C a druha, 0,718598, byla zjisténa v teplickém
Praviidle. Podzemni voda ve vrtu UL-ZOO-1 je na zakladé toho

nejspise kombinaci dvou slozek.

4.3 Specia¢ni modelovani

Koncentrace C, vyjadfené jako celkové COz, jsou mnohem nizsi
v Déciné (vrty od Alcanu po DC-6) nez v Usti nad Labem (vrty od UL-
Z0OO0-1 po TH-10). Piislusné rozsahy jsou od 2,85 mmol/l po 3,6
mmol/l v Déc¢iné a od 6,9 mmol/l po 23,9 mmol/l v Usti na Labem.
V Usti nad Labem podzemni vody s vysokou mineralizaci (vrty UL-
Z00-1, ML-2 a HB-2) majf pfiblizné tfikrat veétsi celkovou koncentraci
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COz2 nez podzemni vody s nizkou celkovou mineralizaci z vrtd ULK-1
a TH-10. Podobn¢ vypoctené hodnoty logPco, v Déciné jsou mnohem
nizsi nez ty z Ust{ nad Labem, s piislusnymi rozsahy od -2,03 do -1,43 a
od -1,35 do -0,88. Hodnoty pro termalni vody z Teplic (vrty Praviidlo a
TP-28) spadaji do rozpéti hodnot vrta v Usti nad Labem. Vrt SK-10C
reprezentuje typickou podzemni vodu z kifdové formace z blizkosti
infiltra¢n{ oblasti u luzické poruchy a vrt SK-12C, ktery reprezentuje
podzemni vodu z té samé formace, ale daleko od infiltra¢n{ oblasti, ma

hodnoty celkového COz a logPco2 podobné vrtim z Décina.

Veétsina vzorkd je nenasycena vzhledem ke kalcitu a dolomitu,
kromé vzorka z vrtd Praviidlo a TP-28 v Teplicich. Vétsina vrta v Ust
nad Labem je v disledku vysokych koncentraci F-pfesycena vzhledem
k fluoritu. Vyjimkou je vrt TH-10. Na druhou stranu k sadrovci jsou
vSechny vzorky zkoumanych vod nenasycené, coz naznacuje
konzervativni chovani SOy za pfedpokladu, Zze zde nedochazi k redukei
SO4. Vsechny vrty jsou pfesycené vzhledem ke kiemenu a nenasycené
vzhledem k amorfnimu SiO».

4.4 Geotermometrie

Geotermometrie je soubor metod, na zakladé nichz je mozné
odhadnout teplotni podminky vzniku zkoumané podzemni vody.
Vypocitand hodnota vyjadfuje teplotu zdrojového rezervoaru. Pokud
soucasné zname geotermalni gradient v oblasti, mizeme odhadnout
hloubku uloZeni tohoto rezervoiru a stim 1 hloubku cirkulace
zkoumané podzemni vody. Metody geotermometrie jsou zalozeny na
studiu obsahu a distribuce konkrétnich iontd nebo izotoph v dané
vodé. Piedpokladem pro pouziti geotermometri je, ze ionty nebo
izotopy pouzité pro vypocet byly ve zdrojovém rezervoiru dané
podzemni vody v rovnovaze se svym okolim a tento stav se nezménil
ani po tom, co podzemni voda tento rezervoar opustila. Pro ustanoveni
vétsiny rovnovah je zapotfeb{ vyssich teplot, protoze za nizkych teplot
procesy mezi vodou horninou probihajf velmi omezené.

Pro odhadnuti zda dana podzemni voda dosahla, ¢i nedosahla
rovnovazného stavu, lze pouzit Giggenbachtv diagram (Giggenbach,
1988). Tento diagram vyjadfuje vztah zkoumanych vzorki vod
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vzhledem kiontim Na, Ka Mg Vzorky vod v tomto diagramu se
zobrazi na zékladé obsahtt Na, Ka Mg (viz Obr. 5) vjedné ze tif
oblasti. V prvni oblasti lezi nezralé podzemni vody, které nedosahly ani
¢astecné rovnovahy s matecnou horninou, nebo o tuto rovnovahou
vlivem re-ckvilibrace pfisly. V druhé oblasti pak lezi vody, které dosahly
¢astecné rovnovahy a stale v nf jsou a v tieti oblasti jsou vody zcela
v rovnovaze s horninovym prosttedim. V pfipadé, Zze podzemni voda je
alespon v ¢aste¢né rovnovaze, je z Giggenbachova diagramu mozné
odhadnout teplotu jejtho zdrojového rezervoaru.

Pozice vétsiny zkoumanych vzorka v Giggenbachové diagramu
se nachaz{ v blizkosti jeho Mg!/2-rohu v poli nezralych vod. Pouziti Na-
K, Mg-K geotermometrt u takovych vod neni mozné. Pouze skupina
usteckych vod s vys$si celkovou mineralizaci dosahla urcité rovnovahy.
Teplota jejich zdrojového rezervoiru odhadnutd na zdkladé Mg-K
geotermometru se pohybuje mezi 80 — 90°C. Coz by pfi pramérném
geotermalnim gradientu v dstecké oblasti 54°C/km (Jirdkova, a dalsi,
2011) znamenalo hloubku ob¢hu 1,481 — 1,667 km.

Na/1000

50 cNa/1000 + cK/100 +VeMg = S
%-Na=cNa/10* 8
0 %-Mg = 100 * \&Mg / S
ci v mg/kg
70

VODY ZCELA V ROVNOVAZE
S OKOLNIM PROSTREDIM — t,, (Na-K geotermometr)

W AT A t,, (Mg-K geotermometr)

VODY NEZRALE, V NEROVNOVAZE S OKOLIM ol -%1
arhne, rupka
K/100 10 20 a0 40 50 50 0 o e [—Mg
%-Mg vrty v Déciné a Radvanci

Obr. 5: Termalni vody Ustecka a okoli vynesené do
Giggenbachova diagramu (Giggenbach, 1988).
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4.5 Inverzni geochemické modelova

Pomoci inverzniho geochemického modelovani bylo snahou
Zjistit mozné scénafe vzniku obou skupin termalnich vod v Usti nad
Labem. Za kazdou skupinu vrta byl zvolen jeden charakteristicky vrt:
UL-ZOO-1 za skupinu vrtt s vyssi celkovou mineralizaci, vrt ULK-1 za
skupinu vrtd sniz$i celkovou mineralizaci. Inverzni geochemické
modelovan{ bylo provedeno pomoci podzemni vody z Praviidla a vrtu
SK-12C jako pocatecni vrt ¢.1, respektive pocatecni vrt ¢.2. Dale byly
uvazovany dva mechanismy vzniku vod typu Na-HCOs;, kationtova
vymeéna spojend s rozpousténim karbonatd jako je kalcit a hydrolyza
silikatt jako jsou plagioklasy.

Ve veétsiné modelt obou skupin (UL-ZOO-1, ULK-1) dochazi
k miseni kfidové a krusnohorské podzemni vody v dosti podobném
pomeéru, ktery se blizi témef 1:1. To, ze se vody Praviidla a SK-12C misi
u obou skupin modeld stejné¢ a jest¢ v poméru téméf 1:1, vyborne
koreluje s postavenim obou typu ustecky podzemnich vod v grafu
8D/8'80. Vznik obou typu usteckych termalnich vod muize byt
podobné dobfe popsan jak kationtovou vyménou s rozpousténim
karbonati, tak hydrolyzou silikatt. Vypoctena doba zdrzeni termalnich
vod vychazi u obou skupin modeld podobné, pohybuje se pfiblizné
mezi 17 a 18 ka. Podstatnych rozdil mezi modely je v pfitomnosti ¢i
nepiitomnosti endogenntho CO2(g). Zatimco vSechny modely pro vrt
UL-ZOO-1 jeho piisun vyzaduji, vznik podzemni vody ve vrtu ULK-1
jim neni nezbytné¢ podminén. Na druhou stranu, s ohledem na aktivitu
14C, model s dotaci endogenniho COx(g) se piiblizil nejblize k naméfené
hodnoté. Dalsi viznamny rozdil mezi modely pro UL-ZOO-1 a ULK-1
je v odlisnych zdrojich S, coz je patrné z naméfenych hodnot 6#S(SOy),
které se u skupiny vrtd s termalni vodou s vysokou mineralizaci
pohybuji v kladnych hodnotich a u druhé skupiny vrta v hodnotach
vyrazné zapornych. V prvni skupiné modeld byly proto pouzity
mineraly sadrovec a thenardit a v druhé skupiné pyrit. V druhé skupiné
modeld, popisujicich nize mineralizované termaln{ vody, rovnéz nebylo
nutné mezi faze zahrnout halit, jelikoz koncentrace Cl- v téchto vrtech

nejsou vysoké.
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4.6 Koncepcni model vzniku termalnich vod
v Usti nad Labem

Koncepéni model vzniku termélnich vod v Usti nad Labem je
zobrazen na Obr. 6. Zakladni okolnosti vzniku termalnich vod v oblasti
Usti nad Labem je miSeni dvou typi podzemnich vod. Od SV sem
proudi stard kifdova voda, reprezentovana vrtem SK-12C, a od Z se
sem dostava mlads$i podzemni voda z Krusnych hor, reprezentovana
termalni vodou v ldznich Teplice. Nasledné je tato podzemni voda
vystavena pusobeni endogenniho COs, které vstupuje do kolektoru
prostfednicvim lokalizovanych pffvodnich drah, napt. hlubokozalozena
zlomova struktura podél Labe. Mnozstvi vstupujictho CO2 m4 zasadni
dopad na finalni{ mineralizaci usteckych termalnich vod, coz je dobie
patrné na rozdilném charakteru dvou skupin termalnich vod v Usti nad
Labem. Skupina termalnich vod sniz§i celkovou mineralizaci,
reprezentovand vrtem ULK-1, byla vystavena puasobeni jen menstho
mnozstvi endogennitho CO, na rozdil od druhé skupiny,
reprezentované vrtem UL-ZOO-1. Dikazem jsou rozdilné hodnoty
3BC(DIC) a “C u téchto dvou skupin vod. Mnozstvi CO» zasadni
mérou ovliviiuje kinetiku fady geochemickyh procesa jako je
rozpousténi karbonatl, hydrolyza silikaitd a nepfimo i kationtova
vymeéna. Pozice vrtd s vySe mineralizovanou termalni vodou v blizkosti
hlubokozalozené zlomové struktury ma vliv nejen na mnozstvi
ptinaseného CO,, ale také je podstatnd s ohledem na dotaci ionty Cl a
SO4+. Ty pochazeji pravdépodobné bud =z reliktu terciérni solanky,
ktery se mohl zachovat diky velké hloubce ulozeni a pomalé dynamice
proudéni podzemnich vod v oblasti, a nebo se jedna o solanky
permokarbonské, které se do oblasti Usti nad Labem dostavaji ze SV
smeéru. Nize mineralizované vody maji zdroj S odlisny. Sira v tomto
typu vod je nejpravdépodobnéji sulfidického pivodu. Fluor ve vodach
pochazi z vysokofrakcionovanych granitovych teles
svrchnokrabonského stafi.
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Teplice Usti nad Labem Téchlovice
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Obr. 6:Koncepéni model vzniku termalnich vod v Usti nad
Labem (modifikovano z Dupalova, a dalsi, 2012).

5. Zavéry

Cilem této prace bylo pokusit se na zakladé chemickych a
izotopovych dat urcit geochemické procesy, které vedly ke genezi
termélnich vod v oblasti Usti nad Labem. Oba typy termalnich vod,
které se v Usti nad Labem vyskytuji, typ Na-HCO3, s vy$si celkovou
mineralizaci a typ Na-(Ca)-HCO;-SO4 s nizsi celkovou mineralizaci,
jsou velmi odlisné od termalnich vod v Déciné, i pfesto, ze patii do
stejné strukturni jednotky CKP — benesovsko-tsteckého zvodnéného
systému.

Na zikladé hodnot 8D a 880, poméru 8St/8Sr a vysokych
koncentracich F a Li byla pfijat hypotéza, Ze termalni vody v Usti nad
Labem jsou smesi staré kifdové podzemni vody, pro inverzni
geochemické modelovani{ reprezentovanou vrtem SK-12C a podzemni
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vody z Krusnych hor s pfispévkem fosilni solanky. Vysoké koncentrace
HCOs iontd u skupiny usteckych termalnich vod s vyssi celkovou
mineralizaci ve srovnani s druhou skupinou usteckych termalnich vod
nasvédcovaly tomu, ze tyto termy byly vystaveny pusobeni
endogenniho COz. Coz analyzy izotopt uhliku skute¢né prokazaly. Ve
vySe mineralizovanych udsteckych termalnich vodach byly naméfeny
vysoké hodnoty 8BC(DIC) a aktivity “C(DIC) blizké nule. V nize
mineralizovanych podzemnich vodich byla naméfena hodnota
3BC(DIC) nizsi a aktivita “C(DIC) naopak vyssi. Pfesto i nize
mineralizované udstecké termalni vody byly na zdkladé¢ izotopovych
analyz rozpusténého uhliku ovlivnény endogennim COo, ale zdaleka ne
v takové mife. Rozdil mezi vySe a nize mineralizovanymi usteckymi
termami je dan jejich umisténim vzhledem ke zlomam, po kterych CO>
vystupyje. Velké mnozstvi CO» zpusobuje rychlé rozpousténi minerald
a rovnéz je zodpoveédné za vysoké koncentrace rozpusténého
anorganického C.

Nékolik moznych scénait vzniku termalnich vod v oblasti Usti
nad Labem poskytlo inverzni geochemické modelovani. Ve vsech
modelech bylo zahrnuto miSeni staré kfidové podzemni vody
s podzemni vodou zKrusnych hor a vpiipad¢ vysoko
mineralizovaného typu i piisun endogenniho COz. Dal$imi procesy,
které byly vinverznim geochemickém modelovani uvazovany, byla
kationtova vyména spojena s rozpousténim karbonath, a nebo
hydrolyza silikata jako je albit. Zdrojem SO4* a ClI u vyse
mineralizovanych termalnich vod je pravdépodobné solanka pochazejici
bud’ z kenozoického jezera, nebo z permokarbonskych sedimentd.
V ptipadé nize mineralizovanych termalnich vod SO4% pravdépodobne
pochazi z oxidace sulfidickych minerald.

Nemoznost s urcitosti rozlisit mezi modely s hydrolyzou silikatt
a kationtovou vymeénou s rozpousténim karbonata je dusledkem
podobnosti hodnot 513C(DIC) a “C(DIC) u karbonati a endogenniho
CO2 (okolo -2%o, respektive O pmC). Vysledky inverzniho
geochemického modelovani potvrdily pocatecni hypotézu o vstupu
endogenniho COz a jasné ukdzaly na problémy spojené s modelovanim
geochemického vyvoje ve slozitych geologickych podminkach, kde
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existuje vice zdroja C.
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1. Introduction

The question of origin thermal waters in Usti nad Labem area
was re-opened in relation to growing interest in use of geothermal
resources and with closely related questions and concerns about the
sustainability limits their use. It was also the main theme of the grant
No. GA 205/07/0691, under whose contribution was performed also
this work.

2. Aims of the study

The aim of this work was, by means of unused methods,
describe the geochemical processes that lead to genesis of Cretaceous
thermal waters in Usti nad Labem area. A new approach was especially
the wider use of isotope hydrogeology and inverse geochemical
modeling.

3. Material and methods

To study the genesis of thermal waters in the Usti region were
used all thermal wells, which occur in the Benesov-Usti water bearing
system, and from which thermal water is stored regularly. Therefore
also Decin thermal wells were included. In Decin were sampled five
wells (Alcan, DC-1, DC-4, DC-5 and DC-6). In Usti nad Labem were
also sampled five wells (ULK-1, TH-10, ML-2, UL-ZOO-1 and HB-2),
see Fig 1. In addition, two wells with fresh water were sampled in the
opposite direction of groundwater flow in Benesov-Usti water bearing
system (SK-10C, SK-12C). And finally, two sources of thermal waters
were sampled in Teplice (Pravridlo, TP-28).
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Fig. 1: Situation map of the interest area.

31 Chemical analysis

Collection of water samples for chemical analysis conducted
between 2007 and 2008. In total, five thermal wells sampled in Decin
and four wells with thermal water in Usti nad Labem. Samples were
transported immediately after collection to accredited laboratory
Monitorig Ltd.

Chemical analysis of groundwater from wells TH-10, SK-10C
and SK-12C, which belong to the observation network CHMI, were
taken from their databases. Chemical analyzes of Pravridlo and TP-28
were taken from the database spa Teplice.

3.2 Isotopic analysis

Sampling groundwater for isotope analyzes were carried out in
December 2008. This sampling was focused primarily on wells in Usti
nad Labem. There were sampled wells ML-2, ULK-1, UL-ZOO-1 and
TH-10. Further samples were taken from boreholes SK-12C, SK-10C.
In wells UL-ZOO-1 and SK-12C were analyzed isotopes O, H (D and
’H), S in SO4(aq) and O in SOs4(aq) and C isotopes (PC(DIC) and
“UCMDIC) and Sr. In wells ULK-1 and TH-10 same isotopes were
analyzed except strontium isotopes. In sample from ML-2 Sr isotopes
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and tritium were not analyzed. At the last borehole SK-10C isotopes S
and O in SO4(aq) could not be analyzed due to absence of sulphate,
also trittum was not measured at this well.

In January and June 2009, additional samples were taken for
isotopic analysis, two samples in Teplice (Pravridlo, TP-28), one sample
from borehole HB-2 in Usti nad L.abem and one from well in Decin,
DC-4. In sample from Pravridlo all analyzes were carried out as for
wells UL-ZOO-1 and SK-12C. In sample from TP-28 were not
analyzed Sr isotopes 3H. In the wells HB-2 and DC-4 were analyzed
only isotopes O in HO and SO4(aq), D and S in SO4(aq).

3.3 Speciation modeling
Speciation modeling was performed by program PHREEQC
(Parkhurst et al., 1999). To calculation was used database minteq4.dat.

This database was developed for the US. EPA program MINTEQN
(Allison, a dalsi, 1991).

3.4 Inverse geochemical modeling

To inverse geochemical modeling was used program NETPATH
(Plummer et al., 1994) in its revised version NetpathXL, which is a
version that works on Windows and that can work with data stored in

excel table.
4. Results and discussion

4.1 Chemical composition of the examined
water

Chemical nature of the examined water is evident from Piper

diagram (Fig 2).
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Fig. 2: Piper diagram of chemistry examined
groundwater (modified from Dupalova et al., 2012).

Decin thermal waters are mostly Ca-HCOj type, but two wells
DC-4 and DC-1 are type Ca-HCO3-SO4. Their TDS is in the range of
values 158 - 174 mg/L, pH is around 7 and the temperature is about
27°C. Concentration of F ions is around 0.1 mg/L.

Usti thermal water can be divided into two groups. One group
consists of wells HB-2, UL-ZOO-1 and ML-2 and the second group
of wells TH-10 and ULK-1 which differ from each other in the amount
of Ca. The first group is Na-HCOj type, the second is type Na-(Ca)-
HCO;3-SO4. Values of pH (in situ) range from 6.8 (TH-10) to 7.27 (UL-
Z00-1). Temperatures range from 24.2 °© C (TH-10) to 30 ° C (ULK-
1, UL-ZOO-1). TDS of Usti thermal waters is closely linked to their
geochemical type. Group of wells with water-type Na-HCO3 has TDS
about 1600 mg/L. The second group has TDS about 600 mg/L. Group
of wells with groundwater Na-HCOs3 type also has relatively high
concentration of SOy (about 230 mg/L), Cl (between 120 to 140
mg/L) and F (around 10 mg/L). In comparison with them, the second
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group of wells has concentrations of SOy4 about 50 mg/L lower
concentrations of Cl are an order of magnitude lower and the F
content is about half in these wells.

Teplice thermal waters are in the Piper diagram placed exactly
between Usti thermal waters with higher and lower TDS values. Local
hot springs are Na-HCOs type, pH is about 7.2, temperature is around
40°C. TDS value of Pravridlo is 743 mg/L, well TP-28 has TDS 1041
mg/L. Concentrations of F ions are around 7 mg/1L.

4.2 Isotopic composition of surveyed waters

All measured samples in the graph 8D/8180 lie on the Global
Meteoric Water Line (GMWL) (see Fig. 3). Thus their waters during
infiltration were not significantly affected by evaporation and also that
did not go through higher temperatures, where there was intense water-
rock interaction. It is worth noting the position of wells in Usti nad
Labem. Usti wells located almost midway between wells SK-12C and
DC-4 in Decin and wells Pravridlo and TP-28 in Teplice. Groundwaters
in Usti nad Labem based on Fig, 3 seem to be a mixture of several
components: old groundwater with negative isotopic values and
isotopic enriched modern component.
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Fig. 3: Figure 8D/8'80 - new data in comparison with
the mineral water of Eiger Rift

Results of C isotope measurement indicate that the studied
groundwater have undergone a complex evolution and that were
exposed to interactions with different sources of C, which
fundamentally changed their values 813C and #C activities that were at
the beginning after infiltration. For a correct interpretation of the C
origin in the studied waters is necessary to know the isotopic
characteristics of potential sources of C to estimate the degree of their
influence on the investigated groundwater. Possible sources of C in the
area are carbonates and endogenous COs. Radiocarbon age was
estimated using NETPATH in Chapter 4.5.

B3%S5(8O4%) values in Usti thermal waters show at least two
sources of S. One source for the group with higher total TDS (8348
about 7%o (CDT)) and one for the group with lower TDS (838 around
-17%o0 (CDT)) (Fig. 4).
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Fig. 4: Graph 8*S(SO4)/concentration SO* (modified
from Dupalova et al., 2012).

TDS could be Tertiary or Permian-Carboniferous brine in the
second group of Usti thermal waters sulfur probably comes from

sulfide minerals.

Izotopovy pomér 8St/86Sr podzemni vody ve vrtu UL-ZOO-1
v Usti nad Labem je 0,710117. Tato hodnota spadid mezi hodnoty
0,708803 a 0,718598. Prvni hodnota, 0,708803, byla naméfena v
kifdové vrtu SK-12C a druha, 0,718598, byla zjisténa v teplickém
Praviidle. Podzemni voda ve vrtu UL-ZOO-1 je na zakladé toho
nejspise kombinaci dvou slozek.

87Sr/86Sr isotope ratio of groundwater in UL-ZOO-1 in Usti nad
Labem is 0.710117. This value falls between the values 0.708803 and
0.718598. The first value, 0.708803, was measured in the Cretaceous
well SK-12C and the second, 0.718598, was found in Teplice Pravridlo.
Groundwater in UL-ZOO-1 is probably a combination of the two.

4.3 Speciation modeling

Concentrations of C, expressed as total COz, ate much lower in
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Decin (wells from Alcan after DC-6) than in Usti nad Labem (wells
from UL-ZOO-1 after TH-10). It ranges from 2.85 mmol/L to 3.6
mmol/L in Decin and from 6.9 mmol/L to 23.9 mmol/L in Usti nad
Labem. In Usti nad Labem groundwater with higher TDS values (wells
UL-ZOO-1, ML-2 and HB-2) have approximately three times greater
total concentration of COs than groundwater with lower TDS values
(ULK-1 and TH-10). Similarly, calculated values of logPcoz in Decin
are much lower than those in Usti nad Labem, with the range from -
2.03 to -1.43 and from -1.35 to -0.88. Values for thermal water from
Teplice (wells Pravridlo and TP-28) fall within the range of values of
wells in Usti nad Labem. Well SK-10C represents a typical groundwater
from the Cretaceous formation near recharge zone. Well SK-12C
represents groundwater from the same formation, but far from
recharge zone, the values of total COz and logPcoz are similar to wells
from Decin.

Most samples are undersaturated due to calcite and dolomite,
except for samples from wells Pravridlo and TP-28 in Teplice. Most
wells in Usti nad Labem is due to high concentrations of F
supersaturated with respect to fluorite. The exception is the well TH-
10. In contrast, groundwater samples from all wells are undersaturated
with respect to gypsum, indicating conservative behavior of SO, under
the assumption that SO4 reduction does not take place. Almost all wells
are supersaturated with respect to quartz and undersaturated with
respect to amorphous silica.

4.4 Geothermometry

Geothermometry is a set of methods, based on which it is
possible to estimate temperature conditions of the studied
groundwater. The calculated value represents temperature of the source
reservoir. If we currently know geothermal gradient in the area, we can
estimate the depth of the reservoir and thus the depth of groundwater
circulation. Geothermometry methods are based on study of content
and distribution of specific ions or isotopes in groundwater.
Precondition for use geothermometry is that ions or isotopes used for

the calculation were in source reservoir of groundwater in equilibrium
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with its surroundings, and this status has not changed even after
groundwater left reservoir. For establishing of equilibrium is mostly
needed higher temperatures, because at low temperature water-rock

interactions to take place very rarely.

To estimate whether groundwater reached, or not reached an
equilibrium state can be used Giggenbach diagram (Giggenbach, 1988).
This diagram expresses relationship of Na, K and Mg, Water samples in
this diagram is displayed based on the contents of Na, K and Mg (see
Fig. 5) in one of three areas. The first area is immature groundwater.
These waters did not reach even a partial equilibrium with host rock, or
the equilibrium due to re-equilibration lost. In the second area are
groundwaters, which reached partial equilibrium and are still in it, and
in the third area are waters fully in equilibrium with host rock. If
groundwater is in at least partial equilibrium is possible to estimate
from Giggenbach diagram temperature of its source reservoir.

Positions of most samples in Giggenbach diagram are close to
Mg!/2-corner in field of immature waters. Use Na-K, Mg-K
geothermometers for such waters are not possible. Only group of Usti
waters with higher TDS reached certain equilibrium. Temperature of
their source reservoir, estimated on the basis of Mg-K geothermometer
is between 80 to 90°C. Average geothermal gradient in Usti is 54°C/km
(Jirakova et al.,, 2011). Which would mean depth of circulation 1.481-
1.667 km.
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Fig. 5: Thermal waters in Usti and in surrounding area
plotted in Giggenbach diagram.

4.5 Inverse geochemical modeling

Inverse geochemical modeling was used to figure out possible
genesis scenarios of both groups of thermal waters in Usti nad Labem.
For each group of wells was elected one characteristic well: UL-ZOO-1
for the group of wells with higher TDS and well ULK-1 for the group
of wells with lower TDS. Inverse geochemical modeling was performed
using groundwater from Pravridlo and SK-12C as initial well No.1 and
No.2 Also were considered two mechanisms of origin water type Na-
HCO:s, cation exchange associated with dissolution of carbonates such
as calcite and hydrolysis of silicates such as plagioclase.

In most models of both groups (UL-ZOO-1, ULK-1) it occurs
mixing Cretaceous and Erzgebirge groundwater in fairly similar
proportions almost close to 1:1. The fact correlates well with position
of both types of Usti groundwaters in 8D /880 chart. Origen of both
types of Usti thermal waters can be described similarly well as cation
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exchange with dissolution of carbonates as silicates hydrolysis.
Calculated residence time of thermal waters come out in both groups
of models similarly, ranging approximately between 17 and 18 ka.
Essential difference between the models is in presence or absence of
endogenous COz(g). While all models for UL-ZOO-1 require its
supply, for groundwater in ULK-1 it is not necessarily conditional. On
the other hand, with regard to activity of “C, model with subsidy of
endogenous COx(g) approached close to measured value. Another
significant difference between models for UL-ZOO-1 and ULK-1 is
different sources of S, which is evident from measured values of
8%5(80Oy), which is in group of wells with thermal water with higher
TDS in range of positive values and the second group has these values
significantly negative. In models of the first group were used minerals
thenardit and gypsum and in the second group was used pyrite. In the
second group of models describing lower mineralized thermal waters,
also not to be necessary to include halite, as the concentration of Cl- in
these wells are not high.

4.6 Conceptual model of the formation of
thermal waters in Usti nad Labem

Conceptual model of formation ot thermal waters in the Usti
nad Labem is shown in Fig. 6. Basic conditions of formation of
thermal waters in Usti nad Labem is mixing of two types of
groundwater. From NE flows here old Cretaceous water, represented
by SK-12C, and from W comes younger groundwater from the
Erzgebirge Mountains, represented by thermal water in Teplice.
Subsequently, the groundwater is exposed to endogenous CO: that
enters aqufer through localized supply pathways, eg deep fault structure
along the Elbe. The amount of entering COz has crucial impact on
final mineralization of Usti thermal waters. Group of thermal waters
with lower TDS represented by well ULK-1, was exposed to only a
small amount of endogenous CO: in contrast to the second group,
represented by well UL-ZOO-1. This is evidenced by the different
values of 813C(DIC) and “C. Amount of CO; has crucially affect on
kinetics of many geochemical processes such as a dissolution of

carbonates, hydrolysis of silicates and indirectly also cation exchange.
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Position of higher TDS wells near deep fault structure has impact not
only on the amount of COz, but also is essential with regard to subsidy
Cland SO4* ions. They probably originate either from relict Tertiary
brine, which could preserve in large depth thanks slow flow of
groundwater in the area, or Permian-Carboniferous brine that comes to
Usti nad Labem from NE direction. Lower mineralized thermal waters
have different source of sulfur. Sulfur in these waters is most likely
sulfide origin. Fluorine in waters comes from high fractionated granitic
bodies upper Carboniferous age.

Teplice Usti nad Labem Techlovice
Pravridio ULK-1 uUL-Z00O-1 SK-12C
Na-HCO., Na-HCO.-SO, Na-HCO.-CI-SO, Na-Ca-HCO
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Fig. 6: Conceptual model of thermal waters in the Ust
nad Labem (modified from Dupalova et al., 2012).

5. Conclusions

The aim of this thesis was to try on basis of chemical and
isotopic data to determine geochemical processes that led to genesis of
thermal waters in Usti nad Labem. Both types of thermal waters, which
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occur in Usti nad Labem, Na-HCOs type, with higher TDS values and
type Na-(Ca)-HCO;3-SO,4 with lower TDS values are very different from
thermal waters in Decin, even though they belong to the same
structural units BCB — the Benesov-Usti water bearing system.

Based on 8D and 810 wvalues, #St/%Sr ratio and high
concentrations of F and Li was accepted hypothesis that the thermal
waters in Usti nad Labem are a mixture of old Cretaceous groundwater
for inverse geochemical modeling represented by well SK-12C and
groundwater from the Erzgebirge Mountains with contribution of
fossil brine. High concentrations of HCOs ions in groups of Usti
thermal waters with higher TDS compared with the second group of
Usti thermal waters suggest that these thermal waters were exposed to
endogenous CO». Which carbon isotope analysis really demonstrated.
In higher mineralized Usti thermal waters were measured high values
of 8BC(DIC) and activities of “C(DIC) were near zero. In lower
mineralized thermal waters were measured lower 813C(DIC) value and
activity of #C(DIC) on the contrary higher.. Despite it also lower
mineralized Usti thermal waters were affected by endogenous COa, but
not as much. The difference between lower and upper mineralized Usti
thermal waters is determined by their location with respect to faults
after which CO; conducted. Large amount of CO; causes rapid
dissolution of minerals and is also responsible for high concentration

of dissolved inorganic C.

Several possible scenarios of formation of thermal waters in
Usti nad Labem provide inverse geochemical modeling. All models
included mixing old Cretaceous groundwater with groundwater from
the Erzgebirge Mountains, and in case of higher mineralized type of
Usti thermal waters also input of endogenous CO». Other processes
that have been considered for inverse geochemical modeling were
cationic exchange associated with dissolution of carbonates, or
hydrolysis of silicates such as albite. The source of SO4* and CI in
higher mineralized thermal waters is probably brine originating either
from Cenozoic lake or from Permian-Carboniferous sediments. In case
of lower mineralized thermal waters SO4* probably comes from
oxidation of sulfide minerals.
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Inability to distinguish certainly between models with hydrolysis
of silicates and cationic exchange with dissolution of carbonates is due
to similar values of 8BC(DIC) and ™C(DIC) in carbonates and
endogenous COz (around -2%o, and 0 pmC). Results of inverse
geochemical modeling confirmed the initial hypothesis of endogenous
COs input and clearly showed problems associated with modeling of
geochemical evolution in complex geological conditions where there

are multiple sources of C.
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