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The hydrogeologic situation of the Bad Kissingen
spa waters (Lower Frankonia/Bavaria)

Die hydrogeologische Situation der Bad Kissinger Heilwdsser
(Unterfranken/Bayern)

M. HorMANN') & N. GEORGOTAS?)
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1. Introduction

The aim of the present work is to provide an updated scientific analysis of the ge-
nesis of the Bad Kissingen spa waters and to evaluate new ground water protection
areas based on the results of recent investigations.

Research teams from the Institut fiir Wasserchemie und Chemische Balneologie (“In-

N. GEORGOTAS, 1972).

The present study extends beyond the detailed investigations of N. GEORGOTAS (1972)
and represents the first attempt to deduce the genesis of the Bad Kissingen wells ba-
sed on some general structural features and the hydrogeological status of NW-Un-
terfranken.

Contemporary computer-based mathematical models can contribute significantly
to the enrichment of knowledge on the hydrochemistry and hydrodynamics of the wells
in Bad Kissingen.
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2. Geological structure of the area of investigation

The area of investigation covers a substantial part of the administrative district of
Unterfranken and is located at the intersection of the borders of the states of Hessen,

the river Main (Fig. 1).

Figure 1shows the most important sites witin the zone of investigation. It also points
out that Bad Kissingen is situated in the center of one of the most important spa areas
in Germany..
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ken has been investigated extensively. Pub-
ssearch covering different geological aspects.
:a were published by E. RUTTE (1957, 1965,
£S GEOLOGISCHES LANDESAMT (“BAVARIAN

2.1. Geological formations

2.1.1. Prepermian

Prepermian here refers to all kinds of sol
The basement consists of quarzites, micaqt
lomite marble and orthogneiss. Drillings alsc
singen, mica-schist and feldspargneiss at Ba
at Volkach (F. TRUSHEIM, 1964, E. RUTTE,
muscovite concentrates, obtained from mus
probable ages of formation of 315+ 2.8 Ma and 323+2.9.
to metamorphosis at the transition from Lower to Upper Carboniferous (F.-P. SCHMIDT
ct al., 1986). These results fairly overlap those of a similar study of the crystalline base-
ment of Spessart (see W. WEINELT et al., 1985).

2.1.2. Permian

2.1.2.1. Rotliegendes (“Lower Permian”)

cannot be exactly determined (C. SCHUMACHER, 1985). In the Weifliegendes, non-ferrous
metals belonging to the following formations, can be found along with eolian, marine
and fluvial compounds.

2.1.2.2. Zechstein (“Zechstein subdivision, Upper Permian”)
Zechstein sedimentations begin with K

Mellrichstadt; B. KLARE & B. SCHRODER,

mentation of thin and thick plates of partl

drites and stinkdolomites occurs together

In some locations, bryozoa reefs have also been found (U. EMMERT, 1981). Zechstein 2
is represented in the entire area by clay anhydrite, while the Zechstein 3 and 4 poorly
contributes mainly by clays, letten and anhydrites.
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2.1.3. Triassic

2.1.3.1. Buntsandstein (“Bunter, Lower Triassic”)

The most frequently occurring minerals in the Buntsandstein of Unterfranken are
quartz, feldspar, clay minerals, calcite and gypsum. Pseudomorphisms of halite minerals
and dolomite are very rare.

2.1.3.2. Muschelkalk (“Muschelkalk series, Middle Triassic”)

2.1.4. Tertiary

2.1.5. Quaternary

The large loess- and loess-claycovers, and several debris accumulations, are of Pleisto-
cene origin, while the soils of the area and several high and low bogs of Rhon were
formed during the Holocene.
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2.2. Geological-tectonic structure

The geological structure of the surface rocks has been throughly investigated. The
author F. TRUSHEIM (1964) compiled the results of several drillings in structural sche-
mes. The data, depicted in fig. 2. are based on the following studies: M. BAUMANN &
K.-E. QUENTIN (1987), BAYERISCHES GEOLOGISCHES LANDESAMT (1982), H. GUDDEN &
H. ScaMID (1985), P. SCHMITT (1982), F. 'TRUSHEIM (1964), P. UDLUFT (1969, 1979) and
H. VOssMERBAUMER (1985). They represent the contemporary thickness and bedding
conditions; the tectonic structures were not considered.

2.2.1. Regional-tectonic structures

2.2.2. Geological-tectonic structures in the area of Bad Kissingen
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vide the ascent route of highly mineralized ground water. However, quaternary flood
plain deposits obstruct its route to the surface and, thus, the deep ground water re-
mains confined. On the other hand, the flood plain deposits mentioned above protect
the park of spa springs from anthropogenic impacts.

The geological map of this area (Fig. 4) is based mainly on O. M. REIS & M. SCHUSTER
(1914) and on investigations of N. GEORGOTAS (1972), and demonstrates clearly the
complexe structure of these mainly hercynian striking faults. NE-SW striking fault
planes cross this system secundarily.

Drillings within the park of the spa cleared up the tectonic structure as presented
in fig. 5. This tectonic situation and the fractured underground let the mineral waters
emerge up to the surface by artesian hydraulic pressure.

The other Bad Kissingen wells, i. e. Schénborn and Luitpold spring as well as the
Balthasar-Neumann well in Bad Bocklet, are located outside the Bad Kissingen-Hass-
furt fault zone. The Bad Bocklet Balthasar-Neumann well is not a part of the current
mvestigation. However, its protection area is described in chapter 7.

50 km

Fig. 3: Map of the tectonic structure (from W. A. Schnitzer, 1978).
Tektonische Strukturkarte (nach W. A. Schnitzer, 1978),
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Fig. 4: Geologic and tectonic map of the inner area of investigation.
Geologische und tektonische Karte des inneren Teils des Untersuchungsgebietes.
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Fig. 5: Bad Kissingen park of the spa as a perspective block.
Kurparkbereich Bad Kissingen als Blockbild.

The Schénborn spring is located, according to M. SCHUSTER (1940), at the intersection
of two faults spreading NE and NW, respectively. This drilling penetrated the Bunt-
sandstein formation with a thickness of 464.5 m and ended in the Zechstein formation
(Werra series).

However, except the Luitpold spring (in the SW of Kleinbrach), these wells are also
connected with faults striking parallel to the Bad Kissingen-Hassfurt fault zone. The
Schénborn spring shows a clear connection to NW and NE striking faults in the W of
Bad Kissingen (M. SCHUSTER, 1940) and the Balthasar-Neumann spring (Bad Bocklet)
gets its deep high mineralized ground water from a WINW=-ESE striking fault zone
(Fig. 4).

%he new drilling of the Luitpold spring is extensively described in chapter 4.3.

3. Hydrogeological overview

3.1. Surface waters

The rivers of Frinkische Saale and Sinn collect the surface waters of large parts of
Unterfranken. The river Main, into which they converge, represents the southern bor-
der of the investigated area. Comprehensive studies of these rivers were carried out
by N. GEORGOTAS & P. UDLUFT (1973, 1978a, 1978b) and P. UDLUFT (1969, 1971). While
the river Sinn comprises only the regions of the SE-Rhon and Spessart (Buntsandstein
areas), the Frinkische Saale river continues from Grabfeld (Quaternary and Keuper
deposits) to Gemiinden and alternately traverses Buntsandstein and Muschelkalk do-
mains. The chemistry of the rivers Frankische Saale and Sinn reflect well the rock com-
position of their catchment areas (P. UDLUFT, 1971, N. GEORGOTAS & P. UDLUFT, 1973).
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3.2. Shallow ground water

The flow of shallow ground water follows the direction of the maximal denivelation
of ground water level. Within the first 100 meters of depth, the flow is determined lar-
gely by joints and fault planes, but also by karst cavities within the consolidated rocks.
This domain comprises a considerable portion of the processes which constitute the
interaction between ground water and atmosphere. The waters within this zone are
“oenerally characterized by substantial oxygen saturation, low iron and manganese
content and an average temperature which usually corresponds to the mean air tem-
perature of the catchment area” (P. UDLUFT, 1979).

Figure 6 was generated from the appendix of the ground water level map of Bay-
ern 1:500 000 (BAYERISCHES LANDESAMT FUR W ASSERWIRTSCHAFT, 1985) and repre-
sents, in a simplified form, the surfaces of the corresponding most shallow closed ground
water levels. G. EINSELE et al. (1978) determined the maximal circulation depth of shallow
ground water in the valley of the Main river (at Erlach/Lohr) to be 80-100 m below
ground surface. “Since the output of well drillings does not increase beyond 80 m depth,
the permeability of Buntsandstein rocks beyond this depth could be considered neglige-
able. Thus, a substantial circulation of ground water might end there. Exceptions could
occur only in deep and extensive zones of faults.”

Elevation in meters
above sea level

s
(o]
(&
o

o

150

Fig. 6: Contour chart of ground water in Unterfranken (altitudes expressed in meters above sea level),
Isolinienplan der Grundwasseroberfliche in Unterfranken (Hohenangaben in Meter iiber
Meeresspiegel).
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The tlow input toward the central part of the “Frankisches Becken” derives from

the ridge flanks, i. e. from the NW, N and NE directions. According to the author
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Fig. 7: Flow paths of the deep ground waters in Unterfranken.
Flieffwege des Tiefengrundwassers in Unterfranken.
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3.3.1. Permeability of joints

with them.

3.3.2. Interstitial permeability

140

sentary rocks might provide a hydraulic
he N and the Frinkisches Becken in the S.

»nsolidated rock is considerably lower than
o substantial horizontal differences in inter-

- 1000 m.

minated by secondary, rather than primary
not considerably affect the permeability of
sstone and dolomite corresponds to 2-20 %,
1EL (1983).



3.3.3. Water/rock-temperature conditions in the area of Bad Kissingen

Dr. BLasy, 1987).

k¢ o

grad T = 4,1 deg/100

drilling

grad T = 2,4 deg/100

Fig. 8 Depth-temperature-relationship curves in northern Bayern and Unterfranken, and average
values for the FRG.
Teufen-Temperatur-Beziehungskurven in Nordbayern und Unterfranken sowie im bundes-
dentschen Durchschnitt.
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It is evident that the geothermal gradient in Franken is lower than the average for
Germany. According to R. HAENEL (1980), the temperature gradient in the upper
400-500 m corresponds to4.1° C/100 m, while at depths beyond 500 m it is 2.4° C/100 m.
These data are in accordance with those of J. WOHLENBERG (1982); however, the author
J. WOHLENBERG observed a significant gradient diminution at 300 m dep th.

The Luitpold spring (Neu) drilling showed a geothermal gradient of 2.2°C/100 m
for the entire upper 500 m. The dominant rock here is sandstone. Its average thermal
conductance is with approx. 3.2 W/m deg, somewhat higher than that of several other
sedimentary rocks. However, the general thermal conductance is reduced because of
the low conductance levels of gases and water in rock cavities or joints; hence, the
established temperature gradients appear to be realistic. Deep migration of shallow
ground water further contributes to a presumable cooling of aquiferous rocks.
J. E. GOLDBRUNNER (1988) provided similar findings for the Austrian “Innviertel” with
the infiltration of late pleistocene waters (relatively cold, because of corresponding paleo-
climatic conditions) into deep zones which lower the temperature of the underground.
Similar relationships may be assumed in Unterfranken too.

Based on the example of Luitpold spring (Neu), with a temperature gradient of
2.2 deg/100 m, we calculated a negative convection heat current density of =0.013 W/m?
at depths up to 500 m. In accordance with the hydraulic results, described in chapter
4.5., this suggests the existence of a cold transport to the depth, based on the down-
ward flow of ground water that interferes with ascending deep ground water. The con-
ductive heat current density corresponds to 0.07 W/m?2.

In the drilling of Bad Briickenau, a temperature gradient of 2 deg/100 m was found
beyond 100 m depth. The convection heat current density was —0.018 W/m? (as cal-
culated for depths up to 500 m), while the conductive heat current density corresponded
t0 0.1 W/m2 Again, the regeneration of deep ground water by the penetration of shal-
low ground water should be considered as a determining factor.

Significant differences between N-Bayern and the German average become apparent
when absolute temperatures of deep zones are compared. Generally, depth tempera-
tures in Franken are 4-6° C lower than the estimated average for Germany. In Luit-
pold spring (Neu) this difference reached 7° C. Higher temperatures were registered
in the W around Vogelsberg and in the E at Rodach, Colberg and Staffelstein. Hence,
the appearance of thermal water in the drilling Schénborn spring in Bad Kissingen should
not be considered as an exception. The well provides thermal water with a tempera-
ture of 21.2° C, emerging from a depth of more than 500 m. This temperature corresponds
well with the temperature conditions of the area.

3.3.4. Quartz temperatures and circulation depths

Circulation depths of springs in Bad Kissingen were determined using SiO,-geo-
thermometers (Tab. 1). The method is based on the fact that the solubility of SiO,-pha-
ses, such as amorphic SiO, or quartz, increases markedly with increasing temperatu-
res. Reversion to a new equilibrium following cooling down occurs with a substantial
delay relative to the decrease in water temperature. Changes in pH are not expected
to affect the solubility equilibrium of SiO,, since pH-impacts on this parameter have
only been observed at pH-values > 8 (M. HOFMANN et al.,, 1991). The deep ground water
of Bad Kissingen is characterized by pH-values of about 7.0. No data are available on
SiO,-concentrations in the Luitpold spring (Neu) well.

Based on the estimated temperature gradient of 0.022 deg/m (see chapter 3.3.3.), these
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Tab. I: Outflow temperatures and quariz temperatures (in °C) and estimated circulation depths (in
meter below land surface) of the wells in Bad Kissingen; T,,,, = measured temperature at out-
flow.

Austritts- und Quarztemperaturen (in °C) und berechnete Zirkulationstiefen (in m. u. GOK)
der Bad Kissinger Quellen und Brunnen; T, = gemessene Austrittstemperatur.

. T e Quartz temperature Circulation depth
Bad Kissingen 0 [°C] [m.b.1s]
Schénborn spring 212 5.02 680
Rakoczy spring 129 14.8 220
Pandur spring 13.6 194 430
Max well 12.3 (0.6)

data suggest circulation depths of approx. 220 and 430 m for the wells Rakoczy and
Pandur, respectively, in Bad Kissingen. The corresponding value for the Schonborn spring
1s 680 m. The calculated quartz temperature of Max well, however, obviously does not
conform with that of the other wells. It should also be noted that, except for the Schon-
born spring, quartz temperatures do not indicate real circulation depths, but rather re-
flect the inflow of cold water of Buntsandstein origin with low concentrations of SiO,.

4. Hydrogeochemical investigations

Computation models made it feasible to execute complicated calculations within a
reasonable time span. The following thermodynamic computations represent an appli-
cation of this approach. The method permitted the formulation of quantitative state-
ments on the genesis of Bad Kissingen waters, which were beyond our scope a few
years ago.

4.1. Dissolved compounds in the waters of Bad Kissingen

Concentrations of the principal compounds in the waters of Bad Kissingen are shown
in tab. 2.

The sign X will appear frequently in the following text and, as generally accepted
in geochemical, chemical and hydrogeological literature, it denotes the sum of the con-
centrations of all species of a given chemical element. By “sum of concentrations” we
refer to the total content of elementary-ionic and complex compounds, involving a given
element, which are dissolved in the water.

Tab. 2: Concentrations of principal compounds and physical-chemical parameters of medicinal wa-
ters in Bad Kissingen (concentrations in meq/l, temperature in °C). *): 1 Schénborn spring;
2 Max well; 3 Rakoczy; 4 Pandur; 5 Luitpold spring (Neu).
Konzentrationen der Hauptionen und physico-chemische Parameter in den Heilwdssern von
Bad Kissingen (Konzentrationen in meq/l; Temperatur in °C). *): 1 Schonborn spring; 2 Max
well; 3 Rakoczy; 4 Pandur; 5 Luitpold-Sprudel (New).

No.?) pH Temp. XNa K >Ca Mg >Cl XS  HCO. CO)

6.4 21.2 160.4 32 37.6 19.1 155.3 352 352 34.2
5.7 12.3 79.6 1.7 21.3 12.3 81.5 14.6 16.4 63

. 12.9 105.3 23 26.9 17.0 113.5 18.8 21.7 69.3
5.7 13.6 118.7 2.4 29.7 17.7 129.3 200 229 72.8
6.3 16.9 62.6 1.9 34.0 15.0 47.0 28.6 40.0 85.5

(S R S
wn
o0
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The analytical data were adopted from the studies of K.-E. QUENTIN (1970) and
P. UDLUFT (1979), and from the archive of the Institut fir Wasserchemie und Chemi-
sche Balneologie of the Technische Universitat Miinchen.

According to P. UDLUFT (1979), the waters in the wells of Bad Kissingen should be
considered as allochthonous and autochthonous mixed waters emerging from the Bunt-
sandstein and Zechstein aquifers. This thesis was confirmed by statistical comparisons,
with numerous sample investigations, of deep ground waters from several Unterfranken
areas (M. HOFMANN, 1990). The dominant components were found to be sodium, chlo-
ride and carbonic acid in differing concentrations.

4.2. Thermodynamic computations of Bad Kissingen waters

The term molality denotes the actual electrolyte or ionic concentration, while ac-
tivity indicates the effective concentration of the corresponding compound Activity
(a) and molality (m,) are directly related, as shown by equation (1):

a =my Yy ey
where vy, = activity coefficient.

Depending on the strength of the electrolyte and its ionic strength, the activity of
a given compound differs, more or less, from its concentration. The effective concen-
tration (activity) of electrolytes or ions is inversely proportional to the degree of total
mineralization. In contrast, the activity may exceed the concentration when comple-
xed and uncharged compounds occur in waters with high mineral concentrations.

Using the hydrogeochemical computation model PHREEQE (D. L. PARKHURST
etal,, 1980), we investigated the complex-forming affinity and the activity of the prin-
c1pal compounds in Bad Kissingen mineral water. Additionally, we calculated the
saturation ratios for several dissolved minerals.

4.2.1. Complex-forming affinity of principal compounds

The results of the computations are provided as the concentration and activity of
the compounds in their thermodynamically-determined distribution in the aqueous so-
lution.

The concentration and activity values shown in tab. 3 were calculated for the prin-
cipal compounds of Bad Kissingen well waters.

Generally, the ratio of complexed vs elementary dissolved compounds increases with
increasing mineralization (ionic strength). In the spa wells Rakoczy, Pandur and Max

plexes, while the corresponding values for Schénborn and Luitpold spring (Neu) are
74and 26 % respectively. When compared to the principal compounds mentioned above,
sodium, potassium and chloride appear as typical strong electrolytes, characterized by
a clear trend of formation of a comprehensive hydrate shell. Thus, in all wells, 96-98 %
of sodium, potassium and chloride exist as elementary ions, and only a modest percentage
is present in a complexed form. Sulfur in Bad Kissingen wells shows a well-expressed
tendency to form complexes. The wells in the park of spa contain approximately 68 %
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SO, 15 % CaSO,%, 7 % MgSO,° and 10 % NaSO,; 65 % of the total sulfur in Schon-
born spring is represented by SO.>, 15 % by CaSO.?, 7 % by MgSO,° and 13 % by
NaSO,; the values for Luitpold sprmg (Neu) are 72 % 5042*, 10. 5 % CaSO4 , 8.5 %
MgSO,° and 9 % NaSO,".

Carbon-containing compounds in Bad Kissingen water show a clear prevalence of
hydrocarbonate ions (HCO;") and non-dissociated carbonic acid (H,CO,?); the actual
proportion of each depends strongly on the corresponding pH-value. J. D. HEM (1988)
additionally described a dependence of the ratio HCO,/H,CO,° on the temperature
and ionic strength. CaHCO;*, MgHCO;* and NaHCO,° in Bad Kissingen wells to-
gether account for about 1.5 % of the total carbon content of the water.

When compared to that of deep ground water in Unterfranken, the percentage of
elementary ions and complexed species in the Bad Kissingen wells fits within the mid-
range (M. HOFMANN, 1990). With respect to the mineral content of other wells in Uncer-
franken, the presence of complexed ions in water of Buntsandstein origin (i. e. Bad
Bruckenau) is usually considerably lower, but increases significantly in water with a
substantial proportion originating in Zechstein (i. e. Bad Neustadt).

4.2.2. Concentration, activity and activity coefficient

The activity coefficient v, of ionic-dissolved species in waters is usually close to 1,
except for water with a high mineral content. Hence, according to equation (1), the
activity of dissolved compounds should be somewhat less than their concentration. Ac-
twvity coefficient of compounds in complexed form, which are characterized by neu-
tral external charge, may be slightly higher than 1 and thus, activity may exceed con-
centration (Tab. 3).

Strong electrolytes, such as Na*, K+, CI', HCO,, CaHCO,*, MgHCO,*, NaCO;
and KSO,, are characterized by higher activity coefficients than those of weak elec-
trolytes like Ca?, Mg?, CO,* or SO,*. This is due to the lower charge/radius ratio of
stronger electrolytes and by the formation of a hydratic shell around the ion. Thus,
the activity of weak electrolytes is mostly considerably lower than their concentra-
tion. Activity coefficients of calcium range from 0.30 to 0.38, while these of stronger
electrolytes, such as sodium, are between 0.73 and 0.78. The activity of non-charged
complexes, such as H,CO,°, CaSO,°, MgSO,° and NaHCO,° slightly exceeds the con-
centration, with activity coefficients ranging here between 1.02 and 1.06.

Comparisons of activity coefficients of dissolved compounds in the water of Bad Kis-
singen wells with those of other wells and springs in the surrounding area showed that
the activity coefficient of the former resides somewhere between those of typical low-
mineralized Buntsandstein waters and Zechstein waters which have a higher mineral
content.

4.2.3. Chemical equilibrium of principal compounds, as related to their mineral
phases

The saturation index (SI) exhibits the presence or absence of equilibrium between
the aqueous solvent and the solubilized mineral phases. This parameter results from
the corresponding ionic activity product (IAP) and the temperature-dependent equi-
librium constant K.

TIAP

t

SI=log

2
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Phase

Calcite
Dolomite
Gypsum
Halite

Phase

Calcite
Dolomite
Gypsum
Halite

Phase

Calcite
Dolomite
Gypsum
Halite

Phase

Calcite
Dolomite
Gypsum
Halite

Phase

Calcite
Dolomite
Gypsum
Halite

log IAP

-8.53
-17.38
-5.10
-2.19

log IAP

-8.40
-17.04
-5.08
-2.10

log TAP

-8.87
-17.87
-5.36
—2.58

log IAP

-7.85
-15.97
—4.86
-1.90

log TAP

-8.16
-16.35
-5.30
-2.58

Rakoczy
logK,
-8.42
-16.76

—4.60
1.55

Pandur
logK,
-8.41
-16.76
—4.60
1.55

Max well
logK,
-8.41
-16.73

—4.60
1.55

Schonborn spring

logK,
-8.45
16.94
—4.60
1.57

Luitpold spring (Neu

logK,
—-8.41
-16.75
—4.60
1.55

SI

-0.11
-0.61
-0.50
-3.74

0.01
-0.28
—0.48
-3.65

SI

-0.46
-1.14
-0.76
—4.13

SI

0.60

0.97
-0.26
—3.47

SI

0.26
0.40
-0.70
—4.13
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ground water from the Zechstein aquifer do not affect calcite saturation here. Un-
dersaturation, such as in Max well, results from the inflow of shallow ground water

turation of Max well is more pronounced than that of the Rakoczy well; thus, an ad-
ditional influx of shallow ground water must be the case in Max well (see also tab. 4).
Oversaturation of dolomite in Schénborn and Luitpold spring (Neu) could be due to
release of CO, during emergence to the surface, in similarity with the situation pre-

4.2.4. Partial pressure of CO,

The partial pressure of CO, and the HENR Y-constant determine the content of
water solubilized CO.,.

pCO, =Ky - [CO], 3
where Ky = HENRY -constant for CO,.

volcanism (M. HOFMANN, 1990). Bad Kissingen is located about 25 km distant from
Rhon volcanism; thus, a lower partial pressure of CO, would be expected. The calcu-
lated CO,-pressures in the underground of Bad Kissingen suggest the existence of a
direct communication to Rhon volcanism by deep-reaching jonts, through which dis-
solved CO, proceeds to the area of Bad Kissingen.

Tab. 5: Partial pressure of CO, in the Bad Kissingen wells and springs.
COy-Partialdruck in den Bad Kissinger Brunnen und Quellen.

Bad Kissingen wells and springs partial pressure CO, [atm]
Rakoczy 1.399
Pandur 1.374
Max well 0.883
Schénborn spring 0.735
Luitpold spring (Neu) 1.486
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4.3. Thermodynamic computations of an unidimensional depth profile
Luitpold spring (Neu) - Bad Kissingen

Redrilling of the Luitpold spring (Neu), which is located closely to Bad Kissingen,
was carried out in 1986. This drilling pierced 480 m of Buntsandstein- and 100 m of Zech-
stein-formations (Fig. 9).

The Buntsandstein consists of sandstone.

Analysis of the data revealed that a water mixture, originating from the Zechstein
basin facies and Buntsandstein, is already detectable at a depth of 100 m. Mineralization
increases with advancing depth penetration; a sudden sharp increase occurs between
216 and 300 m.

Nen) in mg/l (penetration depth in meter: casing

Yand 50 m; 216 m with packer at 1555 m; 300 m

np at 353 m; 581 m/2 with a pump at 570 m).

* Bobrung Luitpold-Sprudel (New) in mg/! (Bobr-

zw. 150 und 50 m verrobrt; 216 m mit Packer bei
155,5 m; 300 m mit Packer bei 155,5 m; 401 m mit Packer bei 160 m; 581 m/1 mit Pumpe bei
353 m; 581 m/2 mit Pumpe bei 570 m).

Penetr. Temp. o
depth[m] pH [°C] ZNa K XCa IMg zd IS HCO; CO,
100 5.95 13.0 4415 37 234 113 578 243 1051 1540
150 5.85 13.3 415 38 244 121 530 274 1006 2020
216 6.0 13.2 363 53 115 63 3445 245 1050 2000
300 6.02 14.4 872 62 424 135 1044 633 1574 3520
401 6.03 153 1175 65 551.1 146 1322 760 1915 4430

581/1 6.22 168 1770 70 433 187 1719 935 2644 3200
581/2 6.29 169 1440 754 6814 1823 1666 915 2440 3762

4.3.1. Saturation conditions within the profile
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Depth below

Adolomite & calcite
tand surface [m) whalite 5 gypsum
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0 2000 4000 6000 8000 10000 12000 e.cond. (WS/cm)

Fig. 9: Saturation conditions with different mineral phases at different depths.
Sittigungsverlanf gegeniiber verschicdenen Mineralphasen in verschiedenen Ticfen.

4.3.2. Thermodynamic computations of the genesis of Luitpold spring (Neu)

The drilling profile and the results of hydrochemical investigations suggest that a
hydraulic-geological-related stratification of the water may exist in Luitpold spring (New).
The main subtype is located above the impermeable layers at a depth of approxima-
tely 220 m.

This allochthonous mixed water is diluted during its flow path and also locally by
shallow ground water. The water found beyond 300 m is also of mixed character; how-
ever, no dilution by shallow ground water occurs.

Based on these hydraulic considerations, a three-step simulation of the genesis of deep
ground water in Luitpold spring (Neu) was carried out, using the computation pro-
gram PHIREEQE. This permitted quantification of hydrochemical processes and thermo-

of the water.

column (sm) in tab. 7 represents the data o
sure and temperature were employed as ac
culations. The pH-values of computation-rel
calculations.
The first step involved equilibration of water of Buntsandstein origin with dolo-
mite and gypsum at a partial pressure of CO, of 1050 hPa and temperature of 14° C.
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Tab. 7: Simulation of the genesis of Luitpold spring (Neu) (deep ground water).
Simulation der Genese des Luitpold-Sprudels (Neu) (tiefes Grundwasser).

Analysis
Pcon
Temperature (°C)
pH
ZCa (meg/
Mg meq/
~Na meaq/
K meq/
>Cl meq/
S meq/
HCO,  meq/
H,CO,°  meq/

(sm)

75
56
02
0.04
02
0.05
03
02
0.02
015

L1

I step
saturation
to gypsum
& dolomite

0.015
140
61
222
7.44
017
0.05
025
14.7
27.5
471

L2

20 step
92,8% L1

7,2 zr
mixed
0.086
14.72
615
258
9 48
44.5
132
46.26
17.7
316
447

L3

3 step

0on

exchange
Ca+Meg—Na

018
17.0
60
179
7.72
639
1.32
463
17.7
322
62.2

Luitpold-
spring (Neu)

16.9
6.3
17.1
7.56
63.2
194
474
144
354
63.2
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5. Hydrodynamics

This part of the study considers the relative importance of several physical-hydro-
dynamic processes in the genesis of Bad Kissingen waters. These investigations could

both explain the problem of the site of regeneration of emerging deep ground water
in Bad Kissingen and describe the factors responsible for the motion of ground water.

5.1. Principles of model computations

1t of three important requirements is a pre-

(1) The flow must be reduceable to a two-dimensional case and one of the
coordinate axes must be parallel to gravity (z-axis).

(2) The transported chemical compounds must be conservative, i. e. they should
not participate in any reaction during their motion.

(3) The density and viscosity of the fluid should depend only on the concentration
of the dissolved compounds, but not on underground temperature.

The case of a stationary flow was employed for the computation of hydraulic con-
ditions, i. e. the applied parameters were considered as independent of the temporal
dimension.

Flow conditions were determined using the transport of chloride ions as a measure.
The distribution of chlorides in the drilling Georgi spring (P. UDLUET, 1979) in Bad

3
g g
\ 2 on
=2 [*] =]
g5 2 2 < Elevation
W 2 g m A < above/below
2 E b -%I ?3 £ Sea Level
= <
ad M ) b 1000
600
200
-0
-200
600
- 1000
k = Keuper

m = Muschelkalk
s = Buntsandstein
z = Zechstein
r = Rotliegendes
pp = Prepermian
Fig. 10: Location plan of the investigated area, geological stratification (after P. UDLUFT, 1979) and
grid net.
Lage des untersuchten Gebiets (Profilschnitt), seine geologischen Einbeiten ( nach P. UDLUFT,

1979) und Gitternetz.
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Tab. 8: Input parameters for the simulation of chloride distribution at the SE-periphery of the Spessart-

Rbon ridge.
Eingabeparameter zur Simulation der Chloridverteilung anf der SE-Flanke der Spessart-Rbon-
Schwelle.
Absolute permeability 5.5 bis 0.1x 107 m?
Ratio of horizontal/vertical permeabilitv 0.75
Effective porosity 0.12
Initial pressure conditions at the upper simulation line 3.12 bis 0.7x 106 Pa
Initial chloride concentration 10-8000 me/1
Longitudinal dispersivity 30.5m
Ratio of longitudinal/transversal dispersivity 02
Molecular diffusion coefficient 0.031 cm¥/s

Grid bar distance (X axis) 1000 m
Grid bar distance (Z axis) 50 m
Total simulation time 35000 a
Convergence criterion 0.000001

Briickenau (W-NW-side) and in Luitpold spring (Neu) in Bad Kissingen (E-SE-side)

was used for calibration of the system. The calculated area between Bad Briickenau

ESE

flow velocities (m/s)
9 - 10-¢
5 « 10-6
1 - 10-%
7+ 10-7
3 - 10-7

« 10~8

(m/s)

501 [ZA Grid points with fixed boundary conditions impermeable basement
1000m

Fig. 11: Flow velocities and directions (see text).
Stromungsgeschwindigkeiten und Fliefsrichtungen (Erlinterungen im Text).
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5.2. Development of the present chloride distribution pattern in the
underground of Bad Kissingen

WNW
150 m above
land surface
20 mg/l
som b
" 40 mg/l
60 mg/l
2000 mg/t 500 mg/l
8000 4000 mg/1
mg/l
4000 mgy 5900 /!
[O—
1000 m

Fig. 12: Chloride distribution after 0 years (initial INPUT); profile 20~fold enlarged.
Chloridverteilung nach 0 Jabren (Anfangszustand); Profil 20-fach iiberhiht.
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centrations is established in both horizontal (from W-NW to E-SE) and vertical

directions.

—
1000 m

Fig. 13: Chloride distribution after 120 years; profile 20~fold enlarged.
Chloridverteilung nach 120 Jabren; Profil 20-fach iiberhibt.

WNW Y &
150 m above :\?$ o &® q“‘é\
Tand surface ®
50m [
| S—
1000 m

Fig. 14: Chloride distribution after 240 years; profile 20-fold enlarged.
Chlovidverteilung nach 240 Jabren; Profil 20-fach siberbibt.

WNW
\S @ & @ I\
150 m above poed o & g“‘@
w® © LS A0
land surface
50m [

[E—
1000 m

Fig. 15: Chloride distribution after 360 years; profile 20-fold enlarged.
Chloridverteilung nach 360 Jahren; Profil 20-fach iiberhibt.
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land surface v ow N
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1000 m

Iig. 16: Chloride distribution after 480 years; profile 20-fold enlarged.
Chloridverteilung nach 480 Jabren; Profil 20-fach iiberbobr.

1000 mg |

1500 mgl
2000 g/l
2500 mg/l
3000 g |
Fig. 17: Chloride distribution after 600 years; profile 20-fold enlarged.
Chloridverteilung nach 600 Jabren; Profil 20~fach iiberhobt.
WNW N
150 m above 56'
land surface ™
50m
1000 g/
1500 mg/
2000 mg/l
2500 mg/
[ S

1000 m

Fig. 18: Chloride distribution after 720 years; profile 20-fold enlarged,
Chloridverteilung nach 720 Jabren; Profil 20-fach iiberhobt.

156



5.3. Contemporary chloride distribution pattern in the underground of
Bad Kissingen

> of the Spessart-Rhon ridge is presented in
on free of anthropogenic impacts (i. e. with-

react to different water withdrawal rates,

tpold spring (Neu) in Bad Kissingen) is cha-
ue to diffusion and gravity-induced diffe-
here, ranging from 650 mg/l CI in the vici-
[ at the bottom of the basin.

1ts observed in the drilling of Luitpold spring
such as gas-ift are not taken into account.
und waters are known to exist in the area
ydrostatic pressure suggests a considerable
» the existence of gas-lift effects (see chap-

The chloride distribution in ground water may be explained by circulation of the
relatively deep ground water, associated with a high diffusion within the slow-flowing
water. B. HOLTING (1983) describes comparable conditions in the Hessisches Becken
which borders the area in the W: “once the Zechstein series are reached, the water levels
(usually salt-containing) escalate abruptly, above the surface of the terrain in valleys,
or a few meters below it in higher located regions. The (salt-containing) Zechstein water
must be more confined and its hydraulic potential significantly exceed those of over-
laying stratifications.”

A o

)

800 mg/l 900 mg/
1000mg/l 1100 mgy1
1200 mg/l 1300 ey
1400 mg/l
0 mg/l
1600 mght 00 M/
1700 mg/l
1800 mg/l
1900 mg/l
2000 mg/t
2100 mg/l
| U
1000 m

Fig. 19: Chloride distribution after 35 000 years; profile 20-fold enlarged.
Chloridverteilung nach 35 000 Jabren; Profil 20-fach iiberhobt.
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covers. However, as previously mentioned, influx of shallow ground water occurs in
Max well. In the wells Schénborn and Luitpold spring (Neu), ground water emerges
from more profoundly situated sources and, in similarity with the Rakoczy and Pan-
dur wells, only typical Buntsandstein and Zechstein ground water can be distinguished
in the mixture.
rom the computation of a stationary pro-
- or ground water turnover in fault planes
calculated chloride distribution is based on

trast to diffusion processes). The steady-stat
W-NW-part of the investigated area to 1.02
edge of the simulation area. The calculated v
W-NW -part and 0.00155 Pa s at the bottom of the E-SE-part.

6. Synopsis of hydraulic and hydrogeochemical results

Clay minerals, quartz and feldspar occur in tk
tions among the listed types determine the hydrogeochemical properties of deep ground
water.

The flow of deep ground water in Unterfranken is determined largely by the morpho-
logy of the crystalline basement. The Frinkisches Becken is considered as a collector
of the water influx from the peripheral zones. Water of high density flows into the
basin from the N and mixes in its central region with deep ground water of low mineral
content emerging from the Spessart-Rhén ridge. The outflow from the Frinkisches
Becken occurs in a SW-direction (W. CARLE, 1956), probably toward the Oberrhein-
graben structure (“Upper Rhine graben”) (P. UDLUFT, 1979). Within the described flow
system, Bad Kissingen 1s situated in the foreland of the Spessart-Rhon ridge, which inclines
NW-wards.

The flow of shallow ground water occurs through fractured and jointed Buntsandstein
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7.Protection of the Bad Kissingen spa waters

The highly mineralized deep ground waters originating from the Zechstein formations
emerge in a deep joint system up to the surface. They get their emergence energy mainly
from the lifting power of degassing carbon dioxide and also from their potential hydraulic
energy. The Bad Kissingen well waters and also the Balthasar-Neumann spring (Bad
Bocklet) get their high mineralized ground water from allochthonous origin in the N
and W of their location, the Schénborn spring may get a small amount of its sodium
and chloride content also from autochthonous origin in the deep underground and by
deep water circulation. A quantitative estimation of mixing processes can be made by
their different chloride contents as shown in chapter 4.3.2. where low mineralized Bunt-
sandstein waters dilute deep mineralized ground waters of the Zechstein aquifer. Basing
in the idea that the dominant amount in the Bad Kissingen spa waters is of low mine-
ralized shallow ground water the hydraulic flow system should be explained in detail.

Taking into consideration all hydraulic and hydrochemical results the following pro-
tection areas can be designed. Generally speaking, the deep ground waters do not need
any protection because of their low flow velocities and deep circulation depths; the main
risks can be seen in a contamination of shallow ground waters within the Buntsand-
stemn.

The following proposed protection areas are determined by an agreement of best
possible protection and smallest possible space dimension. Strictly viewed, the protec-
tion area should extend approximately to Bad Briickenau nearly 20 km in the WNW
of Bad Kissingen (see chapter 4.3. and 5.3.).

The protection area concept proposes only three different zones according to the
guidelines for protecting drinking waters: an extended zone (zone C), a narrow zone
(zone B), and an inner zone (zone A) are recommended.

The extended protection zone (zone C)

For delimiting this zone, mostly tectonical, morphological and hydrological cha-
racteristics were considered. Their E-and SW-limits correspond mainly with tectonical
fault lines, outside of these displacement lines no influences by anthropogenic excavations
can be foreseen. For fixing the N-and W-limits mainly morphologic criterias were taken
into consideration. In respect to the geological structure, the western part of the Frin-
kische Saale represents itself in quite a different way than its corresponding part in the
E. While in the E mainly less fractured sandstones and clay (Upper Buntsandstein)
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Fig. 20: Protection areas for the Bad Kissingen and Bad Bockler wells and springs.
Wasserschutzgebiete der Bad Kissinger und Bad Bockleter Brunnen und Quellen.
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dominate and protect the underground from undesired influences, the W represents
a much more jointed and fractured structure consisting of sandstones (Middle Bunt-
sandstein) and less covered by protective layers close to the surface. For this reason,
the western part of zone C takes a larger extension than on the eastern zone.

Within this area anthropogenic disturbances are harmless and can be allowed to depths
up to 40 m below the overflow of the wells. Drillings up to 80 m below spill-over should
be allowed only with official permission. Deeper drillings more than 80 m should not
be permitted. In case of carbon dioxide escaping during any activity, all further ex-
cavations or drillings should be stopped and refilled.

The narrow zone (zone B)

person. Drillings for water exploitation should be permitted only in exceptional cases.

The inner zone (zone A)

Within zone B, inner protection zones for the Bad Kissingen park of the spa wells
and the Bad Bocklet well were marked. For the Schonborn and Luitpold spring no zone
A was proposed, because of the kind of bore support, penetration depth and geologi-
cal conditions seemed to be sufficient to protect these wells. The drawing of these limits
results from pumping tests carried out by N. GEORGOTAS (1972).

Zone A of the Bad Kissingen park of spa wells encloses greater parts of the urban
Bad Kissingen city. Within the flood plain of the Frankische Saale river, the protection
area extends some hundred meters upstream to the N of Bad Kissingen to ensure no
water contamination will happen. Outside the valley to the W and E, the extension of
the protection area corresponds exactly with the tectonical lines of the inner Bad Kis-
singen fault zone; to the S the limits were drawn only approx. 200 m downstream taking
into consideration that the main direction of flow leads to the S, and no contamination
could be expected from this side.

At the flanks of hill, within this zone, no excavations deeper than 3 m should be per-
mitted without official instructions. The deep and strong jointed and fractured Bunt-
sandstein and karstic Muschelkalk underground, including the slight thickness of the
clay covers surrounding the wells, demands special protection instructions. The hill-
side seepage water leads mostly to the quaternary gravel layers in the valley. How-
ever, these waters are connected with the emerging deep ground waters; because of
that any anthropogenic activity may lead to contaminations of the ground water and
therefore to a possible damage of the Bad Kissingen mineral waters. The inner part of
the flood plain near the wells seems to be protected sufficiently by meadow loam of
the Frankische Saale river. This alluvial soil layers also keep the emerging carbon di-
oxide from escaping. Every action which will destroy these layers should be prohibited,;
the conservation of these layers is of the greatest importance for protecting the Bad
Kissingen wells.

The observance of all guidelines mentioned above is recommended unconditionally,
especially in case of the shallow foundation of the drillings within the park of the spa.

In respect to the protection zone (zone A) of Balthasar-Neumann well in Bad
Bocklet the same restrictions made above for the Bad Kissingen park of spa wells are
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valid. The Bad Bocklet well takes a much greater penetration depth and seems to be
better protected, however restrictions will be necessary here to keep carbon dioxide
from escaping.

New drillings, done in 1994 and 1995, on the border of zone A and B at the E-side
of the Frinkische Saale river showed up that the salt water uplift is very closely related
to the fractures and deep joints. Outside the central, tectonically altered part only low
mineralized Buntsandstein water is found (P. UDLUFT, pers. comm.).

Summary

Knowledge of the processes involved in the facial establishment of geological for-
mations is an indispensable requirement for hydrogeochemical model computations.
While Buntsandstein consists predominantly of monotonous silt- and sandstone-
sequences, Zechstein is found in gypsum and anhydrite series and, locally, in salt facies
too.

tending fault zones is of crucial importance;
attention. Structural features of significant
1and its peripheral elevations, 1. e. the Spes-

lon of geological formations, evaluation of

1ce also proved necessary. The publications
of P. UDLUFT (1979), the MAIN-Projekt (BAYERISCHES LANDESAMT FUR W ASSER-
WIRTSCHAET, 1978), K.-E. QUENTIN (1970), M. BAUMANN & K.-E. QUENTIN (1987) and
the archive of the Institut fiir Wasserchemie und Chemische Balneologie of the Tech-
nische Universitit Miinchen served as references for this purpose. Surface flows and
shallow ground water conditions were reviewed only brietly in the analysis of hydro-
geological conditions, but more attention was paid to hydraulic parameters like joint
ntensity, porosity and rock permeability which largely determine the conditions of
deep ground water flow.

Underground temperature conditions were evaluated using four temperature-logs.
It was found that the temperature gradient in Bad Kissingen and the surrounding area
is slightly lower than the established average in Germany.

The silica content was employed as a geothermometer for the determination of dis-
solution temperatures of Bad Kissingen water and its circulation depths. Calculations
confirmed the existence of a low temperature gradient in the thick Buntsandstein layers
and suggest that a mixing between emerging deep ground water and water of Bunt-
sandstein origin takes place. A short estimation of the flow velocities led to a deep ground
water age to approx. 20 000 years which corresponds to the glacial period of Wiirm.

Further, we determined the distribution of elementary and complexed forms of water-
dissolved species in Bad Kissingen water. Calcium, magnesium and sulfur exposed a
clear trend toward formation of complex molecules. In contrast, strong electrolytes
such as sodium, potassium and chloride, are dissolved almost entirely as elementary
ions of Na*, K*and CT.

The activity and the corresponding activity coefficients of the dissolved compounds
were deduced from their concentrations. We found that activity coefficients of externally
charged complexes were, in part, substantially less than 1, while activity coefficients
of uncharged complexes were slightly greater than 1. Deviation of activity from the
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Zusammenfassung

Aufbauend auf den zahlreichen Veréffentlicht
westlichen Unterfrankens beginnt die Arbeit mit
mensetzung der Schichten und der geologisch-str
Hierbei werden die Heilwasservorkommen Bad K
die Genese dieser Heilquellen besser verstehen zu
Charakteristika des gesamten , Einzugsgebietes®,
gischen Formationen, die Durchlissigkeiten der ¢
Untergrund zu erkennen und zu beschreiben. Nuy
sonderen balneologischen Figenschaften der Bad Kissinger Heilwisser so entstehen, wie sie heute
vorgefunden werden. Der Mineralbestand der Schichten, die den Chemismus der Heilwiisser ent-
scheidend beeinflussen, kann in Bezug auf die Genese der Heilquellen von den physikalischen bzw.
hydraulischen Verhiltnissen, wie z. B. die sich ergebenden Verdiinnungseffekte oder Mischungs-
verhiltnisse, nicht getrennt betrachtet werden. Hierin ist ein grofler Verdienst dieser Arbeit zu sehen,
da hierdurch quantitativ Aussagen iiber das Zusammenwirken der uflerst komplexen Vorginge
gemacht werden konnen.

auf eine Zumischung NaCl-reicher Tiefengrundw
singen) hin, Zusatzlich verursachen eine Kohlendic
statische Druck auf das Tiefengrundwasser im Un
bis zur Gelandeober(liche ,,aus eigener Kraft“ au
physikalischen Parameter und ihre Auswirkunge:
Ergebnis dieser Arbeit.

167



Im Detail stellt sich die Situation aufgrund der hier vorliegenden Untersuchungen jedoch wesentlich
differenzierter dar. Auf der Basis einer Literaturstudie wurden zahlreiche Angaben zur Gebirgs-
durchlassigkeit der permischen (Zechstein) und mesozoischen Schichten (Buntsandstein und Muschel-
kallc) gesammelt und bewertet. Hierbei zeigte sich, daft die relativ hohe Durchldssigkeit des Gebirges
im oberflichennahen Bereich zur Tiefe hin deutlich abnimmt, da der hohe Gebirgs-Auflastdruck so-
wohl Poren- als auch Trennflichen z. T. schliefit. Nur tiefreichende Stérungen erhohen hier die an-
sonsten geringe hydraulische Wasserwegsamkeit. Weiterhin lassen unterschiedliche Temperatur-
verhiltnisse eierseits charakteristische SiO,-Gehalte in den Bad Kissinger Heilwissern entstehen,
andererseits wurden hier aus den gemessenen SiO,-Gehalten unterschiedliche Zirkulationstiefen er-
mittelt, die bereits ein recht differenziertes Bild der Genese der verschiedenen Bad Kissinger Heil-
quellen entwerfen lassen.

Die hydrogeochemischen Berechnungen zielen besonders auf eine moderne, thermodynamische
Beschreibung der Bad Kissinger Heilwisser ab. Die hier verdffentlichten Daten zur Konzentration
und Aktivitit sowie die unterschiedliche chemische Zusammensetzung an Wasserinhaltsstoffen kon-
nen insbesondere beziiglich ihrer balneologischen Wirkung gedeutet werden und bieten ein weites
Feld neuer medizinischer Untersuchungen. Wihrend bei einer Wasseranalyse im allgemeinen ledig-
lich Summenlkonzentrationen an Haupt- und Spureninhaltsstoffen gemessen werden, so ergeben sich
aufgrund der hier fiir die Bad Kissinger Heilwisser durchgefiihrten Berechnungen eine Vielzahl an
gelosten Komplex-Molekiilen. Insbesondere bei zunehmender Mineralisation, aber auch bei unter-
schiedlichen Temperatur- und Druckbedingungen ergeben sich abweichende Werte fiir die Kon-
zentration und Aktivitit der Inhaltsstoffe sowie verschiedene Werte in Bezug auf die Form (un-
komplexiert/komplexiert) der Spezies. Inwieweit sich die hier beschricbenen Zusammensetzungen
der Heilwisser auf die Beurteilung ihrer balneotherapeutischen Wirkung auswirken, mufite hier je-
doch offenbleiben und an fachkundige Adressen weitergegeben werden.

emischen und hydrodynamischen Verhiltnisse im
1gen zur Genese des Luitpold-Sprudels (Neu) dar.
‘Vorginge simuliert, die den Luitpold-Sprudel (Neu)
en entstehen lassen. Mit Hilfe verschiedener Steue-
Ibedingungen (pH-Wert, CO,-Partialdruck) in die
: des Luitpold-Sprudels und somit unter dhnlichen
_er Heilwisser, vereinfacht in drei Teilschritte un-
hgewichtseinstellung des Ausgangswassers aus dem
Buntsandstein der Rhén mit den Mineralphasen Caleit und Dolomit, zweitens eine Zumischung
NaCl-reichen Tiefengrundwassers aus den Steinsalzlagern im N von Bad Kissingen und drittens ein
Tonenaustausch von Ca- und Mg-Tonen mit Na-lonen im Untergrund von Bad Kissingen.
slhaft aus den Untersuchungen am Luitpold-Spru-
r deutlich tiberschitzt wurde. Vielmehr muf§ auch
inem tiberwiegenden Anteil an oberflichennahem
nur etwa 10 % sind als Tiefengrundwasser zu be-
ltigen Bestand der Heilquellen e wirksamer Schutz
sung von Schutzgebieten erreicht werden soll.

abhingen.
In einer Art Synthese werden die berechneten Faktoren und Parameter nochmals zusammengefafit
und ihre Auswirkungen auf die Genese der Bad Kissinger Heilwisser beschrieben. Die zahlreichen
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