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Hydrogeological role of large conduits in karst drainage system.

Examples from the Ljubljanica river catchment area.

Abstract:

We have performed regional and local study of groundwater dynamics in the
Ljubljanica catchment area by continuous and simultaneous observation of
groundwater levels and temperature at selected locations. The local scale study was
focused to Postonjska Jama system, the underground Pivka River respectively.
Seven data loggers were installed along pathway of the underground Pivka River, to
monitor water level and water temperature. Also discharge at the ponor was
measured. Purpose of this monitoring was to study hydraulic of underground
drainage and flow velocity (transit time of water) in several underground reaches.
The importance of different hydraulic restrictions has been demonstrated. Among
them the Martel's rock-fall is the most important. At high floods the water level from
the ponor to the Martel’s rock-fall is practically uniform. Flow velocities (water
transit times) at different flow rates were assessed based on the time lags between
diurnal temperature maxima and minima at different locations. Flow velocities
locally vary a lot in the underground system. Flow velocities are in average the
highest in the most upstream third of the system (between ponor and OtoSka Jama),
where they can reach at least 70 m/min (at flow rate around 60 m’/s). Velocities are
in average the lowest between Martel's chamber and Pivka Jama, where they do not
exceeds 14 m/min. However, flow velocities were not studied in Pivka Jama, where
higher than 70 m/min probably occur. Also tracer test was carried out in the system
of Postojnska Jama, to compare mass (artificial tracer) and heat (natural tracer)
transport. Results show that first appearance of the mass at the measuring stations is
equal to transit time of temperature signal.

Aquifer studied on regional scale stretches between Planinsko polje in the south and
springs of the Ljubljanica River in the north. Underground water is accessible only
in a few caves in the southern part of this aquifer. There we monitored water level
and water temperature in caves Vetrovna Jama, Najdena Jama, GradiSnica and
Gaspinova Jama. These caves get water mainly from the Planinsko polje, where the
Unica sinking River flows. But at least some caves are recharged also by other small
sinking streams, which were not monitored. There are two groups of ponors in

Planinsko polje and their activity depends on water conditions in the polje. We found
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out that regarding to activity of ponors, the Unica River recharges only the Vetrovna
Jama through eastern ponors, or Vetrovna Jama, GradiSnica, Gaspinova Jama
through eastern ponors, or Najdena Jama, Gradi$nica, GaSpinova Jama through
northern ponors. Underground connections were tried to explain also by the help of
geological structure of the discussed area. The important hydrogeological barrier
should appear downstream from four discussed caves, in direction toward springs of
the Ljubljanica. Such barrier can explain stage fluctuations in GradiSnica and
GaSpinova Jama. Another barrier should appear in direct vicinity of eastern ponors
and Vetrovna Jama, with direction S — N. This barrier in large scale prevents
underground water to drains also toward north-west; it is forced to drain toward
north mainly. Vetrovna Jama is presumably situated on other side (eastern) of this
barrier, as other caves (on western side). Consequently, hydraulic characteristics of

the Vetrovna Jama are very different as in other three caves.

Key words: karst aquifer, underground drainage, hydraulic restriction, monitoring,

transit time, flow velocity, flood pulse, hydrograph, Postojnska Jama, Slovenia.
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HidrogeoloSki pomen velikih prevodnikov v epifreaticni coni kraskega
vodonosnika.

Primeri iz porecja kraske Ljubljanice.

Izvlecek: Kraski vodonosnik smo preucevali v lokalnem in v regionalnem merilu, in
sicer z zveznimi meritvami nivoja in temperature podzemne vode na razli¢nih
lokacijah v vodonosniku. Lokalno smo raziskali sistem Postojnske jame, oziroma
podzemno Pivko, ki se pretaka skozi ta sistem. VzdolZ njene podzemne poti smo
namestili sedem merilcev vodnega nivoja in temperature. Merili smo tudi pretok
Pivke pri ponoru. Namen merjenja fizikalnih parametrov je bil preuciti hidravlicne
procese v podzemlju in dolociti hitrost podzemnega pretakanja (oziroma potovalne
case) med sedmimi merilnimi postajami. Ugotovili smo da predstavlja Martelov
podor najpomembnejSo hidravli¢no prepreko v obravnavanem sistemu. Dvig vodne
gladine pred podorom je lahko relativno velik, posledi¢no izrazito naraste nivo vode
v strugi tudi v gorvodnih delih sistema. Vodni nivo je ob izjemnih poplavah skoraj
poravnan med ponorom in Martelovo dvorano. Hitrost pretakanja (oziroma
potovalne c¢ase) smo dolocCili na podlagi naravnega sledila (temperature). Vsak
dnevni temperaturni vrh (ali sedlo), ki se pojavi pri ponoru, potuje skozi podzemni
sitem z neko hitrostjo. Posledi¢no je takSen temperaturni signal na vsaki nadaljnji
merilni postaji zabeleZen z nekim ¢asovnim zamikom, ki ustreza potovalnemu casu
tega signala (oziroma vode). Ker so razdalje med merilnimi mesti priblizno znane,
lahko izraCunamo tudi hitrosti vodnega toka. Hitrosti se vzdolz podzemne poti zelo
spreminjajo. Najvi§je so v prvi tretjini sistema (med ponorom in Otosko jamo), kjer
dosezejo vsaj 70 m/min (dologeno pri pretoku okoli 60 m’/s). Hitrosti toka so v
povpreCju najnizje med Martelovo dvorano in Pivko jamo, kjer povpre¢ne ne
presegajo 14 m/min. Vendar pa hitrosti toka nismo preucevali v Pivki jami, kjer so
domnevno lokalno najvi§je, menimo da zlahka presegajo 70 m/min. V Postojnski
jami smo opravili tudi sledilni poskus. Namen poskusa je bil primerjati masni
transport (umetno sledilo) s toplotnim transportom (temperatura kot naravno sledilo).
Rezultati so pokazali, da je prvi pojav sledila na merilnem mestu popolnoma enak
potovalnemu Casu temperaturnega signala.

Vodonosnik, ki smo ga preucevali v regionalnem merilu, se razteza na obmoc¢ju med
Planinskim poljem na jugu in izviri Ljubljanice na severu. Vendar je podzemna voda

dosegljiva le v malostevilnih jamah, ki se vse nahajajo na jugu obravnavanega
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obmocja. Vodni nivo in temperaturo vode smo merili v Stirih izbranih jamah: v
Vetrovni jami, v Najdeni jami, v Gradis$nici in v Gaspinovi jami. Glavnina vodnega
toka priteka v te jame iz Planinskega polja, kjer tece reka ponikalnica z imenom
Unica. Nekatere izmed teh jam pa se napajajo tudi z drugih obmocij, kjer tecejo
manjS$i ponorni potoki, katerih pretokov in temperature nismo spremljali. Na
Planinskem polju sta dve skupini ponorov, njuna aktivnost je povezana s
hidroloskimi razmerami na polju (pretokom Unice). Ugotovili smo da Unica napaja
izkljuéno Vetrovno jamo preko vzhodne skupine poziralnikov, prek istih
poziralnikov lahko ob vi§jem vodostaju poleg Vetrovne jame napaja e GradiSnico in
Gaspinovo jamo, ob visokih vodostajih pa poleg Ze omenjenih Se prek severne
skupine poziralnikov napaja Najdeno jamo, GradiSnico in GaSpinovo jamo.
Podzemne vodne zveze smo poskusali razloziti s pomoc¢jo znane geoloske zgradbe
obravnavanega obmocja. NajpomembnejSa hidrogeoloska bariera se domnevno
nahaja nizvodno od vseh S$tirih obravnavanih jam, v smeri proti izvirom Ljubljanice.
Usklajena nihanja podzemne vode v Gradi$nici in Ga$pinovi jami najlazje razloZzimo
s tak$no bariero. Druga pomembna hidrogeoloska bariera naj bi se nahajala v
neposredni blizini vzhodnih poziralnikov in Vetrovne jame, s smerjo J — S. Ta
domnevna bariera v veliki meri prepreCuje pretakanje podzemne vode proti
severozahodu, zato se podzemna voda ve€inoma pretaka proti severu. Vetrovna jama
se nahaja v neposredni bliZini te bariere, oziroma na njeni vzhodni strani, medtem ko
ostale tri obravnavane jame lezijo na drugi, zahodni strani bariere. To je eden izmed
razlogov, da je hidravli¢ni odziv Vetrovne jame na poplavne sunke precej drugacen

kot v ostalih treh jamah.
Kljuéne besede: kraski vodonosnik, podzemni vodni tok, hidravlicna prepreka,

zvezno merjenje, potovalni ¢as, hitrost vodnega toka, poplavni sunek, hidrogram,

Postojnska jama, Slovenija.
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the figure.

Figure 6.14: Total head at seven monitored locations in Postojnska Jama system at

base flow condition (blue points) and at extreme flood condition (red points). Slope
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of the water table among seven monitored stations, as a proxy of hydraulic gradient,

is also depicted.

Figure 6.15: Discharge time series from March to May 2008 was routed through the
SWMM model of Postojnska Jama system.

Figure 6.16: Distribution of measurements at seven stations in Postojnska Jama

system.

Figure 6.17: Discharge time series from October to December 2008 was routed
through the SWMM model of Postojnska Jama system, to observe modeled

hydraulic response of Magdalena Jama.

Figure 6.18: Stage in Tartar depends mainly on topography of underground channel,
till inflow increases to around 20 m’/s. At higher inflows ponding occurs and

inclination of H(Q) curve becomes steeper.

Figure 6.19: Measured and modeled data fit well when flow is below 20 m’/s. At

higher flow rates, local hydraulical restriction causes ponding.

Figure 6.20: Comparison between measured and modeled stage in Tartar for period
March — May 2008. The highest measured stages (above 1.2 m) correspond to

increase of water level caused by ponding.

Figure 6.21: Similar as in Tartar, stage in OtoSka Jama in first phase depends on
inflow and topography of underground channel. Later, at inflow around 8 m’/s,

ponding presumably occurs.
Figure 6.22: Measured and modeled data (in Otoska Jama) fit well when flow is

between 8 m’/s - 10 m*/s. At higher flow rates, hydraulic restriction causes ponding.

However this ponding is underestimated in a model.
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Figure 6.23: Comparison between measured and modeled stage in Otoska Jama for
period March — May 2008. All measured stages higher than 2 m are associated with

ponding, which was neglected in a model.

Figure 6.24: Stage rises relatively rapid with increasing discharge in front of the
Martel's rockfall. Inclination of stage-discharge curve becomes relatively gentle at

the highest discharges, when water finds some bypasses.

Figure 6.25: Modeled and measured Q(h) curves have similar shape, but modeled

data are highly underestimated at higher flow rates.

Figure 6.26: Comparison between measured and modeled stage in front of Martel's
rockfall for period March — May 2008. Permeability of the model is higher than
realistic permeability of the rockfall, as can be seen from differences in modeled and

measured stages.

Figure 6.27: Stage in Martel's chamber is the most sensitive to relatively low
inflows. Permanently active conduit, which drains water out of chamber is narrow

and therefore low permeable. Later overflowing occurs.

Figure 6.28: Modeled and measured H(Q) curves fit very well.

Figure 6.29: Comparison between measured and modeled stage in Martel's chamber
for period March — May 2008. Modeled and realistic stages do not fit well at the

lowest water conditions only.

Figure 6.30: Stage increases linearly with inflow in Magdalena Jama

Figure 6.31: Measured and modeled data fit well together, due to not complicated,

almost linear H(Q) relation in Magdalena Jama.

Figure 6.32: Comparison between measured and modeled stage in Magdalena Jama
for period October — December 4™ 2008. Magdalena Jama was not monitored in

period March - May 2008, as were all other parts of the system.
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Figure 6.33: Stage increases linearly with inflow in Pivka Jama.

Figure 6.34: Measured and modeled data would fit together perfectly in Pivka Jama,

if modeled data were not slightly underestimated.

Figure 6.35: Comparison between measured and modeled stage in Pivka Jama for

period March — May 2008.

Figure 6.36 a, b: Example from June 2008. Ponding, which takes place in front of
Martel's rock-fall, affects also the absolute height of water level in Otoska Jama and
in Tartar upstream. The absolute height of water level is almost equal at all three
locations during floods. Note that the absolute height of water level in Pivka Jama

(a) is represented on right scale and not on the left as for other stations.

Figure 6.37 a, b: Example from December 2008. Ponding, which takes place in front
of Martel's rock-fall, affects also the absolute height of water level in OtoSka Jama
and in Tartar upstream. The absolute height of water level is almost equal at all three
locations during floods. Note that the absolute height of water level in Pivka Jama

(a) is represented on right scale and not on the left as for other stations.

Figure 6.38: An example of a decision trees (adapted from Witten & Frank, 2005).

Figure 6.39: Example of a model tree (see rules for Tartar in appendixes).
Where rule 1 is Y =0.0624 * X + 18.8491; rule 2 is Y = 34.958 * X - 7.0836; rule 3
isY=7.6432* X +21.6957 and rule 4 is Y = 7.0929 * X + 24.2996.

Y is a water level and X is a discharge.
Figure 6.40: Figure shows flow rate (Q) versus stage (H) relation for Tartar (Station
No. 2). Blue markers represent measured relation (training set of data) and red

markers represent model based on training set of data.

Figure 6.41: Data, which were used for training set (blue curve) and corresponding

modeled data of Tartar (red curve).
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Figure 6.42: Evaluation of model (red markers) on testing set (blue markers). Testing
set are data from September, October, November (all 2008), January and February
(both 2009).

Figure 6.43: Fitting between real data and model based on testing set (flood pulse
from February 3 IOth). Correlation coefficient is 0.9871.

Figure 6.44: Relation flow rate (Q) versus stage (H) for Otoska Jama station (Station
No. 3). Blue markers represent measured relation (training set of data) and red

markers represent model based on training set of data.

Figure 6.45: Data, which were used for training set (blue curve) and corresponding

modeled data of Otoska Jama (red curve).

Figure 6.46: Evaluation of model (red markers) on testing set (blue markers). Testing

set are data from September, October and November 2008.

Figure 6.47: Fitting between real data and model based on testing set (flood pulse

from October 28" ~November 4™ 2008). Correlation coefficient is 0.9913.

Figure 6.48: Relation flow rate (Q) versus stage (H) for station situated in front of
Martel's rockfall (Station No. 4). Blue markers represent measured relation (training

set of data) and red markers represent model based on training set of data.

Figure 6.49: Data which were used for training set (blue curve) and corresponding

modeled data of Martel's rockfall (red curve).
Figure 6.50: Evaluation of model (red markers) on testing set (blue markers). Testing
set are data from September, October, November (all 2008), January and February

(both 2009).

Figure 6.51: Fitting between real data and model based on testing set (flood pulse
from February 3™ — 10™). Correlation coefficient is 0.9889.
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Figure 6.52: Relation flow rate (Q) versus stage (H) for Martel's chamber (Station
No. 5). Blue markers represent measured relation (training set of data) and red

markers represent model based on training set of data.

Figure 6.53: Data, which were used for training set (blue curve) and corresponding

modeled data of Martel's chamber (red curve).

Figure 6.54: Evaluation of model (red markers) on testing set (blue markers). Testing

set are data from April (10" — 30™), May and June 2008.

Figure 6.55: Fitting between real data and model based on testing set (flood pulse
from February 3 — 10™). Correlation coefficient is 0.9846.

Figure 6.56: Relation flow rate (Q) versus stage (h) for Magdalena Jama (Station No.
6). Blue markers represent measured relation (training set of data) and red markers

represent model based on training set of data.

Figure 6.57: Data which were used for training set (blue curve) and corresponding

modeled data of Magdalena Jama (red curve).

Figure 6.58: Evaluation of model (red markers) on testing set (blue markers). Testing

set are data from January - June 2009.

Figure 6.59: Fitting between realistic data and model based on testing set (flood

pulse from February 3™ — 10™). Correlation coefficient is 0.9698.
Figure 6.60: Relation flow rate (Q) versus stage (H) for Pivka Jama (Station No. 7).
Blue markers represent measured relation (training set of data) and red markers

represent model based on training set of data.

Figure 6.61: Data which were used for training set (blue curve) and corresponding

modeled data of Pivka Jama (red curve).
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Figure 6.62: Evaluation of model (red markers) on testing set (blue markers). Testing
set are data from September, October, November, December (all 2007) and February
2009.

Figure 6.63: Fitting between realistic data and model based on testing set (flood

pulse from February 3 IOth). Correlation coefficient is 0.9839.

Figure 6.64: Variation in concentration of tracer spreading in one-dimensional and
two-dimensional constant velocity flow system. Variation of concentration has

Gaussian distribution (adapted from Schwartz & Zhang, 2003).

Figure 6.65: Distribution of water soluble tracer downstream from injection point.

Lateral mixing and longitudinal dispersion occur (adapted from Field, 2002).

Figure 6.66: Rate of mixing is a function of distance from injection point (adapted

from Field, 2002).

Figure 6.67: Diurnal and annual cycle of the Pivka River in time period March 2006
— December 2008. Measuring frequency was shorter in year 2008 (10 min) than in
2006 and 2007 (15 min).

Figure 6.68: Flow exchange between surface water and ground water through the
hyporheic zone. Water is partly stored in hyporheic zone; hence heat is buffered

before it is released back (adapted from Kalbus et al., 2006).

Figure 6.69: Thermal processes in hyporheic zone (white). Advection transports heat
via fluid flow (large black arrows), conduction transfers heat between sediment and
hyporheic water (small black arrows), combination of conduction and dispersion
occurs as hyporheic water interact with groundwater and incoming solar radiation
indirectly warms hyporheic water via conduction and transfer of latent heat (adapted

from Burkholder et al., 2008).

Figure 6.70: A portion of a river channel illustrating the velocity profiles.

(http://cronodon.com/files/River Processes 1.pdf)
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Figure 6.71: Phase shifts of maxima (or minima) are equal to transfer time of

temperature signal, which moves with water from one location to another.

Figure 6.72: Relation between the discharge and transit time of temperature signal
for 5 different stream sub-reaches in the system of Postojnska Jama. Also relation
between the discharge and total transit time of temperature signals (time which
signal needs to traverse from the ponor to the most downstream station in Pivka

Jama) is depicted (yellow markers).

Figure 6.73: Mean velocities of temperature signal between neighboring stations, as
a proxy of velocity of underground water flow at variable flow rate. The best fitting

is also depicted.

Figure 6.74: Relation between discharge and transit time of temperature signal for 3

stream reaches in the system of Postojnska Jama.

Figure 6.75: Mean velocities of temperature signal within three underground
reaches, as a proxy of velocity of underground water flow, at variable flow rate. The
best fitting is also depicted. Length of all three reaches is approximately the same

1200 m.

Figure 6.76: Ground plan and longitudional sketch of a underground reach between
Magdalena Jama and Pivka Jama. Note that two sketches are inversely orientated.
There are three phreatic loops in this reach, one of which has not been physically

researched yet (adapted from Krivic & Praprotnik, 1975).

Figure 6.77: Relation discharge — transit time of thermal signal for two reaches of
approximately similar length (3500 m — estimation). Transit times in reach Pivka
Jama — Planinska Jama are for a factor of two higher than in upstream reach ponor —

Pivka Jama.

Figure 6.78: Wetted perimeter is calculated by adding the length and breadth of the

channel in contact with water.
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Figure 6.79: Solution of Sulphorhodamine G was injected into the Pivka River from

the bridge just front of the ponor.

Figure 6.80: Sketch of a breakthrough curve along a selected tracer streamline. T,
represents the mean resident time of a tracer between two locations (adapted from

Field, 2002).

Figure 6.81: Discharge of the Pivka River and breakthrough curves for three
locations within Postojnska Jama system. Transit time and velocity of tracer were

calculated due to the occurrence and shape of breakthrough curves.

Figure 6.82: Flow velocity varies with discharge. We are interested in velocity at
flow rate 2 m’/s. The best logarithmic fitting was used to estimate velocity at certain

flow rate.

Figure 6.83: Hydrograph represents flood pulse recorded at various locations in
Postojnska Jama system in July 2008. Crest of the flood pulse is highly distorted at
some locations, due to the geometry of conduits. Arrow shows inflection point from
base flow to rising limb for Tartar. It is problematic to determine this inflection point

at some other locations.

Figure 6.84: Temperature of the Pivka River at the ponor and 3.5 km downstream in
Pivka Jama. Data are from year 2007. Some data are missing, hence curves are
discontinuous. Discharge was not measured in this year, water level is plotted

instead.

Figure 6.85: Comparison of the water temperature at the ponor and in Pivka Jama,

3.5 km downstream. Included are data from year 2007.

Figure 6.86: Temperature of the Pivka River at the ponor and 3.5 km downstream in

Pivka Jama. Data are from year 2008. Discharge is also plotted.

Figure 6.87: Comparison of the water temperature at the ponor and in Pivka Jama,

3.5 km downstream. Included are data from year 2008.
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Figure 6.88 a: Temperature of the underground Pivka River and its discharge in
February 2009.

b: Slow recession of the Pivka River. Temperature signal needs some time to
traverse distance between stations, hence diurnal temperature maxima and minima
are shifted.

c: temperature data from six stations were shifted backwards to cover with data at

the ponor (data are correlated peak to peak and saddle to saddle).

Figure 6.89 a: Transition of temperature signal through underground system during
slow recession (March 19" — 21 2008).

b: Box-Whisker graph representing temperature characteristics of the Pivka River at
six monitoring stations, in period between March 19™ and 21* 2008. Water was not
monitored in Magdalena Jama in this period. Discharge represents a grouping
variable (grouping interval is 0.5 m’/s), while temperature of water at various
stations is dependent variable. 50 % of data is included in a box (with median inside
it), while upper quartile (25 % of data) and lower quartile (also 25 % of data) are

shown as whiskers.

Figure 6.90 a: Transition of temperature signal through underground system during
slow recession (June 20™ — 26™ 2008).

b: Box-Whisker graph representing temperature characteristics of the Pivka River at
seven monitoring stations, in period between June 20" and 26™ 2008. Discharge
represents a grouping variable (grouping interval is 0.5 m’/s), while temperature of
water at various stations is dependent variable. 50 % of data is included in a box
(with median inside it), while upper quartile (25 % of data) and lower quartile (also

25 % of data) are shown as whiskers.

Figure 6.91: Temperature loss and gain along two underground reaches. Maxima and
minima from period March — July 2008 were applied to draw this graph, see also

Table 1.

Figure 6.92: Dampening of diurnal temperature variations along the underground

drainage can be observed at low discharges of the Pivka River. Finally, water
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temperature becomes constant, as it is equilibrated with surrounding media (rock

massif).

Figure 6.93 a and b: Determining equilibrium temperature of time period May 3™ -
7™ 2006 (a). Thermal exchange stops when equilibrium temperature between water
and bedrock (including sediments) is established. Equilibrium temperature was
determined due to the difference between temperature of water at the ponor and
temperature of water in Pivka Jama, which is 3.5 km downstream from ponor.
Difference decreases (or increases) linearly and when it becomes equal to zero,

equilibrium temperature may be determined (b).

Figure 6.94: The temperature of the last diurnal maximum on March 9" did not
change underground. Hence its temperature should be equal to the equilibrium
temperature underground, as there was no heat exchange between water and
surrounding (bedrock, sediments). Observe also the fact that the higher the deviation

from temperature equilibrium, the higher is temperature change.

Figure 6.95: Temperature and water level characteristics between March 22" and
April 18", Heavy rain results in inputs of flood and cool water, which alter thermal

equilibrium significantly.

Figure 6.96: Mean equilibrium temperature in time period March 22" to April 18"
would be 8.8°C, according to figure. But there were many flood pulses, which
coincide also with significant drop of water temperature. Hence, several trends may
be distinguished within the data. Trends should be divided and local (fictive)
equilibrium temperatures should be determined for each trend separately.

Figure 7.1: Geological map of studied area with measuring stations marked.

Figure 7.2: Figure 7.2: Ground plan of Najdena Jama with measuring location

marked.

Figure 7.3: Ground plan of GaSpinova Jama, with measuring location marked.
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Figure 7.4: Map of Planinsko polje — Ljubljanica springs area, with marked main

surface and underground streams.

Figure 7.5: Hydrogeological map of the area. Vetrovna Jama is marked No. 4

(adapted from Krivic et al., 1976).
Figure 7.6: Monitoring periods in four selected caves.

Figure 7.7 a: Hydrographs of all four monitored caves and of the Unica River for
monitored part of the year 2006. Precipitation data are included.
b: Hydrographs of all four monitored caves and of the Unica River for the year 2007.

Precipitation data are included.

Figure 7. 8: Sketch of longitudinal cross section of Vetrovna Jama with measuring

station marked. Author of the original sketch is Miran Nagode.

Figure 7.9: Hydrographs of the Cerknica Lake, the Unica River and the Vetrovna

Jama in period between September 1* and December 24", 2007.

Figure 7.10: Comparison of flow hydrograph (the Unica River at Haasberg) with
stage hydrograph of the Vetrovna Jama in period between December 8™ — 31, 2006.

Also temperature hydrographs are represented.

Figure 7.11: Comparison of flow hydrograph (the Unica River at Haasberg) with
stage hydrograph of the Vetrovna Jama in period between September 26™ — October
18™,2007. Also temperature hydrographs are represented.

Figure 7.12: Comparison of flow hydrograph (the Unica River at Haasberg) with
stage hydrograph of the Vetrovna Jama in period between September 18" — 23",
2007. Temperature hydrographs are also represented.

Figure 7.13: Comparison of flow hydrograph (the Unica River at Haasberg) with
stage hydrograph of the Vetrovna Jama in period between January 1% — 22™ 2007.

Temperature hydrographs are also represented.
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Figure 7.14: Relation between discharge of the Unica River measured at Haasberg

and water level in Vetrovna Jama for period between December 9™ and 31%, 2006.

Figure 7.15: Comparison of flow hydrograph (the Unica River at Haasberg) with
stage hydrograph of the Vetrovna Jama in period between November 20M —

December 4™, 2006. Also temperature hydrographs are represented.

Figure 7.16: Detail of the November 2006 flood pulse. Arrow shows a point on
rising limb, where the flood water of the Unica River penetrates to the Vetrovna
Jama. Assumption is based on temperature characteristics of underground water.

Temperature changes at the time of breakthrough.

Figure 7.17: Geographical map of studied area. Discussed caves, collapse dolines,
assumable direction of underground drainage and Slavendol fault, which assumably

represents low permeable hydrogeological structure (or restriction) are marked.

Figure 7.18: Water, which recharges eastern ponors, flows along low permeable
Slavendol fault toward Vetrovna Jama in the north. However, some lateral conduits
or some relatively well permeable horizon may exist, as some portion of water may
theoretically penetrate through Slavendol fault toward NW (Gradisnica respectively).
These secondary, lateral conveyers activate at relatively higher water conditions in

the aquifer only.

Figure 7.19: Hydrograph of Najdena Jama. Cave was monitored in period May 2006
— December 2007, with a break between February and April 2007. Seven high flood
pulses (higher than 8 m) were recorded and several small ones (around one to three

meters).

Figure 7.20: Hydrographs from Najdena Jama and Gradisnica in August 2006. Three

small flood pulses were recorded; two of them have also secondary peaks.

Figure 7.21: Hydrographs from Najdena Jama and GradiSnica in summer 2007.

Several small flood pulses were recorded. Secondary peak of the last represented
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flood pulse from Najdena Jama (marked with arrow) is relatively gentle in

comparison with other peaks (see also next figure).

Figure 7.22: Small flood pulse recorded on September 18" — 22" 2007. Secondary
peaks in Najdena Jama (arrow No. 2) and Gradi$nica correspond to flood inflow of

the Unica River.

Figure 7.23: Hydrograph of Gradis$nica. Cave was continuously monitored in period
July 2006 — December 2007. Flood pulses higher than 10 m are considered as high

and lower as small.

Figure 7.24: High flood pulses in Najdena Jama and Gradisnica recorded on

September 26" — October 6™, 2007.

Figure 7.25: The highest measured flood input in Najdena Jama, caused by inflow of
the Unica River, which occurred in May — June 2006. Observe tendency of base flow
to approach toward 8.5 °C after the retreat of the Unica River from the cave. Base
flow adopted temperature of the rock-mass, which temperature field was changed
enormously by input of the warm Unica River. Usual temperature field 8.5 °C was

re-establishing gradually.

Figure 7.26: Hydrographs from September 2007. Flood pulse of the Unica River
recharged eastern group of ponors, northern ponors remained dry. Secondary peak
recorded in Gradignica and Gaspinova Jama (see September 20™) is attributed to
inflow of the Unica River arriving from eastern ponors. While secondary peak in
Najdena Jama (see September 20™) is induced by relatively low surplus which passes
eastern ponors, but sinks underground before it reaches northern ponors. The surface
Unica represents an overflow, which leaks into aquifer not only through main ponor

areas, but also through several other points situated along its surface pathway.
Figure 7.27: There are presumably two directions of underground drainage from

eastern group of ponors; S — N as main direction and SE — NW as secondary lateral

direction, which occurs only at relatively higher water conditions, when “LaSka
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zaga” ponors activates or when hypothetically some portion of water penetrates

through Slavendol fault (line between E — ponors and Vetrovna Jama) to the NW.

Figure 7.28: Hydrographs from November 2006.

Figure 7.29: Hydrographs from July 2007. Note that data logger is above water table
at base flow conditions in GaSpinova Jama and it measures temperature of air instead

of water!

Figure 7.30: Cross-section through discussed aquifer (connect caves number 1, 2, 3
and 5 on figure 7.3). Also Jama pri Gnezdu is represented on this figure (it is marked
with No. 5 on Fig. 7.3). This cave developed in Jurassic dolomite, which may
represent a barrier for underground flows in the aquifer (see Fig. 7.3). Observe also
reconstruction of water table at base flow. Reconstruction among upstream three
caves (Najdena Jama, GradiSnica and GaSpinova Jama) is based on measurements,

while it is hypothetic downstream in direction toward springs.

Figure 7.31: Hydrographs from January 2007. Peak marked with No. 1 represents
flood inflow of different origin than peak marked with No. 2.

Figure 7.32: Hydrographs from September 2007. Note that data logger is above
water at base flow conditions in Gaspinova Jama and it measures temperature air
instead of water! Peak marked with No. 1 represents flood inflow of different origin

than peak marked with No. 2.

Figure 7.33: Sketch of longitudinal cross section of Gradi$nica with measuring
station marked and direction of underground drainage (arrows), which can explain
appearance of diurnal variations at the location of data logger at certain water
conditions only (adapted from Nagode, 1997, modified).

Figure 7.34: Hydrographs from December 2006.

Figure 7.35: Hydrographs from January-February 2007.
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Figure 7.36: Flood pulses in February-March 2007

Figure 7.37: Difference of water level between GradiSnica and GaSpinova Jama

depends on water conditions in the aquifer. Higher water conditions are, higher is

difference and also hydraulical gradient is higher. Relation is almost linear.
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1. INTRODUCTION

1.1. A karst aquifer; its definition, importance and characteristics. The problem
of underground water dynamics in karst areas.

Karst rocks occupy 15 - 20 % of the Earth's ice-free land surface. About one quarter
of the world's population is supplied by karst waters (Ford & Williams, 2007); in
Slovenia up to 50 % (Morales et al., 2007). Therefore karst rocks are, beside
alluvium, the most important aquifer formations. The protection of karst aquifers,
exploitation and maintenance of water quality is essential for sustainable
management of water resources in many countries around the world (Kovéacs, 2003).
As we are dealing with karst underground hydrogeology we should define the term
aquifer first:

Aquifer is a rock formation which is capable to retain large quantities of water
(White, 1988). It does not only store, but also transmits and especially yields
economically significant amounts of water (Ford & Williams, 1989). A characteristic
of karst aquifers are the solution-generated voids, i.e. a network of large conduits
may be formed as a consequence of rock dissolution. Transport of ground water
through the conduit system is rapid and often turbulent (White, 2002). A precise
definition of a karst aquifer is given by Huntoon (Worthington et al., 2000): “A karst
aquifer is an aquifer containing soluble rocks with a permeability structure
dominated by interconnected conduits dissolved from the host rock which are
organized to facilitate the circulation of water in a down gradient direction wherein

the permeability structure evolved as a consequence of dissolution by the water.”

Dynamics of underground water in aquifers with inter-granular porosity (aquifers in
unconsolidated sediments) are well known and may be easily described by Darcy's
law, due to homogeneity of such aquifers. Darcy's law describes dependence of
specific discharge on hydraulic conductivity (considered as constant), and hydraulic
gradient. Darcy's law assumes laminar flow. Hydraulic conductivity of mature karst
aquifers is usually extremely anisotropic and heterogeneous, due to spatial
distribution of the conduit network, which is largely unknown. Therefore the
parameterization of such aquifer, where turbulent flow through conduits prevails, is
an extremely difficult task. Depending on the development of the karst aquifer, it

may be intersected with two or three types of porosity. We tend to describe mature
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karst aquifer with triple porosity (Bonacci, 1987; White, 1988, 2002, 2003; Ford &
Williams, 1989; Brenci¢, 1996; Motyka, 1998; Ralston, 2000):

e porous or granular or matrix

Porous permeability is a complex of voids in a small rock fragment. The spaces
consist of primary pores (syngenetic voids) and secondary pores (metasomatic and
diagenetic). There are not only inter-granular pores, but also micro-fissures and
small karst voids.

Porous permeability depends on the age of the rock mass, but pores are generally
considered as impermeable (except if they are interconnected). Porous rocks more
store water than transmit it.

e fracture or fissure

Fracture or fissure permeability is usually a consequence of solution processes. It
affects and enlarges mechanical joints and bedding plane partings (White, 2002;
Bonacci et al., 20006).

Fissure permeability is dependent on several parameters: fracture aperture, length,
width, turtousity, fracture spacing and wall roughness (Motyka, 1998). Apertures
may range from micrometers to at most one centimetre. Their original aperture is in
the range 50-500 pm and may be later enlarged by dissolution. Width is quite
variable because of the roughness of the fracture walls (Schwartz & Zhang, 2003).
Water flow in fractures is laminar, on average it may be considered to follow Darcy's
law, or its version Hagen-Poiseulle law (White, 2002).

Rocks with fissured porosity are supposed to be fairly permeable (Gospodari¢ &
Habic, 1976).

e conduit

Conduit permeability of karst aquifers may range from solutionally widened joints
and bedding planes of diameter at least 1 cm to pipe like passages many metres in
diameter; in extreme conditions more than a hundred metres. Classically they are a
few metres wide and kilometres long (Bakalowicz, 2005). Onset of the non Darcian
behavior occurs when the aperture of the void exceeds around 1 cm (White, 2002).
Flow through such void (conduit) is no more laminar, but turbulent. Distribution of
conduits is rare in karst aquifers, they make up only a low percentage of the aquifer

cross section, but they transmit 90 % or more underground karst water (White, 1988;



Worthington et al., 2000). Rocks with conduit permeability are therefore considered

as very permeable.

Worthington (1999) examined matrix, fissure and conduit porosity in four carbonate
aquifers (Silurian dolostone aquifer, Mississippian aquifer, Cretaceous chalk aquifer
in Britain and a tropical Cenozoic limestone aquifer). Percentage of matrix porosity
is high in all four aquifers, ranging from 2.4 % to 30 %. Fissure and conduit porosity
represent a similar percentage. Conduit porosity ranges from 0.003 % to 0.5 % and

fissure porosity from 0.01 % to 0.1 % in the four studied aquifers.

Karst aquifer evolves in soluble rocks, which usually results in high heterogeneity
and anisotropy. Water dissolves surrounding rocks and increases the diameter of
preferred voids. The process of karstification is temporally variable and relatively
rapid in comparison with common geological processes. For example, the timescale
for evolution of a karst aquifer with integrated karst network is in the range of ten
thousand to several hundred thousands of years according to numerical models
(Dreybrodt et al., 2005).

Flow and transport in karst aquifer depends on the spatial distribution and geometry
of conduit systems. These develop along preferential structures such as fractures (i.e.
faults, thrusts, joints) and bedding planes or along other preferential pathways
(Bakalowicz, 2005). Groundwater flow will enhance by dissolution particularly
those fractures and discontinuities which are sub-parallel to the local hydraulic
gradient and which are in the vicinity of the free groundwater table (Kiraly, 2002).
Distribution of such prevailing underground pathways is sparse in comparison with
volume of the entire karst aquifer. It is not possible to define representative
elementary volume, as in other aquifers.

An important characteristic of mature karst is its duality. Interaction of different
porosity in karst aquifer reflects in two types of flow: slow and rapid. Slow flow is
diffuse and laminar; it occurs through fissures and matrix. Fast and turbulent flow
takes place in conduits (Bonacci, 1993). Hydraulic conductivity in karst aquifers
spans more than six (up to ten) orders of magnitude (Kiraly, 2002). Duality occurs
also in transport and storage capacity. Low permeable fissures and matrix have high

storage capacity, in contrast with high permeable conduit network, which has low



storativity and high transmissivity (Mohrlok & Sauter, 1999; Peterson & Wicks,
2005).

Matrix and conduits exchange water depending on head gradient. At base flow
conditions, the conduits gain water from the surrounding matrix. At flood conditions,
head gradient within the conduit becomes greater than the head of surrounding
matrix, causing water to flow from the conduits to matrix. Water is then stored in
inter-granular porosity and fractures, until the head gradient is reversed again
(Martin & Screaton, 2001). Therefore water table is not exactly the same in caves
and surrounding matrix. It is changeable in time and space.

Conduits can gain also a significant contribution of water from matrix, especially in
some aquifers developed in “young” carbonates (where matrix is extensively
fractured and dissolved). Water discharging from certain karst spring can range from
nearly all allogenic water to nearly all water derived to conduit from the matrix

porosity to feed the spring (Martin & Screaton, 2001).

1.2. Hydrogeological significance of caves

Caves are one of the most characteristic features of mature karst landscape. Ground
water flow in caves is localized and under normal gradients flows in a turbulent
regime. Such conditions occur when the aperture of conveyer exceeds about 1 cm.
Hence, voids with diameter at least 1 cm are considered as conduits. Caves are
fragments of conduit network, which are large enough for human explorations (with
diameter more than 0.5 m). However, accessible caves usually represent only a
minor length of the total conduit network (often even less than 1 %) (White, 2002).
Caves can be entered and explored from ponors or springs (Fig. 1). Underground
water flow is very rarely accessible along its entire pathway between ponor and
spring. Sometimes it may be accessible also through some vertical shafts, collapsed
dolines or through artificially widened fissures. Such intermediate water caves are
considered as independent caves, until they are physically connected with a

neighboring ponor or spring cave.

Caves as a system of connected conduits transmit the great majority of underground
water in karst massif. They concentrate and drain the catchment; therefore large

amounts of water may drain through caves, with discharges more than 100 m’/s.



Velocities of such underground flow may be very fast, similar to the velocity of
surface flows (rivers).

We treat here water caves which occur in epiphreatic zone of karst aquifer. It is a
transitional zone between phreatic zone (permanently saturated zone) and vadose
zone (permanently unsaturated zone) (Fig. 1). Hence epiphreatic zone is a zone
where saturated and unsaturated conditions change, dependent on water conditions in
the aquifer. Water flow in epiphreatic conduit is similar to pipe flow, where both
open channel (atmospheric pressure) and full pipe flow (under pressure) occurs
(Bakalowicz, 2005). Water levels in epiphreatic zone may fluctuate significantly,
even for hundred metres or more, depending on cave hydraulic, recharge
characteristics and thickness of the karst massif. Rising and lowering of groundwater
level is sudden and rapid. Therefore storage capacity of caves is considered to be low
in contrast with their high permeability (Bonacci et al., 2006).

Caves represent suitable measuring points within the aquifer. Karst aquifers have
been mainly studied at the springs (Bonacci, 1993; Brenci¢, 2002; White, 2002;
Kovacs, 2003; Toran et al., 2006). Hydro and chemo-graphs obtained at karst springs
reflect input and transfer function of karst aquifer. Spring hydrographs provides
information about the aquifer geometry and chemo-graphs information about travel

times, origin of water, type of flow etc.

Precipitation

Impervious layer

Figure 1: Conceptual model of a karst hydrogeological system with its zonation

(adapted from Dreybrodt et al., 2005).



We measured parameters in caves. Physical and chemical parameters can be
measured directly in the aquifer, where the majority of the underground drainage
takes place. Measured parameters directly reflect the hydrogeological processes
within the aquifer (in front and behind the monitored micro-location) and in the
drainage basin at the surface (recharge). Bore holes are less representative measuring
points, as they rarely penetrate highly permeable structures as conduits (White, 2002;
Reinmann et al., 2008).

2. BACKGROUND AND GOALS OF THE THESIS

Hydrology of the caves is relatively poorly known, even in some karst systems
where detailed research by combined tracing tests has been performed. In the best
case, the epiphreatic zone within karst massif is accessible only at few locations,
through often technically difficult cave systems. Autonomous sensors with large

storage capacity were either not available or too expensive in near past.

New instruments, which enable continuous monitoring of physical properties
(temperature, water level, electrical conductivity) of water flow, have been widely
used in water science for a decade. Therefore we decided to use such equipment to
measure water temperature and level in caves of Notranjska region (central
Slovenia). Data loggers, Divers™, produced by Van Essen have been used to
measure parameters in selected caves (Fig. 2). The temperature accuracy of data
loggers is 0.1°C and accuracy of measured water level is £0.2 % of maximal range
(100 or 50 m), according to technical information. Data may be recorded at arbitrary
intervals. 10, 15 and 30 minute, sampling intervals were chosen, depending on the
system monitored. Intervals should be short enough to detect all important changes
in measured parameters.

Moreover, modern caving techniques and intense speleological research have opened
some new accesses to the underground flow in Slovenian karst. The number of
underground locations (caves), where water flow may be potentially monitored, has
increased during the last few years.

Because of these reasons we think that there is a new opportunity to study

groundwater flow in karst aquifers.



Figure 2: Data logger, which we used to measure level and temperature of

underground water in caves (Photo: F. Gabrovsek).

We have two main goals:

1. To improve the knowledge about ground water dynamic within karst aquifer
based on the study of flow and transport on local and regional scales.

2. To demonstrate the application of new equipment in karst hydrogeology. Data
loggers have been produced to measure parameters of surface waters and
underground waters in drilling wells. Their application in water caves (epiphreatic
zone of karst aquifer) has been much less demonstrated. They are used for the first
time in Slovenia, to monitor karst underground water which recharges Ljubljanica
Springs (Notranjski kras, central Slovenia), and the underground Reka River (Karst
plateau, SW Slovenia) (Gabrovsek & Peric, 2006).

Due to the heterogeneity of karst aquifer, we decided to study and describe its

functioning on both scales, local and regional:

- Monitoring of underground flow through one single conduit system with known
geometry has been established on local scale. The main idea of such research is to
improve the understanding of flow and transport through a continuous and well
defined conduit system in the epiphreatic zone of the karst aquifer. Furthermore,

basic hydraulical (hydrogeological) processes may be directly observed by



measurements. Such processes are propagation of flood pulse through the conduit,
media (mass) transport, transport of thermal signal and thermal interaction between
water and bedrock. All these processes can be qualitatively and maybe also

quantitatively defined within the studied conduit.

- Regional hydrodynamic of underground water in mature karst aquifer is difficult to
asses. Each karst aquifer has its specific hydrogeologic and hydraulic characteristics,
which have to be determined by measurements or numerical modeling. To study a
system accurately, an underground flow should be accessible in numerous
continuous and spatially distributed caves within the aquifer. But reality in karst is
different. Underground water is accessible in a few caves only and their distribution
within the aquifer is usually far from regular.

Even though only few locations in the aquifer are possible to monitor, we may try to
interpret regional flow due to high frequency measurements in known water caves.
Measurements in disposable water caves may be applied to evaluate hydrodynamic
and recharge characteristics of the certain aquifer. Studied systems may be evaluated
from hydrological and hydrogeological points of view.

At the same time, we would like to verify general hydraulical (hydrogeological)
principles in the epiphreatic zone of karst aquifer, obtained by measurements. Such
measurements in water caves have not been done before in Slovenian karst. Nor has
it been common hydrogeological practice elsewhere in the world. The main question
is again the representativity of such measurements, based only on a few locations

within the aquifer.



3. A BRIEF OVERVIEW OF APPLIED METHODS

Analytical and field methods applied in this work are described below. Field
methods represent a basis for further analytical work. Data may be collected
automatically by modern devices or manually. Automatic data loggers are in
widespread use today in hydrology and hydrogeology. Field methods to collect
hydrogeological data manually are represented only. Analytical methods deal with
processing and analysing of data by various statistical and modeling computer

programs.

3.1. Methods of data analysis and modeling

3.1.1. Mathematical models
Two different modeling concepts in karst hydrogeology are represented by global

and distributive models.

3.1.1.1. Global models

Global methods are based on the analysis of spring discharge and precipitation time
series. According to this method, karst system can be considered as transducers that
transform input signal (recharge) into output signal (discharge). Output data reflect
hydraulic characteristics of bulk underground system, but the spatial heterogeneity
and structure of karst underground is neglected, so only qualitative interpretation is

possible (Brencic, 2002; Petri¢, 2002; Kovacs, 2003; Sauter, 2005).

Detailed analysis of rising and recession limbs on hydrographs

This method belongs to global model approach and is mainly used to interpret spring
hydrographs. The method may be roughly used to interpret fluctuations of water
level within epiphreatic zone of karst aquifer (in water caves). After a single rainfall
event discharge through caves increases, but with some time delay due to storm
event. The crest may be roughly divided into three main components: rising limb,
flood recession and baseflow recession (Fig. 3.1). The decreasing limb may be
further divided into several exponential segments. Some theories assumed that
different segments represent parallel reservoirs, which all feed spring discharge (or

total discharge through cave in our case). Such reservoirs were interpreted as conduit
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network, intermediate fissured system and low permeability network of pores. But
recession segments (especially base flow recession) do not depend only on the
hydraulic properties of the low permeability matrix. They depend also on global
configuration of the aquifer, geological and morphological structure of the catchment

area (Kovacs, 2003).
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Figure 3.1: Hydrograph can be divided to three basic components: rising limb, flood

recession and base flow recession (example is from Najdena jama).

Inflection points on the hydrograph can be caused by a change in characteristics of
an underground or surface karst reservoir. Changes may be in the micro-regime flow
through the karst aquifer. Such for example is a change from transportation to
storage capacity due to the decrease of water table underground (decrease of the
underground catchment area) and decrease of effective porosity with depth. Or it
could be a sudden change in the active surface area of the aquifer or in catchment
area (Bonacci, 1988 and 1993).

Inflection points or segments in the recession curve are linked with variation of
recession coefficient, which may be calculated from discharge data. As it is
impossible to measure discharge in caves where water stagnates during the floods,
we cannot really calculate recession coefficient. But we can observe the slope of
different segments of the recession curve and try to explain inflection points and
inclination of segments with flow regime through the aquifer or with some

hydrogeological, geological or morphological processes. The purpose of hydrograph
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analysis in the epiphreatic zone of the karst aquifer is to find out some of such

hydrogeological characteristics.

3.1.1.2. Distributive models

Quantitative interpretation of spatial and temporal variations of hydrogeological
parameters of karst aquifer may be done by distributive method. However, it requires
sufficient information about aquifer geometry, hydraulic parameter fields and
recharge conditions (Kovacs, 2003). The distributive method incorporates two
concepts:

- A discrete concept describes flow within networks of fractures or conduits (Sauter
2005). This method assumes different structures of karst aquifer and a simplified
geometry of conduits. It can be used to assume the amount of underground water
flow or aquifer's response to a certain storm event (Halihan et al., 1998).

- A continuum concept treats heterogeneities in terms of effective model parameters
and their spatial distribution (Kovacs, 2003).

- A hybrid model is a combination of both concepts (Sauter 2005), where network of
discrete fractures and conduits is embedded into a matrix. Hybrids are for example

double continuum models and discrete-continuum models.

Storm Water Management Model (SWMM)

As an example of distributive model, we applied Storm Water Management Model
(SWMM) to study temporal and spatial variations of hydrological parameters in the
epiphreatic zone of aquifer with well developed conduit permeability.

SWMM was designed to simulate flow and solute transport in a sewer system. The
program is very versatile; it could be applied to conduit karst system with well
known geometry. Pipes may be interpreted as conduits and junctions between them
may represent reservoirs and (or) inputs such as sinkholes. Amount of surface water
that enters the system (recharge) may be set arbitrarily. Other variable parameters are
length and cross-section of pipes (conduits), hydraulic gradient (the slope of the
conduit) and Manning's roughness coefficient of the conduit. All these parameters
should be at least approximately known for certain underground system, to apply
SWMM. Disadvantage of the SWMM is that it does not enable lateral exchange

between conduits and matrix (Peterson & Wicks, 2006).
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Application of “Storm water management model” (SWMM) computer program is to
simulate realistic underground systems with known geometry. Geometry of the cave
system is usually very complex, but it may be simplified for model purpose. Also
recharge (input) in the system should be known. It may be measured at the ponor, if
the system is fed by allogenic recharge and no significant lateral inflows occur
underground. Input of flood pulse may induce ponding of water in some parts of the
system (reservoirs), due to occurrence of hydraulic restrictions (rock-fall, weir,
channel narrowing). Realistic and modeled hydraulic responses are therefore

dependent on hydraulic characteristics of the system.

3.1.2. Time series analysis and statistics

Data, with which we correspond, are measured typically at successive times, spaced
at uniform time intervals. Such data are called time series. Time series analysis
comprises methods to identify the nature of the phenomenon represented by the
sequence of observations or to forecast of the time series variable (predicting future
values). Both approaches require that the pattern of observed time series data is
identified and more or less formally described. Once the pattern is established, it can
be interpreted and integrated with other data (Hill & Lewicki, 2007).

Time series analyses are univariate (auto-correlation, spectral analyses) and bivariate
(cross-correlation and cross-spectral analysis). We applied or at least test the data
with following time series analyses:

- Autocorrelation method may be used to identify some overall characteristics of a
time series, such as cyclic variations. The autocorrelation method compares the time
series with itself.

- Spectral analysis is a tool for demonstrating periodities within the time series,
such as diurnal temperature periodities of surface streams.

- Smoothing is based on averaging of data, such that the non-systematic components
of individual observations cancel each other out. The most common technique is
moving average smoothing which replaces each element of the series by either the
simple or weighted average of n surrounding elements, where 7 is the width of the
smoothing "window" (Hill & Lewicki, 2007). We applied smoothing to correct small
disturbances, which may permanently occur during measurement of stage as a proxy

of discharge.
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We represent all data graphically on two-dimensional line plots, scatterplots and also
box plots. We applied mainly basic statistics (mean, variance, correlation
coefficient, maximal — minimal value etc.) to process and describe the data.

Sratistics StatSoft 6.0 was applied to study relationship between surface stream as
main recharge source and underground stream in a nearby aquifer. Hydrogeological
parameters (water level and temperature) gained in caves were compared with
parameters gained on recharge areas (water level, discharge and temperature). Based
on correlations we determined recharge and hydraulic characteristics of caves (at

different water conditions).

3.1.3. Tracing test and application of QTRACER2 program

Tracing test with artificial dyes is an important part of this research and was
performed in system, which is studied on local scale.

Tracer tests are increasingly used to simulate the transport, fate and attenuation of
different types of contaminants in vadose and saturated zone of karst aquifer
(Benischke et al., 2007; Morales et al., 2007). Only sophisticated quantitative
ground-water tracing study may well define hydraulic processes in the underground.
According to quantitative tracing studies, parameters such as tracer mass recovery,
mean residence time, mean ground water flow velocities, longitudinal dispersion and
maximum volume contact may be determined. Moreover hydraulic processes such as
dispersion, divergence, convergence, dilution and storage may be evaluated. Flow
channel geometry parameters are estimated by evaluating discharge with respect to
mean residence time. Parameters of flow channel geometry are volume of the
aquifer, cross-sectional area, flow-channel diameter, flow-channel hydraulic depth,
flow-channel surface area and tracer sorption estimation (Field, 2002).

Artificial tracer Sulphorhodamine G was applied. It is a water-soluble tracer, with
detection limit 10? pg/L; it is absent in natural background and safe of human
toxicity (Benischke et al., 2007). Tracers in the underground river were detected by
means of field fluorometer (Fig. 3.2). The field fluorometers GGUN-FL24 were
fixed into the river bank. The fluorometers have quadruple excitation and detection
axes, allowing simultaneous use of three tracers and independent turbidity
measurement. They were preliminary calibrated for the Amidorhodamine G and

turbidity (Schnegg & Bossy, 2001; Gabrovsek et al., 2010).
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Fluorescence of manually or automatically (ISCO 6700) sampled waters was
measured in laboratory by a luminescence spectrometer LS 30, Perkin Elmer:
Amidorhodamine G at E.=531 nm and E.,=552 nm with detection limit of 0.04
ppb. First measurements were carried out immediately after sampling and then also
later when possible suspended particles in the samples were decanted. Low,
uncertain concentrations were additionally tested several times (Gabrovsek et al.,
2010).

The results were quantitatively evaluated by QTRACER2 Program. Program is used
to analyse tracer breakthrough curves. Shape of tracer breakthrough curve for
hydrological systems depends upon the character of the tracer, prevailing flow
conditions and structure of the aquifer. Therefore all previously mentioned

parameters can be found out by detail numerical analysis of breakthrough curve.

Figure 3.2: Field fluorometer, which was fixed into the bank of underground river

(Photo: Janez Turk).

3.1.4. Data mining method

The data mining method is concerned with finding patterns in data, by using
different algorithms. Discovered patterns are reliable if they are valid on new data
with some degree of certainty and they should lead to some actions that are useful.
Data mining include predictive modeling (classification and regression), clustering
(grouping similar objects) and summarization (as exemplified by association rule

discovery) (DZeroski, 2001).
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Data which we use are numerical. We analysed them by a regression for the purpose
of predictive modeling. With known recharge, we predicted hydraulic response of

the local studied system at each of monitored location.

3.2. Field equipment methods - measuring of discharge

3.2.1. Basic methods to measure discharge of natural streams

Three standard methods are broadly used to measure discharge of streams in natural
channels: cross-sectional current metering, dilution method and the use of weirs.
Each method is suitable for a different type of channel (Hudson & Fraser, 2002). The
choice of method also depends on volume, geometry and accessibility and range of

values of the flow to be measured (Groves, 2007).

- Current meters are devices that measure water velocity. The discharge is equal to a
flow's mean velocity times its cross-section area (Groves, 2007). Current meters are
the most suitable for application in channel subsections with known depth, width and
relatively “laminar flow”. Total discharge is calculated from subsection discharges.
They represent the product of subsection flow velocity, width and depth of
subsection (Capesius et al., 2004). Usage of hand-held flow meter requires a bridge
or boat, especially in deep water channels. Hand-held flow meters are totally useless

in turbulent conditions.

- On the contrary, the dilution method is much more suitable for discharge
measurements of turbulent, torrential streams with steep slopes, steep gradient and
rough channels (Hudson & Fraser, 2002; Moore, 2005). Such streams occur
especially in mountains and karst (underground) areas. According to Moore (2005),
the precision of discharge measurement with dilution method is + 5 % under suitable
conditions.

Technique of tracer dilution is based on the conservation of mass law. A known
mass of tracer is injected into stream which distributes downstream uniformly
across the channel. The tracer can be added to the channel by continuous or slug

injection. Concentrations of the tracer are measured downstream at the gauging
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station, until tracer passes it by. According to the tracer concentrations measured at
the gauging station, discharge can be calculated (Capesius et al., 2004).

Different substances can be used as a tracer. It is important that they satisfy some
criteria, such as fast dissolving in water, harmless to human and water organisms,
detectible in low concentrations, absent in natural stream water (Rantz et al., 1982).
The most used and inexpensive tracer is salt (NaCl). Other tracers are radioactive
elements (gold 198 and sodium 24) and dye tracers such as rhodamine dye,

fluorescent dye, sodium dichromate (Rantz et al., 1982).

- Weirs are artificial regulations in the streams. Discharge can be calculated due to
the level of water, which spills over the weir. Discharge is calculated from equations,

which are various, depending on the geometry of the weir (Steinman, 1999).

Hand-held current meter and tracer dilution technique are used together with
continuous stage measurements, which are nowadays automated. Discharge is
measured periodically to develop stage-discharge relation - known as rating curve
(Fig. 3.3). When it is done, stage measurements can be directly converted into stream
discharge. Hence, such techniques can be time consuming and sometimes difficult
(Groves, 2007).

On the other hand, weirs may be used to convert water level directly into discharge,
using mathematical formulas, based on the weir properties (Steinmann, 1999). Weirs

are usually used to measure low flow volumes.

Stage (m)

] 2 4 8 8 10 12 14

Discharge (m/s)

Figure 3.3: Rating curve. Blue dots are actual measurements, fitted by a rating curve

(red).
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3.2.2. Discharge measurement in karst underground

Discharge measurements of underground streams in caves are generally analogous to
the discharge measurements in surface stream channels. Although when conduits
become filled it is quite a different situation (Groves, 2007).

Three discussed techniques are usually used to measure flow rate (discharge) of
surface and also concentrated underground streams, however their application to
measure flows in karst underground is often limited. There are a lot of limitations
associated with access to the cave and underground flow respectively. Even if the
cave is easily accessible with a tourist footpath leading through it, it is difficult to
measure high discharge from practical and safety reasons. Flow rate of underground
streams may be high, and water flow may be highly torrential and turbulent. In such
a case the dilution method is the most suitable. If salt is used as a tracer, large
masses of salt should be carried to the cave.

Because of all these reasons, it is much easier to measure discharge of the stream at
the surface, before it sinks underground. But if we are interested in underground
discharge through a certain part of the cave which belongs to a large underground
system with many underground tributaries, the dilution method would be the best
choice. Discharge was measured by this method in a cave system studied on local

scale, where underground flow behaves very similarly to torrential flow.

A suitable method to measure discharge of the sinking river at the ponor (as an
input) was developed later. SWMM computer program was applied to model stage-
discharge relation in combination with calibration based on discharge measurement

by the dilution method.

Rating curve for the river (the Unica River), which recharge aquifer was studied on
regional scale, was obtained by a Environmental Agency at the Ministry of the
Environment and Spatial Planning of Slovenia. Hence we measure stage only, and
even that automatically. If we have to measure discharge of this river by ourselves,
the most appropriate would be method by current meter, due to the morphology of

the riverbed and flow characteristics.
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3.2.3. Description of dilution method

Salt is an inexpensive and readily available tracer, so it is the most common used as
a tracer in this method. We used it also; hence description of methodology of tracer
dilution is therefore based on salt as a tracer.

First the mixture of water and a certain mass of salt was stirred in a barrel to obtain a
saturated salt solution, which was injected to the underground stream. Injection may
be continuous or slug. We applied slug injection only.

It is important to estimate roughly the discharge, before salt solution is injected into
the stream. Different authors advise to use from 0.2 kg to 5 kg of salt for every
estimated cubic metre per second (Moore, 2005). According to Kite (1993) not more
than one to two kilograms of salt per every cubic metre per second should be used, if
we do not want to harm aquatic organisms. If we use too little salt for the solution,
results will be less certain and calculated discharge will have possibly a higher error.
Too much salt certainly does not diminish accuracy of measurement, on the contrary,
but it could harm water organisms or even cause their death (Kite, 1993).
Concentration of the tracer is measured indirectly downstream from injection site.
Tracer must be completely mixed across the stream width at measuring station.
Instead of salt concentration, electrical conductivity (uS/cm) is measured. However,
both parameters are in linear relationship (Hudson & Fraser, 2002). The gauging
station should be chosen carefully. If it is too close to the injection place, the tracer
would not mix completely throughout the water flow. After injection, the dispersion
takes place in all three dimensions within the stream. Mixing distance may vary and
it is strongly influenced by discharge (flow velocity) and also water temperature.
After the mixing is complete, the concentration of tracer is constant across width and
depth of stream channel. If not, the measured discharge would be underestimated
where concentration would be too low or overestimated where concentration would
be too high (Kite, 1993). Even when mixing is complete, distance between injection
and gauging stations should not be too large for practical reasons. Sampling period
prolongs with distance, while wave of electrical conductivity extends, due to peak
reduction (Fig. 3.4) (Rantz et al., 1982). If we do not have very accurate conductance

meter, error may be higher with longer distance.
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The optimal mixing length (L) can be estimated (calculated) by following equation

(Kite, 1993):

L=260w*d [m]

where w is the average water surface width [m] and d [m] is the average stream

depth.
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Figure 3.4: Breakthrough curve of salt-dilution method regarding to various
injection-gauging distances. As distance between injection and gauging sites
increases, breakthrough curve extends. All measurements were performed at the

same discharge conditions.

After the transition of all the injected tracer, natural (or background) stream
conductivity is reestablished and measurements can cease. The measured

conductivities (g) can be converted to mass concentration C,, by

Cm :K*(O-_O-min)

where:

K is the slope dC/do, which is determined in the laboratory, using the stream water.
o is conductivity of stream water measured at specific time during transition of wave
of electrical conductivity [uS/cm],

omin 18 natural (background) conductivity of stream water [uS/cm].
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To determine K, calibration should be done. Different methods can be used, if the
calibration has to be done in the field (Rantz et al., 1982; Kite, 1993; Hudson &
Fraser, 2002; Moore, 2005). We used two points calibration in the range of measured
conductivity. 0.1 gram of salt was dissolved in 5 litres of stream water to get Cuy

and o,,,, and non-salted water was used for C,;, and o,,;,. Hence,

Cmax — Cmin
o

K =

max O-min

Tracer-dilution discharge measurements rely on the conservation of mass law.
Hence, the relation between discharge Q(?), mass of used salt M and time dependent

mass concentration Cy(?) is given by:

M =00 ¢, (ar

For steady flow, discharge is calculated as:

M M

=7 T [m’/s] 3)
[Cutvydr 3 Cyp 04

Q

where ¢ is the duration of transition of tracer wave and 4¢ is the sampling interval

(both in seconds) (Kellerhals & Church, 1973).

3.2.4. Computation of discharge by applying SWMM and calibration of rating
curve with dilution method

We measured discharge, as an input into caves system studied on local scale, directly
at the ponor. The most adequate and simple method to evaluate discharge for chosen
micro-location is based on stage measurements and application of SWMM computer
program.

Cross-section of bottom of the conduit, just behind the ponor, where gauge station is
installed, was measured by geodetic equipment (Fig. 3.5). Ceiling is more than 20 m
above the bottom of the conduit, left and right banks are vertical, water level does

not ever reach ceiling at this section. For these reasons, transect may be considered
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as a surface channel transect, where water level never spills over the river bank.
Transect was transferred into the SWMM, where additionally a roughness coefficient
can be set for both left and right banks and the riverbed. Roughness coefficients were

estimated from the literature (Rossman, 2004; Peterson & Wicks, 2006).

Figure 3.5: Cross-section of the conduit at certain location in Postojnska jama was
measured with geodetic equipment. We measured variation of elevation of the

conduit bottom at every 1.5 to 2 m.

Some fictive, regularly increasing inflow was routed through the SWMM, to obtain
relation between water level and discharge at discussed transect (stage-discharge
relation). The diagram was calibrated by data obtained and measured in situ, i.e.
discharge was once measured by salt injection method at certain stage (water level).
Roughness coefficient of conduit bottom and banks was set to such a value that
discharge measured by salt dilution method fits well to stage-discharge curve of the
SWMM. Therefore some relatively good stage — discharge relation was obtained
(Fig. 3.6).

The rating curve was divided into three segments (Fig. 3.6). Polynomial relation of
stage-discharge is given for each of the three segments. Based on these three
polynomial equations, stage data from this gauge station can be directly converted
into discharge. Data were measured at frequency of 10 or 15 minutes, which is also a

resolution of discharge data.
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Figure 3.6: Rating curve for the Pivka River, which recharges the system studied on

local scale.
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4. RESEARCH AREA

4.1. Geographical description

The drainage basin of Ljubljanica River belongs to kras of Notranjska region (central
part of Slovenia). Characteristics of Notranjski kras are high Dinaric karst plateaus,
low valleys and poljes. Dinaric plateaus are Sneznik (1798 m), Javorniki (1216 m),
Nanos (1313 m), HruSica (1240 m), Trnovski gozd (1495 m) and Krim (1107 m)
(Fig. 4.1, Sneznik and Trnovski gozd Mts. are already out of the map).

Valleys are Postojna — Pivka valley, which is considered also as a basin (600 to 500
m a. s. 1., surface area 50 km?) and Rakov Skocjan karst valley (510 — 500 m a. s. 1.,
surface area less than 1 km?). Poljes are Babno (750 m a. s. 1., 4 km?), Logko (580 m
a.s. 1, 12 kmz), Blosko (720 m a. s. 1., 13 kmz), Cerknisko (550 m a. s. 1., 36 kmz),
Ungko (520 m a. s. 1., 3 km?), Planinsko (450 m a. s. 1., 16 km?) and Logagko (480 m
a.s. L., 6 km?) (Gams, 1974).

Some poljes are periodically flooded (Cerknisko and Planinsko polje) some are
flooded very rarely (LoSko, Unsko and Logasko polje).

The entire catchment of Ljubljanica River spans between the Ljubljansko barje
(barje means moor) (where springs occur, 300 m a.s.l.) in the north and SneZnik
Mountain (1798 m) in the south. In the west it borders with Trnovski gozd high karst
plateau, Vipava and Idrijca valleys; in the east with Zelimelj¢ica valley and
Ribnica-Kocevje polje. Studied area belongs to extreme NW part of Dinaric karst

which is known also as “Classical karst” (Gospodari¢ & Habic¢, 1976).

4.2. Hydrological characteristics of the research area

The Ljubljanica River is 41 km long and it belongs as the Sava affluent to the
Danube part of Black Sea water basin. Its total (karstic and non karstic) catchment
area is 1780 km®, with 1792 mm of annual precipitation and annual mean runoff of
31.36 I/sec/km”. Limestone surface represents 48 % of the whole basin, dolomite 27
%, quaternary sediments 18 % and other sediments 7 % (Breznik, 1998).

Ljubljanica emerges in many springs at the border of Jurassic limestone and
Quaternary sediments, which fill tectonic basin of Ljubljansko barje moor (Plenicar
et al., 1970). Majority of the spring’s catchment area is karstic, calculated as 1109
km? (Sustersi¢, 2000a).
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Figure 4.1: Map of Ljubljanica River drainage basin; only the most important
surface water flows are shown, given heights represent the highest points of high
karst plateaus: 1313 m is Nanos Mt., 1240 m is HruSica Mt., 1216 m is Javorniki
Mts. and 1107 m is Krim Mt.

Catchment area is considered as one of the most complex in Dinaric karst. It cannot
be accurately defined because Ljubljanica springs gather waters from regions where
bifurcation towards Black and Adriatic Sea occurs (Gams, 1974 and 2004).

The mean annual precipitation at the karst of Notranjska is around 1300 mm at
poljes and valleys, while it is up to 3000 mm at the high karst plateaus (Gams,
1974). All precipitation disappears underground as autogenic recharge in high karsts
plateaus. These waters may drain directly toward springs (as Ljubljanica springs) or
may feed sinking streams.

Surface water flows or sinking streams appear in poljes, which are composed of

relatively less permeable rocks (dolomite, flysch) or covered with Quaternary
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sediments. Poljes are of overflow (Planinsko and Losko polje) or of border (Babno,
Cerknisko, Logasko and Blosko poljes) types, Unsko polje is dry (Sustersi¢, 1996).
Also the Postojna — Pivka basin may be treated as border (Gams, 1974) or peripheral

polje (Sustersi¢, 1996) according to some interpretations.

Sinking streams are Trbuhovica, Obrh (mean annual discharge 3.12 m’/s), Strzen (m.
a. d. 9.2 m’/s), Rak (m. a. d. 9.85 m’/s), Pivka (m. a. d. 5 m*/s) and Unica (m. a. d.
26 m’/s) (Zibrik & Pi¢inin, 1976; Breznik, 1988). As soon as surface streams reach
karst rocks, they sink underground again. Underground streams finally emerge near
Vrhnika and Bistra in the northern margin of Notranjski kras. All springs occur at
the contact of karst rocks with Quaternary sediments, which cover the tectonic basin
of Ljubljansko barje moor. Waters from springs converge into one non-karstic river
of Ljubljanica.

Postojna — Pivka basin with its karstic hinterland represents the most SW part of the
Ljubljanica River catchment area. There are two important surface streams: the
Pivka River and its affluent the NanosCica stream. The Pivka River sinks
underground into Postojnska Jama. After about 10 km of underground flow, water
emerges in Planinska Jama as the Unica River. It continues as a surface flow over
Planinsko polje and disappears underground through many ponors disposed along
the eastern and northern margin of the polje.

Planinsko polje represents confluence with another important water flow coming
from SE. The Trbuhovica sinking stream represents the origin of this water flow. It
is also the most remote stream, which feeds Ljubljanica springs. Trbuhovica has its
source and ponor in Babno polje. It emerges at Losko polje as the Veliki Obrh
stream and the Mali Obrh stream. Obrh sinks into Golobina cave, from where
underground water drains to Strzen spring on Cerknisko polje. Also streams from
Blosko polje drain underground to CerkniSko polje. Waters from CerkniSko polje
drain underground through numerous bottom swallow holes directly to Ljubljanica
springs and from marginal ponors (CerkniScica and Strzen streams) to Rakov
Skocjan valley (the Rak River) and further to Planinsko polje (Fig. 4.1).

All waters from Planinsko poje disappears underground through many marginal
ponors, which drain water underground directly towards Ljubljanica springs.

Part of the water (coming from non-karstic Logaske Rovte in the NW) is collected in

the Logai¢ica (with mean annual discharge 0.5 m’/s), which sinks underground in
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JaCka ponor at Logasko polje. There are many other small sinking streams in
Logaske Rovte, some of them drain water not only toward Ljubljanica springs

(Black sea watershed) but also toward the Idrijca River (Adriatic sea watershed).

4.3. Geology of the area

The area which is studied in this work is represented in the Basic geological map of
Slovenia (1:100,000) on the Postojna sheet (Fig. 4.2). Lithology and tectonic of
Postojna sheet was described by Plenicar et al. (1970). Also Buser et al. (1976) and
Car & Gospodari¢ (1984) wrote about geology of the area between Postojna, Planina
and Cerknica. Tectonic characteristics of SW Slovenia were described by Placer
(1981, 2008), of Ljubljanica drainage basin by Gospodari¢ (1976) and Gospodari¢ &
Habi¢ (1976) and of Pivka basin (Postojna — Pivka valley) by Sebela (2005).

4.3.1. Lithology

Lithology of the studied area consists of Triassic, Jurassic, Cretaceous and
Quaternary rocks. Tertiary rocks (flysch) appear in Postojna basin, elsewhere they
are very rare. Some Carboniferous and Permian rocks are located in the most NW
area of Ljubljanica drainage basin, but this region was not studied in this survey.
Most rocks are carbonates (limestone and dolomite). Quaternary sediments cover
poljes as CerkniSko, UnSko, Planinsko and Logasko. Also Ljubljansko barje which is
situated north from studied area is covered with Quaternary sediments.

Upper Triassic beds

Triassic beds are marked with pink color in the Fig. 4.2. Upper Triassic dolomite of
Norian and Retian stage (T5>") appears at SW margin of Planinsko polje and in the
eastern and southern slopes of Planinska gora Mountain. Dolomite is stretching also
from Planinsko polje towards SE over Unsko polje, Rakek, Cerknisko polje and
Losko polje. Dolomite forms the bottoms of the all these poljes, but it is covered
with Quaternary sediments (except at Unsko polje). Triassic dolomite is thrusted
over Cretaceous and partly Jurassic rocks at the southwestern margin of Planinsko,
Unsko and Cerknisko poljes.

In the north, upper Triassic dolomite is followed from HoterdrSica to Idrija and from
Logatec to Zaplana and Podlipa valley. It mainly forms also the bottom of the

Ljubljana moor tectonic basin.
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Figure 4.2: Geological map of major part of drainage basin of Ljubljanica springs
(situated in the north of the map). Planinsko polje with the Unica River is in the
middle of the map, Postojna basin with the Pivka River is in the SW part of the map
and CerkniSko polje in the SE part of the map (Reference: Geological survey of

Slovenia).

Upper Triassic dolomite is thick bedded (0.5 — 1 metre) and it consists of dark and
white microcrystal belts. Near faults it is crushed to milonite breccias. Such crushed
zones can be more hundred metres wide and they represent partial barriers for
underground water (Plenic¢ar, 1970). However, in comparison with Jurassic and
especially Cretaceous limestone, Triassic dolomite is regarded as relatively less

permeable and karstified rock (Gospodaric, 1976).
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Jurassic beds

Jurassic rocks compose a belt of karst region between Ljubljansko barje in the north
and CerkniSko polje in the south (Fig. 4.2, blue colour). These rocks are tilted
towards the west (with strike 20° to 40°) and represent the west wing of an anticline
with Triassic rocks in the core (east from Jurassic rocks). They are also found west
of the Planinska gora Mountain and on the eastern side of HruSica plateau. Jurassic
limestone is six times more frequent than dolomite (Buser et al., 1976).

Lower Liassic beds lie concordantly on Upper Triassic dolomite, western from
Planinsko polje. They cover also the area of Krim Mountain and the area north from
CerkniSko polje (Plenicar, 1970). Lower Liasic beds are also found in minor extent
along Upper Triassic dolomite in the region between Logatec and Vrhnika.

Lower Liassic rocks occur in two lithologycal sequences: the first one is grained
dolomite and other represents alternation of bright grey limestone and grained
dolomite. Grained dolomite is bituminous and well karstified.

Total thickness of Lower Liassic beds is around 100 to 200 metres and it can vary a
lot in horizontal direction (Pleni¢ar, 1970).

Middle Liassic beds contain grey bituminous grained dolomite, grey oolitic
limestone and alternation of dolomite and limestone. All beds contain [lithiotis.
Middle Jurassic limestone prevails in the area of Ljubljanica springs, at the northern
margin of Planinsko polje and near Cerknica. Total thickness of Middle Liassic beds
vary from 100 to 200 metres.

Common thickness of Upper Liasssic and Dogger beds, which cannot be
stratigraphically and lithologically distinguished, is approximately 500 to 750
metres. Sequence is presented by granular and oolitic limestone with inliers of coarse
granular bituminous limestone. In these beds the majority of Ljubljanica springs
occur (Buser et al., 1976).

Lower Malmian (J5'%) beds, which are represented by bright gray oolitic limestone,
are found in Planinska gora Mountain and in narrow belt alongside Logatec plateau.
Limestone beds in Planinska gora contain characteristic horizon with numerous
fossils of Cladocoropsis mirabilis. Thickness of this horizon is around 40 to 50
metres.

Upper Malmian (J5**) rocks lie concordantly on Lower Malmian beds and are
found in narrow belt alongside Logatec plateau. Rocks are represented by alternation

of white grained dolomite and bright grey limestone. Dolomite is lithologically
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similar to Lower Liassic dolomite, but it is brighter and not bituminous. Dolomite
dominates in the southern part of the discussed area and limestone in the northern
part of area. They are both bedded, thickness of entire Upper Malmian sequence is
around 200 metres (Plenicar, 1970).

Cretaceous beds

Cretaceous beds lie between Planinsko and LogaSko poljes (Fig. 4.2, green colour).
These beds overlay concordantly on Jurassic beds, with similar strike. The west wing
of this anticline is covered with nappe of Triassic dolomite in the west. Moreover
Cretaceous beds are found in HruSica and Javorniki Mountains and in Postojnski and
Pivski ravnik (Plenicar, 1970). Cretaceous rocks are covered by Quaternary
sediments in SE parts of Ungko and Cerknisko polje (Car & Gospodari¢, 1984).
Lower Cretaceous stage is developed in grey limestone, which contains inliers of
grained bituminous dolomite. In those rocks, the principal ponor zones and
underground caves are situated along the northern and eastern margin of Planinsko
polje. Thickness of Lower Cretaceous rocks is around 1200 metres (Buser et al.,
1976).

The Upper Cretaceous rocks are represented by organogenic bedded reef limestone,
by platy limestone with cherts and by massive rudist limestone in the region between
Planinsko and Logasko poljes. These rocks, which belong to Cenomanian and
Turonian, are found also north from Postojna. Their thickness is up to 400 metres

(Buser et al., 1976).

Eocene rocks

Cretaceous limestone lies in direct contact with Eocene flysch in Postojnski ravnik
area. The border between two lithological units can be explained either by tectonic
(thrust faults) or by erosional — tectonical discordance (Plenicar, 1970).

Flysch occurs in many erosional remains. It consists of shale, limestone breccias
with numulites, carbonate sandstone of Eocenian age and brown — reddish shale

(Plenigar, 1970).
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Quaternary sediments

Karst poljes as Cerknisko, UnSko, Planinsko and LogaSko are covered with
Pleistocene sediments such as clay, sand and gravel. The thickness of Quaternary
sediments on Cerknisko polje is from 5 to 15 metres, on Planinsko polje up to 25
metres, average 4 metres (Ravnik, 1976) and on Ljubljansko barje moor up to 100
metres (Buser et al., 1976). Quaternary sediments are marked with white color in

Fig. 4.2.

4.3.2. Tectonic

At least three important tectonic phases formed the geologic structure of the studied
area of the Ljubljanica River basin (Gospodari¢, 1976; Gospodari¢ & Habi¢, 1976).

- Erosion discordances were characterized for Middle Triassic.

- The most important tectonic deformations occurred in next phase, in lower Tertiary
(Eocene). Rocks were folded and thrust into several geotectonic units with
sophisticated stratigrafical and hydrological characteristics. Erosion was significant
and karst processes began.

- Significant tectonic movements occurred in upper Tertiary. Faults with NW-SE and
NE-SW direction were active. All tectonic units were broken and dislocated by
tectonic movements.

The most important is Idrija fault with NW — SE direction. Idrija fault composes a
wide fault zone with several parallel faults. The wide of this zone is around 0.5 km.
Idrija fault stretches from Zaga in So¢a valley, to Idrija, Kalce, along NE margin of
Planinsko polje, CerkniSko polje, Loz valley and upper Kolpa valley (Gospodari¢ &
Habic, 1976).

Planinsko, Unsko, CerkniSko and Losko poljes were formed along tectonic
dislocation of Idrija fault. Horizontal movement is supposed to be around 2.5 km.
Ponors at Planinsko polje are disposed in crushed zone of Idrija fault (Gospodaric,
1976; Car, 1982).

Another important fault in the region is Predjama fault with NW-SE direction. It
stretches from Bela valley to Predjama, Postojna and further towards SE

(Gospodaric, 1976).
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Tectonic structure of the area

The area of Ljubljanica drainage basin consists of three tectonic structures:
autochton zone, parautochton zone and high karst or allochton (Plenicar et al., 1970;
Gospodari¢ & Habic, 1976; Placer, 1981; Sebela, 2005).

- Autochton zone is represented with Vrhnika — Cerknica block, which includes also
Logatec plateau and Bloke plateau. A great part of studied area belongs to this block.
It borders to Ljubljansko barje tectonic basin in the north, to Krim Mountain unit in
the east and to Rakitna block in the SE. In the NW it borders to Idrija — Ziri block,
which already belongs to the drainage basin of the Idrijca River (Adriatic
watershed).

- Parautochton zone includes Postojna and Pivka basins, Prestranski ravnik and
Slavinski ravnik (SW of basin). Only the southern part of basin belongs to
parautochton of Komen thrust sheet, while the northern part of the basin belongs to
Sneznik thrust sheet (allochton).

- Nanos, HrusSica, Trnovski gozd and Sneznik (with Javorniki) Mountains belong to
high karst or allochton. High karst is thrusted over the parautochton in the SW. High
karst is confined with Idrija fault in NE. Idrija fault therefore represents border
between autochton zone (Vrhnika — Cerknica block) in the NE and allochton zone
(Sneznik thrust sheet) in the SW.

All structures located NW from Idrija fault belong to inner Dinarides and those
located SE from fault belong to External Dinarides.

There are also three small thrust structures or nappes in catchment area of
Ljubljanica springs:

KosSevnik nappe is formed from Cretaceous rocks and it lies on autochtonous base. It
stretches from Idrija towards Logatec. This nappe is very important for underground
water drainage. Waters from here drains partly towards the Ljubljanica and partly
also towards the Idrijca River.

Cekovnik nappe is composed by upper Triassic dolomite. It is located in the area of
Godovi¢ and HotedrSica. Also dolomite of the Zaplana belongs to this nappe. In the
NW it is thrusted over Idrija — Ziri block and in the SE over Vrhnika — Cerknica
block.

Idrija nappe is found in Rovte region and it consists of different rocks:
Carboniferous, Permian to Triassic. Rovtarica, Pikelj$¢ica and Zejski potok sinking

streams are found in the area of Idrija nappe.
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4.4. Hydrogeological characteristics of the studied area

Three hydrogeological units may be distinguished, according to karst aquifer
porosity and permeability (Kranjc, 1997; Krivic et. al., 1976):

- high permeable rocks, with conduit and fissure porosity

- medium permeable rocks with fissure porosity

- alternation of medium permeable and impermeable rocks with granular porosity
Hydrogeologic conditions of Ljubljanica drainage basin were detailed described by
Buser et al. (1976) for the purpose of underground water tracing (1972-1975).

Different areas may be assigned to certain hydrogeological units:

High permeable rocks
Cretaceous and Jurassic limestone in the areas Postojna — Rakov Skocjan —
Planinsko polje and Planinsko polje — Vrhnika are considered as high permeable.

Rocks are tectonic broken and well karstified. Conduit flow prevails.

Medium permeable rocks

Already medium permeable rocks in Ljubljanica drainage basin partly behave as
barriers for underground water flows. All prevailing underground pathways were
developed in neighboring Cretaceous and partly Jurassic rocks which are much more
soluble and karstified.

Beds of dolomite or alternation of dolomites and limestones of Mesozoic age
(Triassic and partly Jurassic) represent medium permeable rocks. Fissured porosity
prevails in such rocks. They are found in a belt between Borovnica and Cerknica in
the east, between Planinsko polje and Cerknisko polje, in Planinska gora Mt., and
from Logatec towards Idrija (in the NW). Nappe structure in NW part of the area
represents only surface barrier. Base of the Triassic dolomite nappe is high

permeable Cretaceous limestone, which easily transmits underground water flows.

Alternation of medium permeable and impermeable rocks
Alluvial sediments (clay, silt, gravel), which cover karst poljes can be medium
permeable to impermeable. Such are mainly Quaternary sediments in the Planinsko,

CerkniSko and Logasko poljes, where surface water flows occur.
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Quaternary sediments, which fill tectonic basin of Ljubljansko barje moor, represent
a barrier for underground karst water. Therefore it emerges at the contact of Jurassic
rocks with Quaternary sediments.

Different Permian and Carboniferous rocks alternate to a minor extent in the NW
part of drainage basin. These rocks are impermeable; such are sandstone, marlstone,
alternation of limestone and marl, alternation of dolomite and marl.

Not only lithology, but also tectonic structure makes rocks impermeable. Milonitic
dolomite along Idrija fault between Rakek and Cerknica represents impermeable
hydrologic barrier, which causes bifurcation of waters from the Cerknica Lake.
Those sinking underground north of the fault use other underground courses than

those sinking south of it.

4.5. Previous surveys of studied area

Classical Dinaric Karst has attracted scientist for centuries. Special interest was
given to underground water connections among sinking streams such as Pivka, Rak,
Unica and Ljubljanica springs and to seasonal Cerknica Lake. Kircher, Schonleben,
Valvasor and Steinberg were some of the early scientists from 17" and 18" century
who were interested in karst phenomena of Notranjska region (Gams, 1974).

Modern surveys started in the 20" century, with tracing tests. The first modern
tracing test was done in year 1928, when tracers was injected into the Pivka (uranin)
and the Rak (saccharomytes) Rivers in front of the ponors. Water was sampled in
Pivka Jama and in Planinska Jama (Italo et al., 1928). Many further tracing tests
were performed in the Pivka and the Rak Rivers between years fifties and nineties
(Hribar, 1955; Avdagi¢ et al., 1976; Cadez 1976; Kogovsek, 1996). One of the most
interesting findings was the bifurcation of underground waters in Postojna basin
(including the Pivka River) toward Black Sea and Adriatic Sea (Habi¢, 1989).

A brief review of tracing tests in drainage basin of Ljubljanica springs before year
1972 was made by CadeZ (1976). The purpose of all tracing tests before 1972 was to
define underground connections between ponors and springs only. Tracers were
injected to ponors of the Unica River, the LogasSCica Stream, the Rovtarica Stream
and the Cerknica Lake. Water at Ljubljanica springs was sampled. But quantitative
occurrence of tracers at springs was not calculated and discharges of sinking streams
were only roughly estimated. Therefore all hydrogeolocial and hydrodynamical

questions were not solved with these tracing tests (Hribar, 1976).
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The most important work to illuminate and research underground hydrogeology of
Ljubljanica drainage basin was done in years 1972-1975 (Gospodari¢ & Habic,
1976). Comprehensive underground water tracing tests, which covered almost
entirely karstic drainage basin of Ljubljanica River, were done. Tracers were injected
in all important ponors and their concentrations were measured at the springs. The
connections between some ponors and karst springs had been mainly discovered
already with previous tests. But all tracing tests, before the 1972-1975 combined
tracing test, gave only qualitative data. The main purpose of the 1972-1975 test was
to evaluate system quantitatively, by measurements of tracer recovery at springs. The
understanding of hydrogeology of this karstic area would be much less known,
without such quantitative evaluation.

Different types of tracers were used to determine underground water connections:
fluorescent tracers (such as uranine, eosine, sulphorodamine G, rhodamine FB and
tinopal CBS — X)), spores (Lycopodium), Potassium Chloride, Lithium Chloride, Cr-
51 and hard detergents.

Work included also some investigations of speleohydrology in caves. Water levels
were observed in all the there known water caves, but there were no automatic
devices for measuring it. Therefore only some basic hydrogeological characteristics
were carried out, by periodical direct observation of water levels and occurrence of
flood sediments.

On the base of supposed runoff of waters from particular smaller areas and by
comparison of discharges, the Ljubljanica drainage basin was divided into eight

hydrologic regions (Fig. 4.3).
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Figure 4.3: Karst Ljubljanica River basin with calculated hydrologic regions. 1 —
surface rivers, sinking streams, 2 - surface watershed, 3 — supposed karst watershed,
4 — mark of hydrologic regions, 5 — borders between hydrologic regions, 6 —
hydrologic survey stations, 7 — stations with limnographs, 8 — precipitation station.

Several hydrologic parameters were determined for each of eight regions. Such
parameters were surface of the area, precipitation, runoff, mean discharge, specific
runoff, runoff ratio and evapotranspiration (adapted from Gospodaric & Habic,

1976).

Previous water tracing investigations are important because a lot of data were
obtained, which helped to interpret the underground systems in the drainage basin of
the Ljubljanica River. The underground system was especially well researched
during 1972-1975 survey. Above all underground water pathways and water
retention times became generally known with past surveys. The 1972-1975 tracing
test mainly, and also many other surveys which had been done in the Slovenian
classical karst, serve as a base for new, more detailed and profound researches of
Slovenian karst. In our work we decided to focus on cave hydrogeology mainly to
extend some work of previous surveys. Part of our thesis is based on
supplementation of previous surveys, especially 1972-1975 survey (Gospodari¢ &
Habi¢, 1976). Therefore findings of this and other water tracing tests are of crucial

importance for our work.
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5. HYDRAULICS OF KARST CHANNELS: A SIMPLE THEORETICAL MODEL
OF UNDERGROUND DRAINAGE

5.1. Types of underground water flows

Mature karst aquifers have extreme heterogeneity of hydraulic conductivities,
ranging from 10" m/s to 10" m/s. The lowest conductivity is due to inter-granular
porosity and the highest due to large conduits: caves (Dreybrodt et al., 2005). Hence,
all possible types of flow occur in karst aquifers, from laminar flow in connected
pores and narrow fissures, to turbulent flow in conduits. Moreover, conduit flow is
both open channel and full pipe (Bonacci, 1999).

Conduit flow represents at least 90 % of water migration within karst aquifer, not
only because their volume, but also because they present pathways with low
resistance for underground flow (White, 2002). Peterson and Wicks (2005) argued
that water exchange between conduit and matrix (primary porosity) is negligible in
some representative karst carbonate. According to simulations, the fluid maximum
penetrates maximally 0.07 m deep in the matrix (usually around 0.003 m deep) and
the volume of water transported into and stored in a matrix with a high porosity and
high hydraulic conductivity (such as Floridan Aquifer) is less than 0.34 m’ (but
usually around 0.001 m® only). They concluded that conduit — matrix exchange is
less than 1 % of water moving through the system.

We will focus mainly on conduit flow; viscous flow within rock bulk is less
important for our research. We mainly neglect the viscous flow. However we
presume that the same situation occurs also in the aquifer treated in this thesis, as

results of Peterson and Wicks (2005) show.

5.1.1. Viscous (Darcy) flow in pores

Viscous (Darcy) flow is characteristic for aquifers in unconsolidated sediments as
sandstones for example. The water moves through the pores between rocks or grains.
Water flow through porous aquifer is characterized by (Steinman, 1999):

e hydraulic conductivity

e transmissivity

e porosity

e cffective porosity
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e capacity of the aquifer

In porous aquifer, the scale of the pores is very small compared with the scale of the
aquifer. Therefore the permeability of porous aquifer is characteristic and water
movement is continuous (White, 1988). In such homogeneous, isotropic porous
aquifers, with laminar flow, the water flow is controlled by Darcy's law, which can

be written as (Schwartz & Zhang, 2003):

Q=K><A><%=K><Axi
where O is discharge [m’/s], K is hydraulic conductivity [m/s], 4 is cross-section

area [m’], L is length [m], 4 is hydraulic head [m] and i is hydraulic gradient [-].

5.1.2. Flow in fractures and conduits

Ground water flow in fractures and conduits can be characterized into two flow
regimes; laminar and turbulent. Reynolds number is the measure, which tells us
whether the flow is laminar or turbulent. Reynolds number is calculated as the

relative balance between inertial and viscous forces (Anwar, 2008):

Re=£
v

where u is the average velocity of the fluid (m/s), L (m) is a characteristic length and

v is the kinematic viscosity (m?*/s) of the fluid.

5.1.2.1. Laminar flow

Viscous forces are dominant at low flow velocities, when water moves through a
smooth pipe in streamlines, with no mixing across streamlines (Fig. 5.1). Such flow
is laminar. It is characteristic not only for low flow velocities, but also for very small

pipes - fractures (Ford & Cullingford, 1976).
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Laminar Flow

l /

Depth /
P

e

Flow Velocity

Figure 5.1: Streamlines are parallel with water flow at laminar flow (from

http://cronodon.com/files/River Processes_1.pdf).

Laminar flow does not necessarily take place in fractures only, but at certain
conditions even in conduits. Such laminar flow is described by Hagen-Poiseuille
equation, which is a version of Darcy's law (Birk et al., 2002; White, 2002;
Dreybrodt et al., 2005; Kovacs & Sauter 2007; Anwar, 2008):

O=—=

h_i
R R

where i is hydraulic gradient defined as h/L and

. 1277j dx
pg 3 @ (x,0)b(x,0)M (x,7)

M is geometrical factor, which depends on the width — aperture ratio.

5.1.2.2. Turbulent flow

At higher velocities, the streamlines become unstable, because irregularities in the
walls of the pipe introduce disturbances (Fig. 5.2). With increasing the velocities,
also disturbances increase and the transition from a laminar to turbulent flow regime
occurs (White, 1988). Turbulent flow involves transverse mixing and eddying
motion superimposed on the main flow direction. Such turbulent flow usually occurs
in pipes and conduits greater than about 1 cm in diameter (Ford & Cullingford,

1976; Ralston, 2000). The main difference between laminar and turbulent flow is the
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role of friction. In turbulent flow friction is responsible for head losses (de Rooij,

2008). Turbulent flow is predominant in cave systems.

Turbulent Flow

~ 5
Delpth t/’D*D)

Flow Velocity

Figure 5.2: Streamlines are unstable at turbulent flow (from

http://cronodon.com/files/River Processes_1.pdf).

The mathematical formulation of turbulent flow in one dimensional conduit is given

by the Darcy — Weisbach friction law (Kovacs, 2003):

0=K'ANI

where K’ is the turbulent flow effective hydraulic conductivity [m/s], Acis the cross

sectional area [m’], and 7 is hydraulic gradient [-].

5.1.2.3. Full pipe and open channel flow
Depending on water conditions in the conduit, we distinguish full pipe flow (pipe or
conduit is completely filled with water) and open channel flow (conduit is only

partly filled with water, in the rest of conduit air pressure exists).

- Full pipe flow

Full pipe flow in karst aquifer usually occurs within restrictions, which interrupt
large conduits. Such restrictions may be phreatic loops or other narrowings.

Full pipe flow in conduits is sufficiently well described by the Darcy-Weisbach
equation (Birk et al., 2002; Anwar, 2008; Prelovsek et al., 2008):

L
d2g

Ah=A
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where A/ is head difference along pipe [m], 4 is friction factor [-], d is pipe diameter

[m] and L is length of pipe [m].

Two types of forces affect flow in closed conduits:

- inertial forces (F}), which are associated with the momentum of the mass of water
in motion.

- viscous forces (F,), which are generated by the layers of fluid sliding past each

other.

As mentioned, likelihood of turbulent flow is estimated by the Reynolds number
(Re) (White, 1988; Anwar, 2008):

S

P
F__R _PR_p.
F,omn

R2

where R is hydraulic radius [m], # is viscosity of fluid [m%/s], p is density of fluid [kg

s*/m*] and v is the average velocity of the water flow [m/s].

For smooth pipes, it can be said that when (Steinman, 1999):
Re <2300, flow regime is laminar

Re > 2300, flow regime is turbulent

In rough pipes (cave conduits may be considered as rough pipes), transition begins
even at lower Reynolds number (Steinman, 1999).

Ford & Cullingford (1976) consider flow as laminar when Re < 500 and as fully
turbulent when Re > 2000. They consider the flow as partially turbulent at

intermediate values.

- Open channel flow
Transmission of karst water through large conduits of epiphreatic zone usually takes
place as an open channel flow. Open channel flows in karst aquifer have more in

common with surface water than groundwater (Bakalowicz, 2005).
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Characteristic of open channel flow is that at last part of the water surface is in
contact with atmospheric pressure. There is no hydrostatic pressure in open
channels; it is compensated by air pressure.

Free surface flow, whether in the underground or at the surface, may be described by
Manning's equation, which is a steady state approximation of Saint-Venant
equation (Steinman, 1999; Prelovsek et al., 2008):

ok Qz

AR

where i is head loss per unit length [-], n is Manning's roughness coefficient [-], 4 is
wetted area [m?] and R is hydraulic radius [m].

The equation describes mass and momentum conservation along the whole depth
profile of an infinitesimally long stream section. The flow is one-dimensional,

stream curvature and bed slope are small, and vertical acceleration is neglected.

In full pipe flow the conduit is characterized by a hydraulic radius. In open channel
flow, the hydraulic radius is replaced by wetted perimeter of cross-sectional area of
the conduit.

Three types of forces affect water flow in open channels: inertial, viscous (both were
already mentioned at full pipe flow) and gravity forces. Gravity force is a
consequence of the fact that the flow depth can vary with flow velocity in open
channels.

Froude number (F)) describes the ratio between inertial and gravity forces:

where / is a hydraulic depth [m]. It is equal to the water depth in a conduit.

According to the Froude number, flow can be considered as sub-critical, critical and
supercritical (Steinman, 1999).

F. <1, than flow is sub-critical or tranquil

F.= 1, than flow is critical

F;> 1, than flow is supercritical
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Reynolds number represents the same ratio of inertial and viscous forces as for full
pipe flow. But because of the different definition of the hydraulic radius, the
transition to turbulent flow occurs at different Re.

The transition from laminar to turbulent flow is gradual, but the transition from sub-
critical to supercritical flow is rapid and it creates displacements of the water surface

or hydraulic jump. A large amount of energy can be released at the hydraulic jump.

5.2. A simple steady state discrete model, relevant for a karst aquifer with well

developed conduit permeability

This chapter was published as a paper in Acta Carsologica 36/2 2007

The aim of our model is to demonstrate different possible flow scenarios within karst
aquifer based on the simple model of discrete conduits and reservoirs. Water flow in
model is treated as one-dimensional and conduits have different dimensions,
permeability respectively. Attention is given to the various hydraulic behaviours
(open channel flow, full pipe flow) of underground water flow through large
conduits of different diameters, with regard to the variable input conditions

(recharge).

5.2.1. Introduction

Characterization of karst aquifer is a difficult task, because the position and
geometry of conduit network which transmit most of groundwater is not known. If
the geometry is at least approximately known (or can be predicted) and the recharge
into the underground system can be measured (or estimated) then we can make a
simplified model.

We should be aware that all estimations can be very approximate and results are not
always reliable. The easiest way to reconstruct underground karst water flow is to
use models. There are two major approaches: global and distributive, as mentioned
in chapter 3: “A brief overview of applied methods”. The distributive approach was

used in our model.

Before starting any modeling some important features of karst aquifer should be
considered: recharge, discharge, geometry of the system, permeability, friction factor

and boundary conditions (Kiraly, 2002; White, 2003; Springer 2004):
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- Recharge can be allogenic from the sinking streams, autogenic through the
epikarst, or a combination of both (Ford & Williams, 1989). Discharge can be
measured before a river sinks underground. We should be aware of possible water
losses into larger or smaller fractures inside the cave system, recharges as
underground tributaries and autogenic infiltration (Springer, 2004).

- Geometry of the model is simplified. Karst water flows through a system of
conduits and fractures which have different diameters. Conduit shapes are very
irregular and it is almost impossible to predict them. Constrictions between conduits
may cause back flooding. Conduits may divide or combine into more or one.

- Permeability is linked with the porosity. In general we distinguish inter-granular,
fracture and conduit permeability. More than 90 % of underground karst waters flow
through large conduits (Bonacci, 1987).

- Friction happens within water flow and at the contact of water and bedrock. The
higher the friction, the lower are flow velocities. Cave walls have a friction factor
between 0.028 and 0.13, according to measurements in many caves (Springer, 2004).
It is linked also with lithology. Inside one cave system, the friction factor is very
variable parameter.

- Boundary conditions which affect discharge flow regime in karst underground are

hydraulic head and recharge (Kiraly, 2002).

A brief review of the literature indicates that most models were based on an
assumption of water flow through conduits with different dimensions (system
consisting of large conduits and restrictions between them). For example, Halihan &
Wicks (1998) interpret large conduits as reservoirs with free water surface.
Permeability of the whole system is determined by the smallest constriction, through
which water is transmitted under pressure (as a full pipe flow). The purpose of such
models is to interpret flood response of karst aquifer.

Campbell et al. (2002) used a computer program Storm water management model
(EPA, SWMM) to calculate energy losses in the karst underground. They considered
both full pipe flow and open channel flow.

The aim here is to demonstrate different possible flow scenarios as mentioned. The
model can be divided into two sub-domains. Flow from lake (A) to the underground

chamber (B) and the wire (see next chapter “model description and data”) can be
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considered as an input to the lower conduit system. Second sub-domain represents
flow from the wire to the conduit system 2-3-4 and 5-6 (Fig. 5.3), where we assume
three different flow scenarios:

- open channel flow in primary conduits (at low recharge)

- full pipe flow in primary conduits (at relatively higher recharge)

- activation of secondary conduits and full pipe flow in all conduits (at high
recharge)

The geometry of the system is assumed to be constant, but hydraulic parameters are
variable. Relations between water levels (of the lake and underground “reservoirs”
and discharge were observed. In three different scenarios, attention will be given to
the behavior of underground water flow through large conduits with different

diameters at different hydraulic conditions (hydraulic gradient and discharge).

5.2.2. Model description and data

The model represents a system of underground conduits between a higher located
lake and a karst spring (Fig. 5.3). Underground conduits are supplied by the lake
water. The sinkhole is active all the time in our model, because lake has a positive
water balance.

Lake water sinking into the underground flows first through a conduit until it reaches
an underground chamber. Water balance of the lake enables full pipe flow through
the first conduit.

Water stagnates in the underground chamber. Some rocky barrier, such as a rock-fall
causes water stagnation. As a result, an underground karst lake forms. The barrier
behaves like a weir. It is long enough, that water cannot reach the chamber's ceiling
even during the highest discharges. The water has free surface in the underground
chamber during any discharge conditions.

The water spills over the barrier (weir) into the next conduit. It splits into two parts
of which the lower conduit is the main and is active all the time. The upper conduit
is secondary and it is active only during episodic water conditions. Both conduits
join together before the spring. The water emerges at altitude, which is 50 m lower

than the bottom of the lake.
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The hydraulic model has geometry determined as precisely as possible. All

parameters and their typical values are given in Table 1. Geometrical symbols are

also shown in Fig. 5.3, where L is length and ® is a diameter of conduit.

Table 1: Geometrical data and parameters of the model.

GEOMETRICAL DATA |

FRICTION FACTORS

Za_min. [M] 102 Ng 0.03
Z s [M] 60 Ng trapezium 0.11
Ha [m] 42 A1 [s/m%4] 2.6
Z b [m] Z W+H weir )\2 [S/m%] 2.2
Zob [m] 30 A3 [s/m%3] 2.2
Zw[m] 52 Mg [S/m%3] 2.2
Z.[m] 12 As [s/m%4] 2.6
Zsplit [m] 42 A 26
AHgpjit [m] 30
A Hj 4 [m] 2 COEFFICIENTS OF LOSSES
AHsplit [m] 30

§ outflow A-1 0.2
@ [m] 3 & outflow 4-D 1
L [m] 200 g knee 2-3 0.1
) 2 [m] 5 § knee 5-6 0.15
Lo [m] 200 § inflow 6-4 0.15
L% [m] 150
®3 [m] 5 WEIR
L3 [m] 150
4 [m] 5 u 0.79
L4 [m] 150 b [m] 10
®s [m] 3
Ls [m] 150
P [m] 3
Lo [m] 150
trapezium
h [m] 5
D [m] 2
B [m] 2
m 0.4
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The model tried to represent useful usage of hydraulic equations in karst
underground. Our model is a fiction, but anyway very similar features between two
karstic poljes are possible. We have few connected poljes in Slovenia. The most
famous seasonal lake is in CerkniSko polje. There are a lot of swallow holes at the
bottom of the Cerknica Lake and water emerges in many springs few tens of
kilometres away at the contact of carbonate Jurassic rocks with quaternary sediments

which fill the tectonic basin of Ljubljana moor.

Figure 5.3: Schematic review of underground system.

5.2.3. Scenarios and equations
First, some estimation should be done. Conduit roughness coefficient was estimated
as Ng = 0.03 s/m¥% (Steinman, 1999; Rossman, 2004). We assume limestone

walls with a relative high roughness.

Friction factor (A) depends on conduit diameter and roughness coefficient (Ng). We
use connection between friction factor (A) (after Darcy-Weissbach) and Manning's
roughness coefficient (Ng):

A=1246+28 (1)
¢1/3
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Values of friction factors are given in Table 1.

5.2.3.1. Flow from the lake to the weir

Domain can be considered as a system of two connected reservoirs. Flow between
the reservoirs is full pipe, because water level of the lake is all the time above the
sinkhole according to our hypothesis (Fig. 5.3).

In this scenario, water level of the lake and height of water spilling over the weir at
some variable discharges were calculated. Flow between two “reservoirs” and
spilling over the weir are independent of further hydraulic conditions and the type of
flow in conduits (2-3-4) or (5-6).

First some initial discharge must be chosen or calculated, which will be arbitrarily
increased. We will then calculate water height at weir (Hyei;) and losses in the
conduit. Finally water level of the lake (Z,) will be calculated.

Relation between discharge (Q) and flow velocity (v) is described by following

equation:

Q:A*v:ﬂ*(g)z*v (2.)
A — cross section area of conduit filled with water [m?]

® — pipe diameter [m]

The system of flow between lake (A) into underground chamber (B) through conduit

(1) is expressed by Bernoulli's equation (Bogli, 1980):

2 2
ATy A T T AL T /7Y ) (3.)
Pg 2g pg 2g

p — hydrostatic pressure [Pa=N/m’]
p — density [kg/m’]
g — gravitational acceleration = 9,8 m/s*

h — height above arbitrary comparative surface [m]

Y(AE) — sum of all energy losses.

47



Hydrostatic pressure exists only in reservoirs (conduits) completely filled with

water, otherwise pressure head Py,
rg

Therefore the difference between the potentials in the lake and reservoir is equal to

the energy losses in the conduit (Fig. 5.3):

Z,=Z,+AE (3.1)
where:

AE = AE, +AE

inf low friction,1

+AE

outflow

AE is energy loss. We distinguish friction and local losses (local losses occur at
every change of streamline: for example at stream expansion and narrowing, at
outflow from a conduit into a larger underground chamber and the opposite, at bends

etc.).

Friction losses in the circular conduit are calculated by Darcy-Weissbach equation:

AE, —=j—x1_

riction
/ @

L — pipe length [m]
® — pipe diameter [m]

Hydraulic diameter for circular pipe is considered as R =

s
NI

P — perimeter of cross section [m]

Local losses (inflow and outflow) must be added to get total energy losses. These are

given by following equation:

2

v
— k
AElocal - élocul
2g

& — coefficient of local loss
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The Bernoulli's equation (3) then becomes

2 L
Za:Zb+v_*(§inflow+/1_l+lj (32)
2g é

1

where Egyiow = 1 (Steinman, 1999)

The level Zy, in the reservoir (B) equals to Zy, + Hyeir, Where the Hy; is the height of
the water at the weir (Fig. 5.3). To get some basic, initial discharge, we first assume
that water level in reservoir (B) increases only until it reaches the top of the weir,
therefore Hye;y=0 and Zy=Z,,. After this assumption, we can use equation (3.2) to
calculate velocity (v) and then we use equation (2) to calculate initial discharge (Q).
After consideration that Z,=Z,, minimum discharge can be calculated, at some
minimum Z, All following calculations are based on that minimum discharge.

Quir=16.77 m’/s (initial discharge), according to our calculations (respectively
rounded up to 16.8 m’/s). Arbitrary values are added up to Qmin. So the discharge is
being increased gradually which is a consequence of rising water level of the lake.
Discharge through karst conduit (1) increases proportionally with flow velocity (v)
(equation 2) along the conduit (1). Consequently water level in the underground
chamber (B) is changing. The higher the discharge, the higher is the water level
spilling over the weir (equation 4.1). The weir is a barrier (rock-fall). Water spills

over the barrier into next karst conduit.

Discharge over barrier (weir) is calculated by the equation for a perfect weir. Perfect

weir (Fig. 5.4) cannot be flooded by downstream water.

O=Zxusbe2gH (&)

where
u — weir coefficient (it can be read from tables in the literature)
b — weir width [m]

Hiy.eir — height of spilling water above the weir [m]

Weir coefficient p was estimated to be 0.79 (Steinman, 1999)
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Figure 5.4: Sketch of perfect weir. Z is height of water, spilling above the weir and

H is water level.

From equation (4.) Hy.ir can be expressed:

3/2

=5 0 (4.1)
g*ﬂ*b*@

weir

Water level in the underground chamber (value Zy, is:

2y = Ly THyeir (5)

Calculated value Hy.ir is put in equation (5) to get level of water in the underground
chamber (B) (respectively value Zy) at different discharges. Value Zj is put into
equation (3.2) to get water level of the lake (Z,) at different hydraulic conditions.
Water level of the lake is the parameter which has the main influence on discharge
variations within the karst underground.

The function of water levels is shown in Fig. 5.5.
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Figure 5.5: Relation between water levels (m) and discharge (m3/s).

5.2.3.2. Scenario 1: open channel flow through conduits (2-3-4) after spilling
over the weir

In scenario 1, special interest will be given in transition from open channel flow to
full pipe flow and water level heights (hy) in conduits 3 and 4 (Fig. 5.3). But to

consider open channel flow, one condition has to be satisfied: 5> A, > 0 m (because

diameter of the conduit is 5 m).

For the simplicity of calculations we assume trapezoidal cross section of conduit 3
and 4 only in scenario 1. All conduits in all other examples have circular cross
sections. Furthermore, also roughness coefficient in trapezoidal conduits is changed

to Ng=0.11 in scenario 1.

M o ho

Figure 5.6: Cross section of trapezoidal conduit.
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Discharge for open channel flow is calculated after Manning:

ﬁ . A5/3

:N_g p2

Q (5)

where A and P are flow cross-section and perimeter of flow. They are given by:

A =bh,+mh; (6.)
2

P=b+2s= .h° = b+ 2h, 1+ m? (7.)
SiIno

where

m=tga :% see Fig. 5.6
Values D, B and h are given in Table 1

And hydraulic gradient I:

Applying equations (6.), (7.) into equation (5.) we get:

NI, (bhytmhy)” ®)
Ng  (b+2h,\1+m* )" '

Open channel flow through conduits 3 and 4 is possible until recharge 20 m’/s,
according to our calculations. Both conduits fill up with water during higher

discharges and full pipe flow occurs. It is described in scenario 2.

Error as a consequence of simplifying of cross section geometry can be determined.

Cross-section of trapezoidal conduit (equation 6) should be similar as possible to the
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cross-section of circular conduit with diameter 5 m (Fig. 5.7). The ratio between

cross-sections areas is trapezium : circle =20 m” : 19.6 m”.

Figure 5.7: Trapezoidal and circular cross-sections should be similar as possible.

5.2.3.3. Scenario 2: full pipe flow through primary conduits only

It is assumed that conduit 2 acts as a reservoir and the water level in it is restricted
30 m>h>A®s;, otherwise water would start to flow through conduit 5 and 6.
Secondary conduits split from the primary at height hy,1; = he = 30 m (Fig. 5.8).

We would like to find out the boundary discharge, which causes flow trough
secondary conduit (5-6). Also correlation between discharge and water level in
conduit h, (considering the condition 30 m >h. > 5 m) can be determined (Fig. 5.9).

First we calculate velocities for selected discharges (using equation (2.):

0

y=——=— ) and then water level in conduit 2 (value h.) using equation (9.1).
O’25*”*@))2) ( ) using eq ©.1)

hC + A1_13,4 = AEknee + AEﬁ‘iction,3—4 +AE (9)

outflow

Vv L,
hc = g (égknee + 2’3—4 f + é:outﬂow) - A113,4 (9 1)

3,4

Full pipe flow through conduits 3 and 4 is possible for discharges above 20 m’/s.
Until discharge does not exceed 43 m’/s, water does not flow through secondary

conduits 5 and 6.
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Figure 5.8: Schematic review of scenario 2.
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Figure 5.9: Relation between water level in conduit 2 and discharge.

5.2.3.4. Scenario 3: full pipe flow through primary and secondary conduits

The water starts to flow through secondary conduits at discharge 43 m’/s (accurately
42.9 m’/s), as was determined in scenario 2. Start of secondary flow should occur at
higher discharge in scenario 3, but this does not happen. Water starts to flow through
secondary conduits at discharge 41.5 m’/s according to calculations in scenario 3.

The reason is in some simplifications, especially in neglecting friction losses within
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conduit 2 in scenario 2. Friction losses are considered in scenario 3, therefore
boundary discharges between two scenarios cannot be compared.

Because scenarios 2 and 3 are incompatible, scenario 3 will be used only to find out
relation between flow rates in both primary and secondary branch (Fig. 5.11). It is
assumed that the total flow rate exceeds 41.5 m’/s and the flow is full pipe in both
branches.

Discharges at the spring are considered to be known. Velocities using equation (12.)
are calculated first. Velocity v,.3 is in relation with velocity vs¢ (equation 11.3).
When velocities are known, equation (2) is used to calculate discharges Q,.; and Qs.

6. Their sum should be equal to the common Q (equation 10).

Hia  Efict 3

Zsplit v

Efrict. 4
Zob

Zc

Zi

¥ v y.v ¥ \ 2 k4

Figure 5.10: Schematic review of scenario 3.

Flow splits to two components:

Q0= szs + Q5—6 (10)

Energy drop along both branches (2-3 and 5-6) is equal (Fig. 5.10):

AEz 3 :AE5—6 (1T)
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+AE +AE +AE +AE +AE

friction,2.2 friction,3 T AE’frictian,S

(11.1)

knee(2,3) knee(5,6) friction 6 combine

AE¢ombine Was neglected. Applying equations for friction and local losses we get:

2 split 2
Vs x 2 3 Vs_s L, Lg
1273 * + gknee(2,3) + )'374 k== * /15—6 *—=+ é:knee(5,6) + /15—6 =
2g ¢, 78 2g 72 Ps

(11.2)

The ratio between velocities v,.3 and vs.g is written as:

Lsplit L
2 3
/12—3 * ¢ + é:knee(2,3) + }“3—4 ¥+

2 3

Vy s = 7 ¥y, c=n*v, (11.3)
5 6

/15—6 k=t é:knee(5,6) + /15—6 *——

5 6

Where symbol n presents calculated value under the square root.

Employing equation (11.3) and relation Q = 7 * (g)2 *y in equation (10.) we get:
ok P32 % P56 2*( * ) 12
O=rx*( ) ) Vo T (T) n=V,y 3 (12.)

After calculating velocities, equation (12.) can be used to determine discharges Q-3

and Qs_¢. Proportion of two discharge components is shown in Fig. 5.11.
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Figure 5.11: Comparison of two discharge components through conduits 5-6 and 2-3.

Both components present common discharge.
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5.2.4. Conclusion

The geometry of the model had an important role on the relation between water level
in reservoirs (lake, underground chamber) and discharge through the system. Our
calculations showed that water level should rise for about 280 m to cause flow
through secondary conduits 5 and 6, which is also a consequence of geometry.
Unreliable water level indicates that the chosen geometry was not optimal.

Scenarios 1 and 2 are used to represent equations for open channel flow and full pipe
flow within conduit. When discharge exceeds 20 m®/s, open channel flow is not
possible any more in conduits 3 and 4. A lot of simplifications were used, especially
in scenario 1, so a difference between boundary discharges at the transition from
open channel flow to full pipe flow could be big. To make calculations easier, we
assumed a conduit with trapezoidal cross section for open channel flow only
(scenario 1), otherwise conduits cross sections are circular. The difference between
the two cross sections with different shapes was only two per cent. Problem of misfit
results would be more a consequence of a hydraulic jump. It was solved by changing
roughness coefficient in trapezoidal conduit (3-4) (scenario 1). Otherwise roughness
coefficients were constant in all conduits for all scenarios.

Scenario 3 was used to find out relations between discharges through primary and
secondary conduits. Proportion between two discharges is almost 2:1. Discharge,
which causes water flow through secondary conduits should exceed 43 m’/s or 41.5
m’/s, depending on neglecting or considering friction losses in conduit 2.

As can be imagined, model calculations are far from optimal, but they may offer

some considerations for modeling karst aquifers.
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6. LOCAL SCALE STUDY

6.1. Site description

The Pivka is around 20 km long surface river, with catchment area of almost 300
km?®. It emerges in Postojna basin, which is composed of Eocene flysch and thrust of
Cretaceous limestone. Basin extends from 750 m to 500 m above sea level and it is
surrounded with high karst plateaus (up to 1300 m). The Pivka River sinks to the
underground system of Postojnska Jama at the contact between flysch and Upper
Cretaceous limestone near Postojna, at the north-eastern margin of the basin (Gams,
2004). It re-emerges in Planinska Jama as the Unica River (Fig. 6.1). Straight line
distance between the ponor and the spring is 5.5 km, but length of underground
pathway is estimated to be around 10 km (Gams & Habi¢, 1987). Also the Unica
River is a sinking stream, it disappears underground through ponors along the
margin of the Planinsko polje and after ten kilometres of underground pathway
(straight line) finally rises as the Ljubljanica River. However, significance of the

Unica sinking River is discussed in chapters 7.2 and 7.3.

Climate of Postojna basin is transitional, somewhere between continental and
mediterranean. Mean annual temperature is 8.4°C, according to data from period
1961-1990 (Fig. 6.2 a), in year 2006 it was 9.9°C. Precipitation maxima are usually
two: one in autumn (October, November) and other in the passage of spring to
summer (April, May, June; Fig. 6.2 b). Mean amount of annual precipitation is 1578

mm (Gospodari¢ & Habig, 1976).

The local scale study is focused on drainage of the Pivka River through the
Postojnska Jama system exclusively. It is a ponor cave, with one main permanently
active conduit system and several secondary conduits (Figs. 6.3 and 6.4). Such
secondary conduits extend at various levels, the highest are not active anymore,
while conduits at medium levels are active periodically only (at relatively high water
conditions). However, drainage takes place also below the known conduit system.
But we do not know how, to what extent and at what depth below. The main conduit,
whose length is estimated to be around 3.5 km, is relatively easily accessible. There
are some exceptions, where passages are accessible to divers exclusively. Anyway,

the system of Postojnska Jama includes both water (epiphreatic) and dry (vadose)
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Figure 6.1: Geographic map of Postojna basin. Important rivers and system of
Postojnska Jama cave are marked in the map. The Pivka River, with its affluent the
Nanoscica stream, flows along Postojna basin and finally disappears underground
through Postojnska Jama cave. It emerges in Planinska Jama cave as the Unica

River.
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Figure 6.2 a: Monthly mean air temperature in Postojna in 1961-1990 (Reference:
Environmental Agency of the Republic of Slovenia).

b: Monthly mean precipitation in Postojna, according to data 1961-1990. Spring and
autumn precipitation maxima are not very well expressed in the figure. Snow
precipitation in the winter and high evapotranspiration in July and August should be
taken into consideration (Reference: Environmental Agency of the Republic of

Slovenia).
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passages (Figs. 6.3 and 6.4). The length of all water and dry passages is around 20
km (Gams, 2004). Dry passages are accessible to massive tourism; the tourist visit

. . . . . . . th
includes a train drive. The cave has been a touristic attraction since 19™ century

(Hribar, 1955).

Studied epiphreatic conduits of the Postojnska Jama system stretches between the
ponor in the south and output phreatic loop in Pivka Jama in the north (Fig. 6.3).
Water conduits between the ponor and Pivka Jama are relatively uniform, conduits
have large dimensions and they mainly enable open channel flow even at relatively
high water conditions. Some phreatic loops occur between Magdalena Jama and
Pivka Jama, hence an underground reach of approximately 500 m is not accessible to
non-divers. Around 80 m of the system between Magdalena Jama and Pivka Jama
still has not been physically researched yet (Fig. 6.3) (Krivic & Praprotnik, 1975).
Pivka Jama and also some other parts of the system are accessible also through some

secondary entrances, which lead directly to active underground conduits (Fig. 6.4).

Diameter of the conduits in Postojnska Jama ranges from a few metres to around 10
m or locally even more. In Pivka Jama, diameter is around 20 m. Such large conduits
may generally transmit the great majority of flood water as open channel flow. Full
pipe flow occurs at restrictions only. Such restrictions are mainly significant
contractions of the conduits. The most important contractions of the conduit appear
in Otoska Jama and in Magdalena Jama (Fig. 6.3). Water flow alternates from open
channel to full pipe several times between Magdalena Jama and Pivka Jama. A few
phreatic loops appear in this section of the cave system. Length of full pipe flow
depends on flow rate.

One of the most important hydraulic restrictions in the underground system is
Martel's rock-fall, which blocks pathway of the underground river from the bottom
to the ceiling of the conduit. Water has to penetrate through collapsed blocks, or it
can find some bypasses, especially at high flow rates.

Not all water flows through the main conduit to Pivka Jama. Some of the flow, at
relatively high water conditions, drains through a secondary conduit, which diverge
from the main one before Magdalena Jama (Fig. 6.3). This water drains to Crna Jama
and converges with the main water flow in Pivka Jama (Sket & Velkovrh, 1981;

Habic, 1985). However, some portion of this water flow presumably drains through
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unknown voids directly toward the spring in Planinska Jama, thus avoiding Pivka

Jama (KraSovec, 1981).
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Figure 6.3: Map of Postojnska Jama system with measuring points marked. First data
logger is at the ponor, second in Lower Tartar, third in OtoSka Jama, fourth just front
of the Martel's rock-fall, fifth in Martel's Chamber, sixth in Magdalena Jama and the

last one is in phreatic loop of Pivka Jama.
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Figure 6.4: Longitudinal sketch of Postojnska Jama system (author of the sketch is
Andrej Mihevc).

The phreatic loop at the end of Pivka Jama was explored by divers. A few hundred
metres of conduits were discovered downstream from Pivka Jama, but connection
with Planinska Jama has not yet been physically proved (Krivic & Praprotnik, 1975;
Vrhovec, 2000). Water continuation to Planinska Jama is undoubted and was proved
by water tracing (Novak, 1990). Anyway, conduit downstream from output pool in

Pivka Jama is accessible to divers only.

Discharge of the Pivka River at the ponor is very variable. It may be less than 100 1/s
in the summer, while maximal measured discharges exceeded 60 m’/s. Mean annual
discharge is around 4 m’/s (Gospodari¢ and Habi¢, 1976). The Pivka River
presumably does not get any important affluent underground. The most certain is the
affluent of the Crni potok Stream (“Black stream™) with mean annual flow rate
around 100 1/s, while maximal flow rate presumably does not exceeds 1 m’/s — 2
m’/s (Preloviek, 2009). The Crni potok Stream joins the underground Pivka River in
Otoska Jama (Fig. 6.3). Also the Studenske ponikve Stream, with similar flow rate to
the Crni potok Stream, presumably recharges the underground Pivka River (Habig,
1985).

We presume that contribution of outflow from fissures and matrix into conduits is
minor in Postojnska Jama system. The length of monitored underground drainage is
relatively short; therefore the total amount of slow outflow from matrix to the
conduit flow should be limited. More important role than diffuse flow from matrix to

conduit can have autogenic recharge, which penetrates through highly karstified
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bedrock directly into the underground (Ford & Williams, 1989). Its contribution to
total discharge of the underground Pivka River has not been evaluated and is hardly
believed to be significant. According to all mentioned assumptions, discharge of the
underground Pivka River may be considered as relatively steady along the entire
monitored pathway of system. We decided to measure discharge at ponor and in
Pivka Jama to verify this assumption. Anyway the difference between both
discharges was in the range of error; therefore we can not make any certainly

scientific conclusions based on measurements.

6.2. Measuring stations, measured parameters, purpose of measurements

Seven data loggers were installed along underground pathway of the Pivka River to
study flow and transport. Water temperature and water level signals were measured
by Van Essen (Schlumberger) data loggers called “divers”. Instruments were
installed at different locations in the underground river (Fig. 6.3). Data were
recorded at 10 minutes and 15 minutes intervals.

Stage (water level) was measured at different locations to study hydraulic
characteristics of the system and to observe the propagation of flood pulses through
the system. Data of water temperature were analysed to determine some parameters
such as transit time of water flow, thermal exchange between water flow and
surrounding bedrock (also sediments in hyporheic zone).

The first data logger was installed at the ponor and the last one in Pivka Jama, which
is around 3.5 km downstream (Fig. 6.3). Height difference between two the most
remote stations is approximately 32 m. The most upstream station was just behind
the ponor to obtain the input into the system. Input is magnitude of flow rate (water
level was calculated into discharge) and thermal properties (temperature) of water.
The most downstream station was in front of the phreatic loop at the end of Pivka
Jama. The rest of five stations were distributed relatively regularly along the riverbed
of the underground Pivka River. Distances between data loggers were about 700 m,
500 m, 600 m, 500 m, 250 m and 1000 m. All distances are approximations, as the
system has not been measured properly. As we were interested also in the hydraulic
functioning of the system, we tried to find locations where water level may fluctuate
significantly during the transfer of flood pulses. Such locations are usually close to
restrictions. However, locations were chosen carefully, to satisfy both aspects of

research (thermal and hydraulic).
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6.3. Methods for the local scale approach

6.3.1. Modeling and application of SWMM

Observed realistic transfer of flood pulse through the Postojnska Jama system may
be compared with modeled transfer. For this purpose, “Storm water management
model” (SWMM) was applied. It is a computer program, made to model water flow
within pipes. Such a model can be applied because water flow through the conduits
of Postojnska Jama system is relatively uniform and similar to water flow through
pipes.

Input of realistic flood pulse, measured at the ponor, was put in the model with
simplified geometry, representing the Postojnska Jama system. Comparison between
modeled and realistic hydraulic response can be done and parameters of the model
can be changed to adjust both hydraulic responses. Anyway, changed parameters
should still be reliable as possible. Peterson & Wicks (2006) made a study of
significance of certain parameters to alter hydraulic response of the model. SWMM
is minimally sensitive to slope, but slight changes in Manning's roughness
coefficient can highly alter the simulated response. Length and width of the conduit
have similar significant influence on the hydraulic response, according to Peterson &

Wicks (20006).

6.3.2. Data mining method for future prediction of hydraulic response of the
Postojnska Jama system

Hydraulic response at all six monitored underground locations is a function of
inflow. Hence, characteristic inflow-stage relation can be obtained for each of six
locations. According to such relations and known input to the system (discharge),
hydraulic response can be estimated without measurements inside the cave.

We build a model based on training data. Predicted results were compared with

measured data, to evaluate the reliability of the future prediction.

6.3.3. Diurnal temperature variations of the Pivka River

Water temperature as a natural tracer was applied, to study hydrodynamic (transit
times of water flow, water flow velocities) and thermal characteristics (thermal
exchange between underground water and surrounding rock massif, sediments in

hyporheic zone) of the underground river in Postojnska Jama system. Surface water
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usually has characteristic temperature properties. The Pivka River has, like other
surface flows, diurnal temperature maximum and minimum. Rivers have usually
diurnal maximum in the afternoon (due to solar radiation) and diurnal minimum in
the morning, when also air temperatures are the lowest. On the other hand, a small
volume of water (as the Pivka River usually has) is more sensitive to diurnal
variations because the thermal influence of the surroundings is greater (Gu & Li,
2002).

Diurnal variations of the Pivka River are usually in range 0.5°C to 2°C. However,
maxima and minima measured at the ponor often appear at the unusual (reverse) part
of the day cycle. It may be explained as an anthropogenic factor (pollution with
waste water?), because distribution of diurnal variations is totally normal a few km
upstream, as proved by measurements.

When water flow with characteristic diurnal temperature variations enters the karst
underground, variations can be preserved for some time and length in the
underground system, depending on residence time of underground water, flow
volume (discharge) and geometry of the cave system (Dogwiler and Wicks, 2005).
Hence a temperature signal can be traced in the underground and applied to assess
transit time of water, or mean flow velocity consequently, if length of underground
pathway is known. Also some equilibrium temperature (thermal exchange) between
underground water and bedrock (sediments) may be theoretically estimated, as
amplitude of diurnal variations decreases along the underground pathway of the

river.

- Transit times and velocity of underground drainage

When water with certain temperature characteristics enters the cave, the temperature
signal travels along the pathway of the underground system with velocity supposed
to be equal to mean flow velocity. Devices installed at locations along the
underground pathway of the Pivka River, measure and store the water temperature
signals. Hence diurnal temperature maxima and minima are detected. Certain
maximum (or minimum) appears at downstream station with some phase shift, due
to its appearance at upstream station (Fig. 6.5). Such phase shift corresponds to time
delay, which represents transit time of water between these two stations (Birk et al.,
2004). Time delay varies with flow rate. The higher the flow rate, the lower the time

delay (water transit time). Consequently, by applying water transit time along the
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known length of underground pathway, the mean velocity of underground flow for
certain reach within the cave can be determined, at specific flow rate. It is also one

purpose of this research.
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Figure 6.5: Diurnal temperature variations measured at the ponor and in Pivka Jama
(3.5 km downstream). Observe the phase shift between the same diurnal maximum
or minimum measured at two different locations (blue and red curve). Also discharge

is plotted (green curve).

- Temperature equilibrium between underground water and bedrock,
sediments

Underground water exchanges heat with its surroundings and tends to establish
equilibrium temperature with surrounding rocks and sediments (hyporheic zone)
through conductive and advective processes in the underground. The longer the
retention (transit) time of the water underground, the more heat is exchanged
between media. Water residing in a karst system long enough will fully equilibrate to
an ambient temperature that is a direct reflection of mean annual temperature
(Dogwiler & Wicks, 2005). Because of this, dampening of variation of water
temperature along pathway of the underground Pivka River can be observed.
Amplitudes of diurnal variations decrease along the cave system (Fig. 6.5). The
difference in amplitude of the same signal, measured at two different locations,
would be equal to mean thermal exchange between water and surrounding along
certain distance in some perfect and totally isolated underground system. Hence,
temperature data can be theoretically used to determine equilibrium temperature

which establishes with heat flux between two media. The length required for
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achieving thermal equilibrium is mainly dependent on retention time of the water

(Dogwiler and Wicks, 2005).

6.3.4. Tracer test

Furthermore, a tracer test was done in Postojnska Jama system. Artificial water
soluble tracer was injected into the Pivka River, just a few metres in front of the
ponor. Transition of the tracer cloud through Postojnska Jama system was recorded
by three fluorimeters. First one was in Otoska Jama, the second in Magdalena Jama
and the last one in Pivka Jama (Fig. 6.3). Fluorimeters were installed at the same
locations, as the data loggers.

The main purpose of the tracer test was to compare the transition of water-soluble
tracer (sulphorhodamine) and natural tracer (temperature) within the underground
system. The tracer cloud should be traced at all seven locations, as underground
temperature, to enable the optimal comparison of transition of two substances within
the underground system. This was impossible due to the lack of fluorimeters. But

comparison based on three sites is sufficient for our survey.
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6.4. APPLICATION OF THE STORM WATER MANAGEMENT MODEL
(SWMM) TO STUDY HYDRAULIC RESPONSE OF THE SYSTEM TO FLOOD
INPUT

6.4.1. Introduction and representation of the SWMM

Storm Water Management Model (USA EPA, Environmental Protection Agency,
www.epa.gov/ednnrmrl/models/swmm/) was primary developed to simulate single
event or long-term simulation of runoff quantity and quality through sewer and other
drainage systems in urban areas. Hence, runoff in SWMM is transported through a
system of pipes, channels, storage devices, pumps and flow regulators. Anyway
SWMM has many applications in non urban areas as well (Rossman, 2004).
Functioning of underground drainage through a well developed conduit system in
karst may be may be roughly described as a system of pipes and channels. Therefore
SWMM may be used to model flow and solute transport through a system of
conduits in the epiphreatic zone of karst massif, but some requirements should be
fulfilled and some limitations should be taken into consideration.

Main requirements and limitations of the SWMM in karst (Campbell & Sullivan,
2002; Peterson & Wicks, 2006; Wu et al., 2008) are:

- Internal geometry of the karst system should be known. Parameters such as conduit
geometry (cross-sectional area and length), hydraulic gradient (the slope of conduits)
and also the roughness of conduits should be known or at least well estimated. A lot
of parameters need to be specified and it is impossible to incorporate their variation
into the model completely, even if we are capable measuring them all (very probably
not).

- Furthermore, the recharge into the system (allogenic or autogenic) should be
measured to obtain input data for runoff through the system. Input to the model can
be based on runoff hydrographs and rain gauge stations at the surface of the
catchment area.

- Conduit permeability, which drains the great majority of flood water - around 90 %
or more (Bonacci, 1987; Jeannin, 2001), appears together with fissure and matrix
permeability. Applying SWMM, drainage through fissures and water exchange
between matrix and conduits is neglected. But the error, as a consequence of the
neglected exchange, should be minor in comparison with other simplifications

(geometry and roughness coefficient).
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- SWMM operates with constant cross-sectional areas of conduits, while conduits in
karst are enlarging continuously by dissolution processes in longer term. Hence

SWMM is not adequate to model evolution processes of karst conduits.

6.4.2. Some recent applications of the SWMM in karst

Campbell & Sullivan (2002) applied SWMM to simulate flow and temporal changes
of water level for a Stephen Gap Cave (Alabama, USA). The main purpose of the
simulation was to estimate losses from a surface stream to the cave. They simulated
water levels and flow rates in the cave passages as a function of time. The losses
calculated by SWMM showed that rising and falling limbs of the stage — discharge
plot followed the same curve (no hysteresis occurred). Campbell and Sullivan
concluded that utility of SWMM for analysing cave flows was established. SWMM
produced stable solutions with very low continuity errors for Stephen Gap Cave.
Gabrovsek & Peric (2006) applied SWMM to observe the relation between flow and
water level (stage) in a system of four sloping conduits with different diameter. Input
to the model was linear with symmetric rising and recession limb. The stage — flow
curve exhibits hysteresis, which was explained as a consequence of flooding, caused
by restrictions.

Flood pulse (discharge), with linearly increasing and decreasing limbs, was
additionally put into simple model of large conduit ending with single restriction.
Stage response to such linear flood pulse was observed in the large conduit in front
of the restriction. The length of the conduit was constant at first (1 km), but height of
the restriction downstream was changed. Gabrovsek & Peric observed that as the
height of the restriction decreases, the flow through it becomes more and more
distorted and the stage curves become distorted in graph H(t). The lower the height
of the restriction more significant are flooding and hysteresis (on plot H(Q)). In next
phase, they changed the length of the input conduit, but the height of the downstream
restriction remained constant. In such a case, stage curves depend on permeability of
restriction and on distortion of the flood pulse (an input) due to its propagation
through the conduit with open channel flow, according to Gabrovsek & Peric (2006).
Peterson & Wicks (2006) tried to asses the importance of conduit geometry and
hydraulic parameters in karst systems using the SWMM. The role of these
parameters, to control transport dynamics within the karst aquifer was studied. For

this purpose, SWMM was applied to build a model of Devil's Icebox - Conor's Cave
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system (central Missouri, USA). Conduit geometry and hydraulic parameters were
incrementally changed in the model. Output, obtained at certain parameter
conditions, was compared to an output measured in the field. They concluded that
ten per cent changes in the length or width of a conduit produced statistically
significant different fluid flow response. Moreover, even slight changes of
Manning's roughness coefficient can highly alter the simulated input. On the
contrary, the model is minimally sensitive to the slope and infiltration rates.

Wu et al. (2008) tried to simulate the hydrological response of Shuifang karst spring
(China) by SWMM. They made several field surveys (dye tracing, infiltration test,
measurement of flow rates at the spring and mapping of the study area) to provide
input parameters for SWMM. Modeled hydrographs show good agreement with the
hydrographs obtained at the field. Rapid recharge through conduits and slow, low

inflow from the fissures and matrix were correctly represented by the model.

6.4.3. Conceptual model of the SWMM

SWMM incorporates several compositional elements, such as rain gauges,
subcatchments, junction nodes, outfall nodes, flow divider nodes, storage units,
conduits, pumps and flow regulators.

Rain gauges represent the precipitation input to the land surface in SWMM. Land
surface is represented by subcathments, which transfer input to groundwater. Some
portion of inflow, reaching groundwater, transfers to the transport. Transport
compartment is finally represented by a network of conveyance elements and

treatment units, which transport water to outfalls (Rossman, 2004).

Description of applied SWMM components
Not all of the available compositional elements were used to build a model of
Postojnska Jama system, as we are interested exclusively in transport compartment

(aquifer). We applied following elements:

Junction nodes

Conduits of different geometrical properties are joined together by junctions (Fig.
6.6) Junctions therefore represent points of flow divergence and convergence; they
can have multiple inputs and outputs. Also external inflows can enter the system at

junction. Junctions have no storage.
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Essential input parameters of junctions are:

- invert elevation

- height from invert elevation to ground surface (maximal depth)

- initial water depth in junction (by default zero, optionally changed in front of
important hydraulic restrictions)

- external inflow data (recharge to the system)

- treatment (concentration of tracer as a pollutant, which is injected to the system at
the node)

- ponded surface area when flooded (no ponding by default, ponding may be set

optionally)

Junection node

Conduit

Conduit

Figure 6.6: Sketch of two conduits of different geometry joined by junction node.

Storage units

Storage units have similar role as junction nodes. In contrast with junction nodes,
they represent also some storage facility. The height-area curve can be linear,
exponential or tabled, volumetric properties of storage unit can be set by a linear or
exponential function. A storage unit may be used as a proxy of underground lake in
chamber or along conduit. Or it may represent some similar large pool of stagnant
underground water. Underground lakes appear frequently in the system, especially in
front of hydraulic restrictions such as breakdowns.

Input parameters for storage units are the same as for junction nodes.

Outfall nodes
Outfalls are final nodes of the drainage system. Invert elevation of the outfall was the
only parameter, which was essential for our purpose. Optionally, downstream

boundary conditions can be defined for dynamic wave routing.
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Conduits

Pipes or conduits of different or equal geometry drain water from one node to
another. Program enables selection of several different cross-section shapes for
conduits; from regular cross-sectional geometry (circular, rectangular, ellipsoidal
etc.) to irregular and customary geometry. Slope of the conduits (hydraulic gradient)
is defined by it length and the invert elevation of inlet and outlet nodes. Open
channel and full pipe flow within conduits are described by Manning's equation.
Essential input parameters of conduits are:

- conduit length

- cross-sectional geometry

- Manning's roughness coefficient

- offset heights of the conduit above the inlet and outlet node inverts

- Coefficient of entrance and exit losses (losses were supposed to be zero for our

purpose)

Flow regulators

Flow regulators are structures used to control and divert flows within the conveyance
system. They are typically used for engineering purposes. Appearance of such
structures is limited in the karst drainage systems.

However restrictions such as breakdowns, which dammed underground drainage,
can behave as weirs (Fig. 6.7). Transverse and side flow type of weirs with
rectangular cross-section shape is the most optimal to model underground spilling
over the restriction such as breakdown. Applied input parameters for weirs are:

- vertical height of weir opening

- horizontal length of weir crest

- depth of bottom of weir opening from the inlet node invert

- discharge coefficient for central portion of weir (set as default value)

-

Waler

 level

Figure 6.7: Sketch of a weir. H is vertical height of weir opening and D is depth of

bottom of weir opening from the inlet node invert.
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Flow routing

Hydrographs (flow) and chemographs (pollutants, tracers) are routed through the
modeled system, built of different elements, by the transport process.

Flow routing within a conduit link in SWMM, which is governed by Saint-Venant
equations for gradually varied, turbulent and unsteady flow, can be studied by
several approaches (Rossman, 2004):

- Kinematic wave routing (solves the continuity equation along with a simplified
form of the momentum equation in each conduit. Flow may vary spatially and
temporally within a conduit, causing delayed outflow hydrograph, due to the inflow).
- Dynamic wave routing (solves Saint-Venant equation on the basis of continuity and
momentum equations for conduits and a volume continuity equation at nodes)

- Steady flow routing (treats flow as uniform and steady for all computed time

periods)

Dynamic wave routing was chosen, as it is the only one which can handle
pressurized flow, flow reversal, minor losses and backwater effect. Dynamic wave
routing produces the most accurate results in comparison with other two types of
routing (Rossman, 2006).

Based on conservation momentum and mass conservation of Saint-Venant equations
discharge, area and water depth at the outlet of each conduit can be calculated for

each time step of flow routing (Peterson & Wicks, 2006).

- Mass conservation:
Mass conservation for one-dimensional free surface flow with no lateral flow in the

x-direction is given by (de Rooij, 2008):

oh 00 _

W(h)—+ 0
()at ox

where W is top width of the free surface, 4 is the flow depth, ¢ is time, Q is flow rate
and v is velocity (Fig. 6.8).
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Figure 6.8: Sketch of water flow through conduit. 7 is top width of the free surface
and 4 is the flow depth.

- Momentum conservation:
Range of change of momentum conservation is equal to the forces acting on it. These
forces are gravitational force, force due to the static pressure change, acceleration

and friction force (Prelovsek et al., 2007).

oh vov 10ov
—t——t+t——=5,—5,
ox gox got '

where v is an average velocity across the whole depth profile, sy is a channel slope

and sy is a friction slope.

Friction slope s; which represents the effects of turbulence and viscosity, is

calculated by Manning's equation in SWMM (Peterson & Wicks, 2006):

where 7 is Manning's roughness coefficient and R is hydraulic radius.

Combining both equations, discharge O may be calculated.
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6.4.4. Hydraulic model of Postojnska Jama system

SWMM was applied to simulate the hydraulic response of the Postojnska Jama
system to a single or succession of flood inputs. Since the realistic response was
measured at several locations within the system, the main purpose was to build a
model which would give such a hydraulic response at each selected location, that
would be as much as possible similar to the realistic one measured by data loggers.
The model is based on the relatively well known internal geometry of the system and
realistic input time series (discharge measured at ponor). One of the most essential
parameters, roughness coefficient was only estimated, due to the lack of data of its

(unknown) variation within the underground system.

6.4.4.1. Structure of the model of Postojnska Jama system

Schematic sketch of a model is shown in Fig. 6.9. Only the main, permanently active
conduit system of the model is represented in this figure. We assumed also
divergence of water flow in some parts of the underground system. These parts with
secondary channels (bypasses) are shown in Figs. 6.10, 6.11 and 6.12.

The model of drainage network consists of 20 conduits, 4 weirs, 6 junctions, 10
storage units and one final outfall. Parameters of all elements are shown in Tabs. 2

and 3.

Junctions are applied mainly in the first part of the system and are replaced by
storage units in the inner part of the system, where flow becomes more obstructed by
hydraulic restrictions. Ponding is much intensive in this section of the cave, where
several pools appear. Water can be a few metres deep in such pools even at base

flow and drainage extremely slow.
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Figure 6.9: Longitudinal cross-section of the underground Pivka River system. Only

the main, permanently active conduit system is represented in the figure.
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Figure 6.10: Flow through Martel's rock-fall was modeled as a flow through a
relatively low permeable conduit. Bypasses, which avoid significant hydraulic
restrictions, often occur in karst aquifers. Hence, three bypasses were incorporated

into the model.

Conduit: bypass from

hartel's chamber

Condult: bypass fram chamber 1

Figure 6.11: Geometry of Martel's chamber is well known. The main, permanently
active conduit has relatively low permeability. There are another two conduits,

situated at higher elevation, which become active at relatively high water conditions.
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Figure 6.12: Several phreatic loops appear in the reach between Magdalena Jama and

Pivka Jama, hence this reach is accessible to divers only. We have very limited data

about the geometry of this part of the cave. However, divergence of underground

flow to bypasses is possible there. We assumed bypasses of different length: 500 m

(bypasses marked with number 1) and 1000 m (bypasses marked with number 2),

while length of main conduits is only 250 m.

Table 2: Geometrical parameters of conduit system, representing a model of

Postojnska Jama.

Type and name of conveyer Cross-sectional Length | Roughness Inlet Weir
dimensions [m?] [m] [] offset [m] | opening [M]
Conduit: ponor-Tartar 6 x 10 700 0.035 0 /
Conduit: Tartar-Contraction 6 x 10 240 0.035 0 /
Conduit: contraction 3x3 20 0.035 0 /
Conduit: Contraction-OtoSka 6 x 10 240 0.035 0 /
Conduit: OtoSka-rock-fall 5x5 700 0.035 0 /
Conduit: through rock-fall 4x4 250 0.035 2 /
Conduit: bypass of
rock-fall 1 2x2 300 0.035 3 /
Conduit: bypass of
rock-fall 2 2x2 300 0.035 0 /
Weir: bypass of rockfall 3 / / / 0.5 1x1
Conduit; to Martel's chamber 6 x 10 250 0.035 0 /
Conduit: out of chamber 15x1.5 125 0.035 0 /
Conduit: bypass chamber 1 2x2 125 0.035 2 /
conduit; bypass from
chamber 2 3x3 125 0.035 3 /
Conduit: to Magdalena 6 x 10 125 0.035 0 /
Conduit: Magdalena Jama 6 x 10 250 0.07 0 /
Conduit: bypass Magdalena 1 2Xx2 500 0.035 0 /
Conduit: bypass Magdalena 2 2Xx2 1000 0.035 0 /
Conduit; to Pivka 6 x 10 250 0.07 0 /
Conduit: bypass to Pivka 1 2Xx2 500 0.035 0 /
Conduit: bypass to Pivka 2 2Xx2 1000 0.035 0 /
Conduit: Pivka Jama 6 x 10 700 0.035 0 /
Conduit; out of Pivka 3.5x35 1000 0.035 0 /
Weir: out of Pivka / / / 0 5x0.1
Conduit: Planinska Jama 6 x10 1000 0.035 0 /
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Table 3: Hydraulical parameters of nodes in a model.

Initial
Type and name of node Invert elevation [m] | Maximal depth [m] | depth [m]

Junction: ponor 509 20 0
Junction: Tartar 506 20 0
Junction: Contraction 1 504.75 20 0
Junction: Contraction 2 504.5 20 0
Junction: OtoSka Jama 503.5 20 0
Junction: rock-fall 501 20 0.5
Storage after rock-fall 501.5 20 0
Storage unit: Martel's chamber 498 20 0.2
Storage unit: after M. chamber 498 20 0
Storage unit: bypass after M.

chamber 498 20 0
Storage unit: Magdalena Jama 498 20 0.5
Storage unit: after Magdalena 1 497.9 20 0
Storage unit: after Magdalena 2 497.8 10 0
Storage unit: Pivka Jama 480 10 0
Storage unit: after Pivka 470 10 0
Storage unit: bypass after Pivka 480 10 0
Outfall: Planinska Jama spring 460 / /

Overflowing (i.e. activation of secondary conduits, situated at higher levels)
definitely occurs at least in some parts of the cave; hence weirs were applied to
simulate overflowing. Weirs in the SWMM link two adjacent (nearby) storage units
or nodes as an overflow. Overflow from primary into secondary conveying system
can occur at relatively high flow rates only in our model, while all base flow drains
through primary conduits. However secondary and primary conduit systems

converge together at first next downstream node in our model.

Inflow to the modeled system is direct. It means that surface runoff enters the system
through the most upstream junction (ponor) as an allogenic input, and it drains
underground through system of conduits and nodes to final outfall. Allogenic
recharge was calculated by measurements of water level of the Pivka River at the
ponor. This discharge represents an input time series for the model.

Dry weather recharge of the system and ground water infiltration are also possible in
SWMM, but have not been applied in our model, even if in reality both occur.
Contribution of such inflows is minor and may be easily neglected for the modeled
purposes. The Crni potok sinking stream could contribute some percentages of water
to base flow of underground Pivka. Presumably minor is also autogenic recharge

from the surface area. Contribution of the outflow from matrix is undoubtedly
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negligible due to the relatively short length of the system. This was already

discussed in chapter 6.1.

6.4.4.2. Parameters settings

- The slope of the riverbed (which may be also considered as a proxy of hydraulic
gradient at relatively low water conditions) is not a constant in the system of
Postojnska Jama; it varies spatially in the underground system. For example,
conduits have cascade morphology (alternation of steps and pools) in the first part of
the underground system, which reflect in relatively fast alternation of local hydraulic

gradients (at base flow conditions) (Fig. 6.13).

Figure 6.13: Longitudinal profile of a small section of conduit between Tartar and
Otoska Jama. Morphology of the riverbed of the conduit is cascade, due to
alternation of steps and pools. Water level in the sketch corresponds to base flow
conditions. There is important contraction (channel narrowing) on the right end of

the figure.

Hydraulic gradient is locally much more stable in other, more downstream parts of
the underground system, where pools with length of few hundred metres appear.
Gradient is almost negligible along such pools; all gradient can be attributed to the
short, intermediate stream reaches between two pools.

Like every model, ours is a simplified picture of reality. Of course it is not possible
to include all the geometry variations of a natural cave system to the model.
Therefore, variations were simplified by dividing the system into a few major
segments, each having some average, characteristic slope.

Hydraulic gradient along the river is closely related to the channel slope at the base
flow. This is not valid during significant floods when the total head becomes almost

uniform along some parts of the system (Fig. 6.14).
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Figure 6.14: Total head at seven monitored locations in Postojnska Jama system at
base flow condition (blue points) and at extreme flood condition (red points). Slope
of the water table among the seven monitored stations, as a proxy of hydraulic

gradient, is also depicted.

- Geometry, especially cross-section of conduits, is very irregular and variable.
Therefore its variation can not be modeled at all. This parameter was probably
simplified the most. Rectangular cross-sections of all conduits was applied to the
model. Only dimensions and length of such conduits was different. Small
dimensions of cross-section were attributed to parts of the underground system,

where the most significant hydraulic restrictions occur.

- There are no data about actual values of roughness coefficient in Postojnska Jama
system. We can assume only that it varies within the system. Values of Manning's
roughness vary between 0.015 and 0.07 in natural streams (Schulze et al., 2005).
There is much less data about Manning's roughness for underground conduit
systems. It is often considered as a constant value for modeling purposes, due to lack
of data and to simplify the models. Peterson & Wicks (2006) estimated it to 0.035
for the model purpose (the model of Devil's Icebox-Conner's Cave basin - USA).
The same value was applied also for riverbed and bank of the underground Pivka

River.
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6.4.5. Hydraulic response of the Postojnska Jama system to flood pulses:
comparison of realistic and modeled (SWMM) response

A succession of realistic flood pulses with different magnitude, measured at the
ponor was put to the described model. We chose time series from March to end of
May 2008 and routed it through the model. This discharge time series include 12

distinctive flood pulses, with maximal discharge 32 m’/s (Fig. 6.15).
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Figure 6.15: Discharge time series from March to May 2008 was routed through the
SWMM model of Postojnska Jama system.

Hydraulic response of the model at certain locations, where data loggers have been
installed, was observed every 10 minutes during the transition of discussed time
series. Dynamic wave routing had the time step of 30 seconds, but the reporting had
the same interval as realistic measurements in the system; i.e. 10 min. Therefore
realistic and modeled hydraulic responses were compared.

Magdalena Jama was not monitored in discussed time period (March — May 2009)
(Fig. 6.16), hence another discharge time series from October to December 4™ 2009
(Fig. 6.17) was routed through the model to compare modeled and realistic hydraulic

response of Magdalena Jama with reporting interval of 15 min.
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Figure 6.16: Distribution of measurements at seven stations in Postojnska Jama

system.
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Figure 6.17: Discharge time series from October to December 2008 was routed
through the SWMM model of Postojnska Jama system, to observe modeled

hydraulic response of Magdalena Jama.

We compared measured and modeled stage curves at all selected stations. Moreover
measured and modeled inflow Q (m?/s) - stage H (cm or m) relations were plotted
and compared with each other. H(Q) relation in any part of the system directly

depends on inflow and geometry of the conduits, which are situated downstream
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from monitored micro-location. Therefore the shape of H(Q) curve is different in
front of different hydraulic restrictions, which are of special interest for our study.
The shape of H(Q) curve strongly depends on local channel geometry, which varies
with the height of the water at each location. For example flood waters can find more

permeable bypasses at higher levels.

6.4.5.1. Tartar

The most upstream part of the cave system is highly permeable; we put to the model
only one hydraulic restriction (contraction of the conduit). One contraction is in
reality situated downstream from Tartar, however it is still large enough to drain a
great part of flood waters approximately up to 20 m’/s, without occurrence of
ponding (see Fig. 6.13, contraction is in the right part of the figure). Assumption is
based on H(Q) relation in Tartar (Fig. 6.18). Water level increases relatively gently
dependent on flow rate. Increase becomes steeper at flow rates above 20 m*/s, which
can indicate significance of ponding caused by the hydraulic restriction situated
downstream from Tartar. However, the most important hydraulic restriction within
the monitored system is the Martel's rock-fall, located approximately 1200 m
downstream from the Tartar monitoring station. Ponding caused in front of Martel's

rock-fall can induce increase of water level at Tartar and even at the ponor.

- Comparison of measured and modeled data in Tartar

The model of the most upstream section of the cave system consists of large conduit
(6 m x 10 m), which is contracted (3 m x 3 m) for a short length (20 m) in section
between Tartar and Otoska Jama. Hence flow of flood water through such
contraction is restricted. Ponding, which in reality occurs in Tartar at flow rates
above 20 m’/s, may be explained by the discussed contraction or some other
hydraulic restriction situated downstream from Tartar. We assumed in our model
that the discussed contraction induces ponding in Tartar. Comparison of the model
data with real data shows good fitting, modeled values are underestimated when

ponding occurs (at inflow above 18 m’/s - 20 m’/s) (Figs. 6.19 and 6.20).
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Figure 6.18: Stage in Tartar depends mainly on topography of underground channel,
till inflow increases to around 20 m’/s. At higher inflows ponding occurs and

inclination of H(Q) curve becomes steeper.
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Figure 6.19: Measured and modeled data fit well when flow is below 20 m’/s. At

higher flow rates, local hydraulic restriction causes ponding.
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Figure 6.20: Comparison between measured and modeled stage in Tartar for period
March — May 2008. The highest measured stages (above 1.2 m) correspond to

increase of water level caused by ponding.

6.4.5.2. OtoSka Jama

Hydraulic response in Otoska Jama is very similar to that in Tartar. This part of the
cave is well permeable. But stage (H) — inflow (Q) relation in OtoSka Jama is
influenced already by ponding at lower flow rates than in Tartar (Fig. 6.21). Such
influence occurs at flow rate above about 8 m’/s. Also there are some local conduit
contractions downstream from OtoSka Jama, which may cause ponding. However
ponding undoubtedly occurs also in front of relatively low permeable Martel's rock-

fall. This rock-fall is situated approximately 700 m downstream from Otoska Jama.

- Comparison of measured and modeled data in Otoska Jama

Otoska Jama has very similar hydraulic characteristics to Tartar, the only difference
is that ponding occurs at lower inflow in Otoska Jama than in Tartar. We believe that
ponding of water in Otoska jama is mainly result of ponding, which occurs in front
of Martel's rock-fall downstream. Hence fitting between measured and modelled
hydraulic response in OtoSka Jama depends on reliability of the model in front of
Martel's rock-fall. This model is represented in continuation. The error of the model
of Otoska Jama increases with magnitude of inflow (Figs. 6.22 and 6.23), due to

overestimation of rock-fall permeability in the model.
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Figure 6.21: Similar as in Tartar, stage in Otoska Jama in first phase depends on
inflow and topography of underground channel. Later, at inflow around 8 m’/s,

ponding assumably occurs.
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Figure 6.22: Measured and modeled data (in Otoska Jama) fit well when flow is
below 8 m’/s - 10 m’/s. At higher flow rates, hydraulic restriction causes ponding.

However this ponding is underestimated in a model.
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Figure 6.23: Comparison between measured and modeled stage in Otoska Jama for
period March — May 2008. All measured stages higher than 2 m are associated with

ponding, which was underestimated in a model.

6.4.5.3. Martel's rock-fall

Martel's rock-fall greatly obstructs the pathway of the underground Pivka River, as it
stretches from the bottom of the conduit up to the ceiling. But water does not only
penetrate through rock-fall, it also finds other pathways to traverse the rock-fall (at
relatively high flow rate). However, Martel's rock-fall most probably represents the
most important hydraulic restriction in the system of Postojnska Jama. Fluctuations
of water level are the highest in front of the relatively low permeable Martel's rock-
fall. Water level increases up to 14 metres (Fig. 6.24), according to our

measurements (March 2007 - July 2009).

- Comparison of measured and modeled data in front of Martel's rock-fall

Drainage through porous media, such as breakdown, can not be directly modeled by
SWMM, but Darcy flow looks like minor or even negligible (Fig. 6.24). Drainage
takes place mainly through several bypasses. There is one bypass through which
explorers can reach conduits on downstream side of the rock-fall. Because of the
bypasses, divergence was applied in the model. Single conduit splits to four
secondary conduits with different permeability (cross-section) and they converge
together before next measuring station. Secondary conduits appear at different

absolute heights; hence some of them are active at floods only (Fig. 6.10).
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Figure 6.24: Stage rises relatively rapid with increasing discharge in front of the
Martel's rock-fall. Inclination of stage-discharge curve becomes relatively gentle at

the highest discharges, when water flows over higher bypasses.
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Figure 6.25: Modeled and measured H(Q) curves have similar shape, but modeled

data are highly underestimated at higher flow rates.

Two compared stage — flow curves do not really fit together (Fig. 6.25). However,
hydraulic response of model of Martel's rock-fall shows some relatively good
correlation with realistic response at low flow rates, while correlation is low at high
flow rates. Water levels are highly underestimated in the model during high inflows

(Figs. 6.25 and 6.26). As SWMM deals with conduit permeability exclusively,
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permeability of the model is much higher than real permeability of the rock-fall. It
may be one of reasons for low fitting at high discharges. Another reason is that
geometry of bypasses may be oversized in the model. Instead of a few bypasses,

there may be tens of them, but of relatively low diameter.
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Figure 6.26: Comparison between measured and modeled stage in front of Martel's
rock-fall for period March — May 2008. Permeability of the model is higher than real
permeability of the rock-fall, as can be seen from differences in modeled and

measured stages.

6.4.5.4. Martel's chamber

Outflow from Martel's chamber takes place through at least three known conduits,
which occur at different levels. At flow rates below around 1 m*/s — 2 m’/s, the water
drains out from the chamber laterally — via small conduit, which becomes fully
flooded during each significant flood inflow (Fig. 6.27). Consequently, water level
in a monitored pool increases, till it reaches a conduit at higher level. At the highest
flow rates, additional conduits activate (Fig. 6.11). All these conduits presumably

joins together somewhere in Magdalena Jama, downstream.
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Figure 6.27: Stage in Martel's chamber is the most sensitive to relatively low
inflows. Permanently active conduit, which drains water out of the chamber, is

narrow and therefore low permeable. Later overflowing occurs.

- Comparison of measured and modeled data in Martel's chamber

The model, which represents outflow from Martel's chamber, is built of a single
conduit, which diverges to three conduits. Water spills to two of them at sufficient
flow rates only, as they are situated at higher levels (Fig. 6.11).

Modeled hydraulic response is very similar (or almost identical) to the real response
(Fig. 6.28). The only problem is the altitude of water level at low water conditions

(water level is overestimated in the model) (Fig. 6.29).
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Figure 6.28: Modeled and measured H(Q) curves fit very well.
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Figure 6.29: Comparison between measured and modeled stage in Martel's chamber
for period March — May 2008. Modeled and realistic stages do not fit well at the

lowest water conditions only.

6.4.5.5. Magdalena Jama

Water flow distributes laterally over a larger area in Magdalena Jama. It is
distributed within many lateral and parallel conduits and pools. Hence, of all six
stations, fluctuations of water level are the lowest in Magdalena Jama. Outflow from
the Magdalena Jama takes place through several phreatic loops, which appear in
downstream direction toward Pivka Jama. Stage — inflow relation, obtained in
Magdalena Jama, is linear (Fig. 6.30). Phreatic loop looks capable to transmit all

inflowing water synchronically, which would be a reason for a linear relation.
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Figure 6.30: Stage increases linearly with inflow in Magdalena Jama
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- Comparison of measured and modeled data in Magdalena Jama
Magdalena Jama and its downstream part were modeled as a part of system with
negligible hydraulic gradient. Outflow from Magdalena Jama takes place through

one main channel and two secondary channels in our model.
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Figure 6.31: Measured and modeled data fit well together, due to not complicated,

almost linear H(Q) relation in Magdalena Jama.
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Figure 6.32: Comparison between measured and modeled stage in Magdalena Jama
for period October — December 4™ 2008. Magdalena Jama was not monitored in

period March - May 2008, as were all other parts of the system.
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Modeled hydraulic response is similar as measured one, differences occur only in
magnitude of increase of stage during transition of flood pulses (Figs. 6.31 and
6.32). Modeled stage is underestimated at inflows below 10 m’/s and overestimated
at higher inflows. Error of modeled hydraulic response does not exceed 1 m, but

fluctuations of water level are low in Magdalena Jama (of a few metres only).

6.4.5.6. Pivka Jama

The pool, situated directly in front of a phreatic loop, was monitored in Pivka Jama.
All inflowing water is relatively easily transmitted downstream through the phreatic
loop, toward Planinska Jama (spring), which is situated around 3.5 km downstream.
H(Q) relation is almost totally linear in Pivka Jama (Fig. 6.33). There is not much
known about the geometry of conduits between Pivka Jama and Planinska Jama for

they are largely still unexplored.
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Figure 6.33: Stage increases linearly with inflow in Pivka Jama.

- Comparison of measured and modeled data in Pivka Jama

In a model, we assumed combination of outflow through relatively narrow conduit
(relatively low permeable) and spilling to a neighbour chamber, from where water
drains unrestricted.

Fitting between measured and modeled responses was relatively good, with

correlation coefficient r = 0.992. Fitting was the best at this station (Fig. 6.34).
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Modeled values are totally similar as measured ones; they are only underestimated

for around 0.5 m (Figs. 6.34 and 6.35).
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Figure 6.34: Measured and modeled data would fit together perfectly in Pivka Jama,

if modeled data were not slightly underestimated.

40

s (1 — Pivka Janva SWI made (m)
) Pivka Jama measured vakes (m)

34
25
2a

ALY A b

18

Prvka Jama - Waber level {m)

[FE]

|}I| . . |-_: ||||||||||||||||||||||||||||||||||||||||||
13 65 7 0 MM T I25272031 2 4 6 6 W24 1618202 M 22030 2 4 6 8 109214 16 18 20 22 24 26 28 30

Day {March -May 2008)

Figure 6.35: Comparison between measured and modeled stage in Pivka Jama for

period March — May 2008.
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6.4.6. Conclusion

Correlation coefficient, as a measure of comparison between measured and modeled
hydraulic responses, is not totally reliable for our purpose. Correlation coefficients
are significantly high (above 0.95) at all six places (Tab. 4). Such high correlation is
mainly a consequence of input applied in the model. As the input is based on real
(measured) data, it is quite logical that modeled response is in high correlation with
measured hydraulic response in Postojnska Jama.

However, if we compare only relative values of the correlation coefficient between
modeled and measured hydraulic response, we observe that the highest correlation
was obtained for the most downstream location monitored in Pivka Jama. But also
flow and stage are in good linear relation in Pivka Jama (Fig. 6.34). Such linear
relation can be explained as a segment, while the curve should change its shape at
higher discharges, as were measured.

Also Magdalena Jama, just upstream from Pivka Jama, has similar hydraulic
characteristics to Pivka Jama. Outflow from Magdalena Jama is also controlled by
phreatic loops and there is also linear H(Q) relation, probably for the same reason.
However, measured and modeled responses show the lowest correlation there. The
reason should be in very low range of stage fluctuation in Magdalena Jama.
Significance of air pressure variation on measured stage is higher; consequently also
an error may be higher.

Correlation between measured and modeled hydraulic response is also relatively low
at Martel's rock-fall. We know for some bypasses, but hydraulics should be much
more complicated there, as our model does not really represent good approximation
of hydraulic processes, which take place at Martel's rock-fall.

Hydraulics of the most upstream monitored locations (Tartar and Otoska Jama) is
non-complicated. Hydraulic response to increased inflow is directly influenced by
topography of underground channel. At higher inflows, significant ponding occurs in
Otoska Jama and also in Tartar. Ponding may be a consequence of some local
restrictions (contractions of the conduit), which appear between Tartar - Otoska
Jama and between Otoska Jama - Martel's rock-fall. But the most significant ponding
certainly occurs in front of Martel's rock-fall.

Ponding in Otoska Jama is certainly caused by Martel's rock-fall. Height difference
between Otoska Jama and Martel's rock-fall is 2.5 metres only. It was observed that

water level increases for 2.5 m in front of the rock-fall at inflow rate approximately 8
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m’/s (it is flow rate which coincides with the beginning of ponding in Otoska Jama,

see Fig. 6.22). Hence ponding at the Martel's rock-fall undoubtedly affects stage in

OtoSka Jama at such such discharge conditions (Figs. 6.36 and 6.37).
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Figure 6.36 a, b: Example from June 2008. Ponding, which takes place in front of

Martel's rock-fall, affects also the absolute height of water level in Otoska Jama and

in Tartar upstream. The absolute height of water level is almost equal at all three

locations during floods. Note that the absolute height of water level in Pivka Jama

(a) is represented on right scale and not on the left as for other stations.

96

For Pivka Jama

)

m (a.s.l.



Similar may be assumed also for data logger in Tartar, which is situated 6 m higher
then logger in front of rock-fall. Water level increases for 6 m in front of the rock-
fall at flow rate around 18 — 20 m*/s and ponding in Tartar begins (Figs. 6.18, 6.36
and 6.37).
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Figure 6.37 a, b: Example from December 2008. Ponding, which takes place in front
of Martel's rock-fall, affects also the absolute height of water level in Otoska Jama
and in Tartar upstream. The absolute height of water level is almost equal at all three
locations during floods. Note that the absolute height of water level in Pivka Jama

(a) is represented on right scale and not on the left as for other stations.
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A good example of evaluation of SWMM in a conduit karst system is the model of

Martel's chamber. Outflow from the chamber is well known, as it is mostly governed

by three differently permeable conduits situated at different heights (Fig. 6.11). All

three conduits were incorporated in a model. Correlation between measured and

modeled hydraulic response could be higher, as two variables fits almost 100 %, but

deviation occurs at low water conditions and reduces the relative value of the

correlation coefficient.

Table 4: Correlation between modeled and real response of the water level regarding

to variable inflow time series.

Tartar Otoska Martel's | Martel's Magdalena | Pivka
Jama rock-fall | chamber | Jama Jama
Correlation | 0.9595 0.9821 0.9875 0.9816 0.9547 0.9912
coefficient
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6.5. NUMERICAL PREDICTION OF HYDRAULIC RESPONSE OF THE
POSTOJNSKA JAMA SYSTEM TO FLOOD INPUTS — APPLICATION OF
DATA MINING ALGORITHM

Hydraulic response of the underground system to the flood input was measured at
six monitored locations, as mentioned. The response at each of these locations is
directly associated with magnitude of the flood input of the Pivka River (the flow
rate). Hence, if the input (flow rate) is known, the hydraulic response at any of
discussed locations within the cave system may be predicted. For this purpose, data
mining technique was applied to predict hydraulic response of the system at known

variable flow rates.

6.5.1. Data mining

Data mining technique is generally extraction of implicit, previously unknown, and
potentially useful information from data. Computer programs sift through databases
automatically, seeking regularities or patterns. Strong patterns, if found, will likely

generalize to make accurate predictions on future data (Witten & Frank, 2005).

The input to a data mining is a single flat table comprising of columns and rows.
Our input consists of two columns, which represent attributes. First attribute is the
flow rate of the Pivka River (which is assumed to be spatially constant along
pathway of Postojnska Jama system and temporally variable of course) and the
second is water level at a certain monitored location. Generally, particular value of
water level at each monitored location corresponds to a certain flow rate.

The output of a data mining algorithm is a pattern or a set of patterns that are valid
in the given data. Patterns can be given in different forms, such as equations,
classification and regression trees or rules. Form depends on applied data mining
task (DZeroski, 2001). Main data mining task are predictive modeling (classification
and regression), clustering (grouping similar objects) and summarization
(association rules).

We applied predictive modeling (regression). The task of regression is concerned
with predicting the value of one field from the values of other fields. The target field

is called the class (dependent variable), while the attributes represent independent
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variables. A set of data is taken as input and a model is generated. Such a model is
used to predict values of the class for new data.

A part of the data, called a training set, is typically used to generate a predictive
model. The remaining part, which is reserved for evaluating the predictive
performance of the learned model, is called the testing set. This testing set is used to
estimate the performance of the model on new data. Hence the validity of the

patterns may be estimated on new data (DZeroski, 2001).

Numeric prediction

Numeric prediction may be represented in the form of decision trees (Fig. 6.38).
Such trees have hierarchical structure, where each internal node contains a test on an
attribute. Each branch corresponds to an outcome of the test and each leaf node gives
a prediction for the value of the class variable (Dzeroski, 2001).

Leaf nodes give a classification that applies to all instances that reach the leaf, or a
set of classifications, or a probability distribution over all possible classifications. To
classify an unknown instance, it is routed down the tree according to the values of
the attributes tested in successive nodes. When a leaf is reached, the instance is
classified according to the class assigned to the leaf (Figs. 6.38 and 6.39).

Trees, which are used for numeric prediction, store at each leaf either a class value
(that represents the average value of instances that reach the leaf, in which case the
tree is called a regression tree), or a linear regression model (that predicts the class
value of instances that reach the leaf, in which case it is called a model tree). Hence,
the only difference between regression tree and model tree induction is that for the
latter, each node is replaced by a regression equation instead of a constant value

(Witten & Frank, 2005).
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Figure 6.38: An example of a decision trees (from Witten & Frank, 2005).

Regression and model trees are constructed by first using a decision tree induction
algorithm to build an initial tree. However, whereas most decision tree algorithms
choose the splitting attribute to maximize the information gain, it is appropriate for
numeric prediction to instead minimize the intra subset variation in the class values
down each branch. Once the basic tree has been formed, consideration is given to
pruning the tree back from each leaf (Witten & Frank, 2005).

According to type of data we deal with, model trees were applied to predict future

hydraulic response of the Postojnska Jama.

Model trees

Model trees are essentially decision trees with linear models at the leaves, as
mentioned (Fig. 6.39). A model tree was used to predict the value for a test instance.
The tree is followed down to a leaf, using the instance’s attribute values to make
routing decisions at each node.

The leaf contains a linear model based on some of the attribute values, and this is
evaluated for the test instance to yield a raw predicted value (Witten & Frank, 2005).
Raw values are not used directly. Smoothing process is used to compensate for the
sharp discontinuities that otherwise inevitably occur between adjacent linear models
at the leaves of the pruned tree. This may be a particularly problem for models
constructed from a small number of training instances. The number of training

instances was relatively high in our model, ranging between 23,000 and 33,000.
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Figure 6.39: example of a model tree (see rules for Tartar in appendix 1).
Where rule 1 is Y = 0.0624 * X + 18.8491; rule 2 is Y = 34.958 * X - 7.0836; rule 3
isY=7.6432 * X+ 21.6957 and rule 4 is Y = 7.0929 * X + 24.2996.

Y is a water level and X is a discharge.

Smoothing is accomplished by producing linear models for each internal node, as
well as for the leaves. Once the leaf model has been used to obtain the raw predicted
value for a test instance, then that value is filtered along the path back to the root,
smoothing it at each node by combining it with the value predicted by the linear
model for that node.

Smoothing, which substantially increases the accuracy of predictions, is calculated

as (Witten & Frank, 2005):

._nptkq
n+k

where

p’ is the prediction passed up to the next higher node,

p 1s the prediction passed to this node from below,

q is the value predicted by the model at this node,

n is the number of training instances that reach the node below,

k is a smoothing constant.
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- Building the model tree

The splitting criterion is used to determine which attribute is the best to split that
portion 7 of the training data that reaches a particular node. It is based on treating the
standard deviation of the class values in 7 as a measure of the error at that node and
calculating the expected reduction in error as a result of testing each attribute at that
node. The attribute that maximizes the expected error reduction is chosen for
splitting at the node. The expected error reduction, which we call SDR for standard

deviation reduction, is calculated by (Witten & Frank, 2005):

SDR = sar(T)Zm *

sd(T))
|7

where T1, 72, . . . are the sets that result from splitting the node according to the

chosen attribute.

The splitting process terminates when the class values of the instances that reach a
node vary very slightly. It happens when standard deviation represents only a small
fraction (not more than 5%) of the standard deviation of the original instance set.
Splitting also terminates when just a few instances remain (four or less). Obtained
results should not be very sensitive to the exact choice of these thresholds (Witten &

Frank, 2005).

6.5.2. Application of model trees

Plots of stage (water level) versus flow rate were depicted and studied in a previous
chapter, where hydraulic characteristics of all monitored locations were discussed.
The same relations (stage — flow rate) were applied also for predictive modeling.
However, only part of the data, which include several flood pulses of different
magnitude (from the lowest and up to the highest recorded — 90 m’/s), were
incorporated into the six models as a training set of data. We left some amount of
data to test the accuracy of the models. Models were built for each monitoring
location separately. Amount of incorporated data ranged between 23,000 and 33,000.
All these data are from year 2008. The reason for different amount of incorporated
data is that monitoring did not take place simultaneously in all 2008 at all six

stations. The training sample is supposed to be large enough, otherwise the accuracy
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of the sample, which is used for testing would be low (Witten & Frank, 2005). The
sample, which was used for such testing, consists mainly of data from autumn 2008
and winter 2008 - 2009 (except for Pivka Jama station, which was monitored also in

years 2006 and 2007).

6.5.3. Results of the model

We  built model trees by using M5 algorithm (WEKA,
www.cs.waikato.ac.nz/ml/weka/) for each of six underground monitored locations.
The number of instances applied in a model for each station is shown in a Tab. 5.
Evaluations there are based on training data; all trees are pruned and obtained

models are smoothed.

Table 5: Evaluation of data on training set.

Otoska Martel's Martel's | Magdalena Pivka

Tartar Jama Rock-fall | chamber Jama Jama
Correlation
coefficient 0.995 0.996 0.9881 0.990 0.965 0.987
Mean absolute
error (variance) 7.212 11.304 22.3077 12.670 8.590 7.009
Root mean squared
error (SD) 11.153 | 16.266 35.7237 20.663 11.324 9.488
Relative absolute
error 14.17% | 9.01% 12.32 % 9.53% 32.84% 14.47%
Root relative
squared error 10.37% | 8.99% 15.37 % 13.88% 26.04% 15.92%
Total Number of
Instances 24879 24959 33694 26124 23120 30577

6.5.3.1. Tartar

Stage — flow rate relation mainly depends on topography of the Tartar chamber and
amount of ponding in front of hydraulic restrictions situated downstream (see
previous chapter No. 6.4).

Fitting of a model to a training set of data is shown in Fig. 6.40. Data from March 1*
till July 31* 2008 and from December 2008 were incorporated in the training set
(Fig. 6.41).
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Figure 6.40: Figure shows stage (H) versus flow rate (Q) relation for Tartar (Station
No. 2). Blue markers represent measured relation (training set of data) and red

markers represent model based on training set of data.
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Figure 6.41: Data, which were used for training set (blue curve) and corresponding

modeled data of Tartar (red curve).
Output of the M5P data mining algorithm is a model tree, which is written in a form

of 14 rules (see appendixes at the end). Each rule corresponds to a certain leaf of the

model tree.
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- Future prediction or testing of model tree on new data

Data from September, October, November (all 2008), January and February (both
2009) were used to test the model. Scattering of testing set of data is significant, as
can be seen in Fig. 6.42. In contrast, the model does not predict any scattering at all,
which diminishes the fitting between the model and real hydraulic response of the
underground Pivka River at Tartar. According to comparison of real and modeled
stage — flow rate relations, the stage is generally underestimated for 20 to 40 cm.
This can be seen also in Fig. 6.43, where fitting of two stage curves varies with time.
However, fitting is generally statistically significant, with correlation coefficient

0.9871, as the shape of both curves is almost equal.
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Figure 6.42: Evaluation of model (red markers) on testing set (blue markers). Testing

set are data from September, October, November (all 2008), January and February
(both 2009).
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Figure 6.43: Fitting between real data and model based on testing set (flood pulse
from February 3 — 10", 2009). Correlation coefficient is 0.9871.

6.5.3.2. Otoska Jama

Stage — flow rate relation in OtoSka Jama (station No. 3) (Fig. 6.44) is similar as in
front of Martel's rock-fall (station No. 4), which is situated 700 m downstream from
Otoska Jama.

Data from March, April, May, June, July and December 2008 were used to build a
model (red markers) based on training set (blue markers) (Figs. 6.44 and 6.45).

Twenty rules were obtained after the analysing of data by M5P algorithm (see

appendixes).

- Future prediction or testing of model tree on new data

Data measured in period between September and November 2008 were compared
with the modeled data (Fig. 6.46). A low amount of data were applied for the testing
set, which is because the data logger did not work properly in 2009 in OtoSka Jama.
Hence data for 2009 are missing. Flood pulse from October 28" — November 4"
2008 is represented in Fig. 6.47, instead of flood pulse from February 2009 (as at all
other stations).

Modeled water level is higher than the measured one, except near base flow

conditions, where fitting is almost perfect (Figs. 6.46 and 6.47).
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Figure 6.44: Stage (H) versus flow rate (Q) relation for OtoSka Jama station (Station

No. 3). Blue markers represent measured relation (training set of data) and red

markers represent model based on training set of data.
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Figure 6.45: Data which were used for training set (blue curve) and corresponding

modeled data of Otoska Jama (red curve).
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Figure 6.46: Evaluation of model (red markers) on testing set (blue markers). Testing

set are data from September, October and November 2008.
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Figure 6.47: Fitting between real data and model based on testing set (flood pulse
from October 28" ~November 4™ 2008). Correlation coefficient is 0.9913.

6.5.3.3. Martel's rock-fall

Fluctuations of water level are the highest in front of Martel's rock-fall. Water
presumably drains through several bypasses to avoid rock-fall.

Data from March, April, May, June, July and December 2008 were used to build a
model (red markers) based on training set (blue markers) (Figs. 6.48 and 6.49).
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Figure 6.48: Relation stage (H) versus flow rate (Q) for station situated in front of
Martel's rock-fall (Station No. 4). Blue markers represent measured relation (training

set of data) and red markers represent model based on training set of data.
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Figure 6.49: Data which were used for training set (blue curve), and corresponding

modeled data of Martel's rock-fall (red curve).

A model tree for station in front of Martel's rock-fall is made from 16 rules (see

appendixes).
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- Future prediction or testing of model tree on new data

Scattering of measured data is high, as can be seen from stage — flow rate relation in
Fig. 6.50. This relation is based on data obtained between September — November
2008 and January — February 2009. Modeled curve fits well to realistic curve
obtained by measurements; however water level may be underestimated or

overestimated at certain flood events (Fig. 6.51).
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Figure 6.50: Evaluation of model (red markers) on testing set (blue markers). Testing
set are data from September, October, November (all 2008), January and February
(both 2009).
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Figure 6.51: Fitting between real data and model based on testing set (flood pulse

from February 3 — 10", 2009). Correlation coefficient is 0.9889.
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6.5.3.4. Martel's chamber
Hydraulic characteristics of Martel's chamber (Fig. 6.52) are directly associated with
(low) permeability of temporally active conduit and activation of periodically active
conduits on higher altitude.
Training data, on which the model was built, are from March, April, May, June,

July, November 19" — 30" and December 2008 (Fig. 6.53).
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Figure 6.52: Relation stage (H) versus flow rate (Q) for Martel's chamber (Station
No. 5). Blue markers represent measured relation (training set of data) and red

markers represent model based on training set of data.
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Figure 6.53: Data, which were used for training set (blue curve) and corresponding

modeled data of Martel's chamber (red curve).
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After the processing the data, we obtained a model tree, which is built from 22 rules

(see appendixes).

- Future prediction or testing of model tree on new data

Hydraulic response of Martel's chamber to flood inflow (Figs. 6.54 and 6.55) is very
predictable, as was described in chapter No. 6.4. Curve of stage — flow rate relation
is gentle first and becomes significantly steeper when the flow rate exceeds 2 m’/s or
3 m’/s. Swallow capacity of primary conduit is exceeded, water increases rapidly, till
conduits at higher level activate. Problem with the model may occur only at the
transition from base flow to flood input (range of flow rates 0 m’/s — 3 m’/s) (Fig.
6.54). Fitting between measured data and model is good at higher flow rates (water

levels respectively) (Fig. 6.55).
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Figure 6.54: Evaluation of model (red markers) on testing set (blue markers). Testing

set are data from April (10" — 30™), May and June 2008.
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Figure 6.55: Fitting between real data and model based on testing set (flood pulse
from February 3™ — 10", 2009). Correlation coefficient is 0.9846.

6.5.3.5. Magdalena Jama

Training test consist of data from June to December 12" 2008, as can be seen in
Figs. 6.56 and 6.57. Fluctuations of water level are relatively low in Magdalena
Jama, because of morphology of the conduit (wetted perimeter is much higher than

at other stations). Scattering of data at certain flow rate is high.
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Figure 6.56: Relation stage (H) versus flow rate (Q) for Magdalena Jama (Station

No. 6). Blue markers represent measured relation (training set of data) and red

markers represent model based on training set of data.
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Figure 6.57: Data which were used for training set (blue curve) and corresponding

modeled data of Magdalena Jama (red curve).

Model tree of Magdalena Jama is made from 21 leaves, rules respectively (see

appendixes).

- Future prediction or testing of model tree on new data

Data of six months (January — June 2009) were applied for testing the model.
Variability of discharge induces low fluctuation of water level, as can be seen from
Fig. 6.58. Scattering of measured data is high; it is mainly attributed to error of the
device. Hence, fitting between model and real data is the lowest there in comparison
with other five stations. Fitting is relatively good at higher water levels (Figs. 6.58
and 6.59), when flow rates are high also. But there are relatively fewer data at such

condition. The more the data, the higher is the scattering (Fig. 6.58).
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Figure 6.59: Fitting between realistic data and model based on testing set (flood

pulse from February 3" — 10™, 2009). Correlation coefficient is 0.9698.
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6.5.3.6. Pivka Jama

Similar to Magdalena Jama, Pivka Jama has significant linear stage — flow rate
relation also (Fig. 6.60). Training set consists of data from March to November 2008
in Pivka Jama (Fig. 6.61). The highest flow rates and stages from December 2008
were not incorporated for a very simple reason. It was impossible to measure the
highest flow rates at the ponor in December 2008, as water was stagnant there. For
this purpose, flow rate was roughly estimated due to linear relation between flow
rate and stage, which is characteristic for Pivka Jama at least at range of flow rate 0
to 40 m’/s. However we assumed that this relation remains linear at much higher
flow rates also.

Because of this, data from December 2008 were not incorporated in training set, as

the model would over fit some of training data.

Model tree regression gives 22 rules for stage — flow rate relation in Pivka Jama (see

appendixes).
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Figure 6.60: Relation stage (H) versus flow rate (Q) for Pivka Jama (Station No. 7).

Blue markers represent measured relation (training set of data) and red markers

represent model based on training set of data.
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Figure 6.61: Data which were used for training set (blue curve) and corresponding

modeled data of Pivka Jama (red curve).

- Future prediction or testing of model tree on new data

Predictive data are generally underestimated, due to the testing set of data, which are
from period September - December 2007 and from February 2009. Fitting of
predictive data to testing ones is better at the lowest flow rates 0 m’/s — 5 m’/s (Fig.
6.62). Otherwise, predictive data are generally underestimated for 0.5 m, as can be

seen also form Fig. 6.63.
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Figure 6.62: Evaluation of model (red markers) on testing set (blue markers). Testing
set are data from September, October, November, December (all 2007) and February
2009.
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Figure 6.63: Fitting between realistic data and model based on testing set (flood

pulse from February 3™ — 10", 2009). Correlation coefficient is 0.9839.

6.5.4. Conclusion

Fitting between training data and models is statistically significant at all six

locations. However, when we deal with correlation coefficient, the same caution

should be taken in consideration as was discussed in conclusion of the previous

chapter. Correlation coefficient ranges from 0.99 (Tartar, OtoSka Jama, Martel's

chamber) down to 0.96 (Magdalena Jama) (Tab. 5). Error may be referred to

different reasons such as:

error of the device — measured values of water level may become
overestimated for several decimeters, especially during and after transition of
flood pulses (i.e. that water level of base flow is overestimated after some
period of measurements).

hysteresis caused by the time lag between measurements of the flow rate at
the ponor and the stage at locations situated several hundred metres
downstream from the ponor.

error caused by human factor (data loggers were stopped and re-installed
several times at each location. They were even moved for a few metres in
Otoska Jama and Martel's chamber. Data from the logger should be
calibrated to values prior every mentioned change. However, error increases

after each such calibration).
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6.6. SOLUTE AND HEAT TRANSPORT IN NATURAL STREAMS

6.6.1. Theoretical background of controlling processes

Solute transport is a movement of dissolved chemicals in the environment, for
example in rivers or streams, in the unsaturated zone and in saturated ground water
aquifers (Anwar, 2008).

Solutes and heat in free-flowing fluid are transported by advection and dispersion
along with the fluid. Dissolved mass and heat (ions and molecules) move along with
the flowing ground water. For our needs solute and heat are not considered to carry

momentum, they move instead as passive scalars (Sukop et al., 2006).

Advection is the transport of a property of water (e.g. temperature) or dissolved
substances due to the flow of water. Water flow is of different types. Depending on
the type it can be described by various equations (Darcy, Hagen-Poiseuille, Darcy-

Weisbach equation) (see also chapter 5).

Dispersion is a process of mixing that causes a zone of mixing to develop between a
fluid of one composition (or temperature) that is adjacent to or being displaced by a
fluid with a different composition (or temperature). A zone of mixing gradually
develops around the advective front. Dispersion moves some tracer behind and some
tracer in front of the advection front. In other words, dispersion spreads solutes
longitudinally and transversely with respect to the selected streamline. The size of
the zone of mixing increases as the advective front moves further from the source

(Schwartz & Zhang, 2003).

Dispersion occurs in underground water because of two processes: diffusion and

mechanical dispersion.

- Diffusion is a molecular mass transport, which results from movement of particles
along concentration gradients. For instance, a drop of ink in a cup of clear water will
smear out over time until the ink concentration is uniform. Dispersion and diffusion

result in the same mathematical description as we will see later.
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- Mechanical dispersion is a process of mixing that occurs because of local
variations in velocity around some mean velocity of flow. For instance, if a particle
moves through a porous medium, differences in pore sizes, friction effects and
differences in transport lengths can cause local fluctuations. Mechanical dispersion is
an advective process also.

Mass (or temperature) occupying some volume becomes gradually more dispersed
with time, as different fractions of mass and heat are transported in varying velocity
regimes. The fluid flow velocity is the main control on mechanical dispersion in
karst conduits. Longitudinal mechanical dispersion is approximately proportional to
velocity. Mass and heat spreads also lateral to the direction of mean underground-
water flow. One component of lateral spreading occurs in the horizontal plane and

the second in the vertical plane (Schwartz & Zhang, 2003).

Both processes are independent and additive. Therefore, dispersion can be written in
the form of Fick’s law, which describes the chemical mass flux as proportional to the
gradient in concentration (Schwartz & Zhang, 2003; Socolofsky & Jirka, 2004).

For most transport problems related to our study the effects of mechanical dispersion
are much greater than diffusive components (Sinokrot & Stefan, 1993; Gu & Li

2002; Schwartz & Zhang, 2003).

Both field and laboratory experiments prove that mass spreading tends to have a
Gaussian distribution (Fig. 6.64). The position of the mean of the concentrations
distribution represents transport at the linear ground-water velocity. The variance of
the distribution is proportional to the dispersion in the system. The two dimensional
spread of a tracer in a unidirectional flow field results in elliptically shaped
distribution of concentration (Fig. 6.64). It is normally distributed in longitudinal and
transverse direction; however longitudinal dispersion is greater than transverse
dispersion. For these reason, concentration distribution in three dimensions forms

ellipsoids of revolution (Schwartz & Zhang, 2003).
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Figure 6.64: Variation in concentration of tracer spreading in one-dimensional and
two-dimensional constant velocity flow system. Variation of concentration has

Gaussian distribution (from Schwartz & Zhang, 2003).

6.6.2. Transport of mass in open channel streams

When soluble tracer is released into a stream, it mixes with upstream-coming fresh
water and is transported downstream (Li, 2004). Such soluble tracer behaves in the
same manner as the actual water particles (Field, 2002). It means that soluble tracers
can be used to simulate the transport and dispersion of solutes in streams, because
they have virtually the same physical characteristics as water (Jobson, 1996).

Just after the injection, dispersion and mixing of a tracer in a receiving stream take
place in all three dimensions of the channel (Fig. 6.65). Vertical and lateral diffusion
can be referred as a mixing and the longitudinal elongation of the tracer cloud can be
referred as longitudinal dispersion. Longitudinal dispersion is a process which
continues indefinitely with distance, while vertical and lateral mixing is a finite
process (Jobson, 1996). Longitudinal dispersion, which has great impact on
evolution of tracer or solute is controlled by the spatial distribution of underground
water velocities in a conduit aquifer. Velocities on the other hand are dependent on
recharge rate, the conduit cross-section and aquifer structure (Morales-Juberias et al.,
1997). Vertical mixing is much faster than lateral mixing. Vertical mixing is
completed rapidly within a distance of river depths. Lateral mixing is usually
complete within a relatively longer distance. When mixing is complete, tracer
concentration can be assumed to be uniform in the cross-section of river channel

(Jobson, 1996) (Figs. 6.65 and 6.66).
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Figure 6.65: Distribution of water soluble tracer downstream from injection point.

Lateral mixing and longitudinal dispersion occur (from Field, 2002).
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Figure 6.66: Rate of mixing is a function of distance from injection point (from
Field, 2002).
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Breakthrough curve represents a time-dependent concentration at a receptor.
Breakthrough behaviour is a result of complex interplay between mechanical
dispersion, diffusion and advection, which is controlled by head gradients and the
fundamental pore scale of a system. Porosity can range from small pores to conduits
with a diameter of several tens of metres. Flow is generally advection-dispersion
dominated in fracture-conduit zone and diffusion-dispersion controlled in the matrix
zone. This reflects in asymmetric geometry of breakthrough curves. The rising limb
is sudden due to the conduit flow and the long tail is often due to slow diffusion
from the matrix region (Anwar, 2008).

Not only surface streams, but also underground rivers have a characteristic
hyporheic zone. Significant portions of water and dissolved chemicals may
interchange with the hyporheic zone, i.e. porous banks and bed sediments (figure of
hyporheic zone follows in the continuation). De Smedt (2007) made a model, which
consists of an advection-dispersion equation for transport in the main channel with a
sink term describing diffusive solute transfer to the hyporheic zone. It means that
solute transport in a stream is affected by exchange with hyporheic zone. The
solution of a model enables us to predict the temporal and spatial evolution of tracer

concentration (breakthrough curve) downstream from injection point.

Interpretation of the breakthrough curve of artificial water-soluble tracers released in
open channel stream is usually based on analytical solution of a one-dimensional
mass transport equation. Such is the following advection-dispersion equation
(Morales-Juberias et al., 1997; Runkel, 1998; Birk et al., 2002; Marion & Zaramella,
2005; Sukop et al., 2006; De Smedt, 2007; Kovacs & Sauter 2007):

ac_ —v(iiC)+DV*>C
dt

where —(iiC) is a advection equation and DV°C is a dispersion equation.

124



The advection-dispersion equation is further transformed:

dCc _ dc  d'C

=-v——+ D——+ Exchange
dt dx dx
2
AE = AD d f — QE + Exchange
dt dx dx

Exchange 1is absorption and desorption of the mass to the streambed and the
diffusion flux of solute entering the hyporheic zone (Runkel, 1998). The most
widespread approach considers a one-dimensional advection-dispersion equation in
combination with first-order mass exchange between the river and a lumped stagnant
storage zone, with a mass exchange flux assumed to be proportional to the difference
in a solute concentration between the river and the stagnate storage zone (De Smedt,
2007):

dc,

Exchange = a(C, —C)=LD, p [mol m™s™]
z

where:

D is the dispersion coefficient [m®s™]

C is the solute concentration in water [mol m™]

x and z are the spatial coordinates [-]

0 is the flow discharge [m’s]

Dy is the diffusion coefficient in the hyporheic zone [m* s

Cj is the concentration of chemical diffuses in hyporheic zone [mol m™]
A is the main channel flow area [m’]

o is the hyporheic zone exchange coefficient [s']

L is the wetted perimeter [m]
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6.6.3. Water temperature and heat transport

6.6.3.1. Water temperature

Before we describe equations which govern heat transport in streams, the source of
the heat should be discussed first.

The temperature of water in surface streams varies both temporally (diurnal,
seasonal) and spatially. Water temperature is generally close to the groundwater
temperature at the spring and increases thereafter with distance. The increase of
water temperature with distance is not linear; it is grater for relatively small streams,
reaching the order of 0.6°C per km (Caissie, 2006).

The temperature of rivers is a result of various heat inputs and outputs under specific
hydraulic and meteorological conditions (Gu & Li, 2002). There are many factors
which induce temperature of surface stream (river). They can be generally classified
into four groups: atmospheric conditions, topography, stream discharge and
streambed. The most important factors are usually atmospheric conditions. They
cause heat exchange, which takes place at the water surface. Such atmospheric
conditions are solar radiation, temperature, humidity and wind speed. Solar radiation
is the dominant component of the total energy flux, followed by the net long-wave
radiation and the evaporative heat flux. Atmosphere exchanges heat with water by
conduction and movement of latent and sensible heat (Caissie, 2006; Burkholder et
al., 2008). River temperatures are relatively highly sensitive also to instream flow
rate, upstream inflow temperature, channel geometry and morphometry (Gu & Li,
2002).

For these reasons, water temperature varies both with a diurnal and annual cycle
(Fig. 6.67). The diurnal cycle corresponds to daily minimum in the early morning
and daily maximum in late afternoon. Diurnal variations are more expressed in larger
streams, which are less dominated by recharge of groundwater and are more exposed
to meteorological conditions. The highest diurnal variations are characteristic for
wide and shallow rivers (Caissie, 2006).

The annual cycle reflects in sinusoidical shape of variation. Water temperature
increases from winter toward summer, when it reaches peak value. Then it decrease

in autumn, reaching the lowest temperature in the winter (Fig. 6.67).
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Figure 6.67: Diurnal and annual cycle of the Pivka River in time period March 2006
— December 2008. Measuring interval was shorter in year 2008 (10 min) than in

2006 and 2007 (15 min).

In contrast to surface streams, the temperature of underground water tends to be
relatively constant on the daily scale (Baskaran et al., 2009). Hence, also the
temperature of advective inflow from underground water to surface stream leaves its
imprint on reach of surface stream, until after a certain travel time (distance) the heat
exchange with the atmosphere has wiped out that memory (Sinokrot & Stefan,
1993).

There are also some internal drivers, which do not remove heat from the river
channel; they only redistribute it temporally and spatially. Such are bed conduction
and hyporheic exchange. Hyporheic exchange, where surface water enters the
shallow subsurface (channel bed, banks or morphological features) and then re-
emerges back into the main channel plays an important role in the thermal dynamics
of some streams (Figs. 6.68 and 6.69). While advection via water flow dominates
heat transfer in river, conduction controls heat exchange with sediments along
hyporheic flow pathways. River water and heat can be retained for periods of time,
before they are released back into the river. The hyporheic zone influences the
thermal regime of rivers as it buffers, stores and releases advected heat over a range
of timescales with some time lag. Hence, emergent hyporheic temperature is usually

different to the temperature of main stream. However mixing does not cool or warm
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a river, but it dampens diurnal temperature variations of the river by decreasing
maximum and increasing minimum temperatures (De Smedt, 2007; Burkholder et

al., 2008).
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Figure 6.68: Flow exchange between surface water and ground water through the
hyporheic zone. Water is partly stored in hyporheic zone; hence heat is buffered

before it is released back (from Kalbus et al., 2006).

Figure 6.69: Thermal processes in hyporheic zone (white). Advection transports heat
via fluid flow (large black arrows), conduction transfers heat between sediment and
hyporheic water (small black arrows), a combination of conduction and dispersion
occurs as hyporheic waters interact with groundwater and incoming solar radiation
indirectly warms hyporheic water via conduction and transfer of latent heat (from

Burkholder et al., 2008).
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6.6.3.2. Heat transport in streams

Energy transport equation for calculating water temperature of open channel streams
was represented by Sinokrot and Stefan (1993). Equation solves one-dimensional
heat advection-dispersion equation and includes the heat exchange with the
atmosphere. But atmospheric factors do not have any significance at all in the
underground, more important is again exchange with hyporheic zone. Moreover
underground flows exchange heat also with surrounding rock (walls).

For surface flows with open channel and constant cross-section, the heat advection-
dispersion transport equation can be written in the same way as mass advection-

dispersion equation (Sinokrot & Stefan, 1993; Socolofsky & Jirka, 2004):

2
Ad—c = AD d f — Qd—c—i- Exchange
dt dx dx

But Exchange is different; it occurs as evaporation, radiation, conductive heat flux
and diffusion heat flux entering the hyporheic zone. Conductive and diffusion heat
fluxes are predominant in underground streams. Hence, conductive heat flux into the
matrix and diffusion heat flux entering hyporheic zone may be written as (Mohrlok

& Sauter, 1999):

Exchange = AAVT +a(T, = T)
where,

A 1s the heat conductivity [°C /m]

A is the interfacial area [m’]

VT is the temperature gradient at the river bed

o is the hyporheic zone exchange coefficient [s']

T} is the temperature of water in hyporheic zone [°C]

T is the temperature of river [°C]

Longitudinal dispersion is negligible in thermally well-mixed streams. The cause is
in the high velocity of flow and in the low longitudinal temperature gradients along
the stream reaches (Sinokrot & Stefan, 1993; Gu & Li 2002). Hence, the heat
advection-dispersion transport equation can be limited to advection and hyporheic,

matrix heat exchange in a river such as the underground Pivka River.
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6.7. ASSESING TRANSIT TIMES AND VELOCITIES OF UNDERGROUND
FLOW IN POSTOJNSKA JAMA SYSTEM BASED ON HEAT AND MASS
TRANSPORT

6.7.1. About water flow velocity and water transit time
Transit time is a time required for ground water to flow from one point to another

(Perrin, 2003). It depends on the flow path and flow velocity.

All rivers have characteristic velocity profiles. The velocity of water flow is lowest
near to the ‘walls’ of the channel (shorter arrows), at the river bed and the banks; and
the fastest at the surface and middle of the channel (longest arrows) (Fig. 6.70). This
is valid for an ideal, perfectly straight channel. In reality the highest velocity is
somewhere just beneath the water’s surface, and to one side of the centre-line of the
channel because of turbulence, channel roughness and asymmetrical cross-profile

(http://cronodon.com/files/River Processes 1.pdf).

Isovels in m.s!

Wetted parimeter (river
bed and banks)

Figure 6.70: A portion of a river channel illustrating the velocity profiles.

(http://cronodon.com/files/River Processes 1.pdf)
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Consequently, average stream velocity is primarily a function of the stream area,
morphology and slope. Average velocity of flow in open surface channels can be
estimated by Chezy - Manning's formula (Gierke, 2002; Schulze et al., 2005):
L% o

n
where v is the flow velocity, n is the roughness of river bed or conduit, R is the

hydraulic radius and S is the slope or hydraulic gradient of the conduit.

As can be seen from Manning's formula, velocity of water flow is directly controlled
by three parameters: hydraulic gradient, hydraulic radius and Manning's roughness
coefficient (Raeisi et al., 2007). Hydraulic radius varies due to stage dynamics of the
stream. Hydraulic radius depends on the shape of the channel or conduit cross-
section and on the actual water level (discharge of the stream). For a rectangle
riverbed, it can be calculated as a function of river depth (D) and width (W)
(Schultze et al., 2005):

_ D-w
2D+ W

[m]

Stream velocity (and consequently water transit) varies with discharge. The relation
between mean stream velocity (v) and discharge (Q) for surface streams can be

assumed by the following equation (Jobson, 1996):

v=K*Q*

where K is a constant and a is exponent with typical value around 0.34. Constant K

and exponent ¢ must be defined for each river reach.

6.7.2. How to asses transit time or velocity of concentrate water flows in karst

Parameters, which should be known to calculate flow velocity from Manning's
formula, are difficult or almost impossible to obtain in underground systems (caves).
Variation of these parameters can be significant even along relatively short
underground reaches. For this reason, other relatively simple methods were applied

to estimate transit time and consequently also velocity of underground flow.
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Temperature of water as a natural tracer was applied to estimate groundwater

velocity (Baskaran et al., 2009) and a tracer test was done for the same purpose.

- Transit time (#), which water needs to traverse distance between neighboring
stations in Postojnska Jama system, was observed due to the phase shifts of
temperature signals (Fig. 6.71) (Sket & Velkovrh, 1981; Stonestrom & Constantz,
2003; Birk et al., 2004). Temperature signal travels with water flow by advection
and dispersion, but advection is the governing process (Sinokrot & Stefan, 1993; Gu
& Li 2002), as already discussed (in chapter No. 6.6.3 “Water temperature and heat
transport”).

We observed transitions of a few hundred signals within Postojnska Jama system, at
all possible flow rates (less than 1 m*/s and up to 30 m’/s).

Based on our measurements, transit times () among stations are known (at various
discharges), also distances (L) are roughly known, hence velocity of temperature
signal (v) at each of six underground sub-reaches can be calculated as v=L/t. This
velocity, which reflects velocity of advection front, is used as a proxy for velocity of
water flow.

Only temperature pulses, which coincide with stable (“constant”) flow rate along
entire monitored system (i.e. between two the most distant stations) were applied to
analysis. However, such are majority of temperature pulses, except those, which
coincide with the rising limb of the hydrograph, rapid hydrodynamic respectively
(see also next chapter No. 6.8). Such temperature pulses were excluded from our
survey.

Hence it can be considered that transit time of a signal (flow velocity) at certain flow
rate depends mainly on the length of the underground pathway between two stations,
conduit morphology, topography and particularly amount of ponding caused by

restrictions (Jobson, 1996).

- Velocity of underground flow was additionally estimated by injection of soluble
artificial tracer into the underground Pivka River. Velocities can be calculated by
analysing breakthrough curves. Velocities obtained by this method are characteristic
for certain discharge only, which occurs during the tracing. Velocity of water flow
based on mass transport was compared with velocity of water flow based on heat

transport.
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Figure 6.71: Phase shifts of maxima (or minima) are equal to transit time of

temperature signal, which moves with water from one location to another.

6.7.3. Results

System with seven monitoring stations could be divided into six sub-reaches, we
decided for division to five sub-reaches. Length of the sub-reach between Martel's
chamber (fifth station) and Magdalena Jama (sixth station) is very short
(approximately 250 m) and was therefore incorporated in another sub-reach together
with Magdalena Jama (sixth station) and Pivka Jama (seventh station). The lengths
of five sub-reaches ranging from 500 to 1100 m, which is an adequate length to
study transit times of temperature signal at 10 minutes measuring interval.

The five sub-reaches were later reduced into three main reaches by combining.
These three main reaches have characteristic hydraulical and hydrodynamical

patterns. Their lengths are approximately the same.

Five sub-reaches

Relation between transit time of temperature signal and flow rate is exponential, but
at relatively low flow rates only - from minimal discharge to around 5 m’/s or 10
m’/s (Fig. 6.72). Transit time decreases linearly from flow rates higher than about 8
m’/s. However this linear decrease is very gentle and becomes almost negligible at

the highest measured flow rates of the Pivka River.
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As can be seen from Fig. 6.73, determined velocities of temperature signal (flow
velocity) in five sub-reaches show a decreasing trend in downstream direction of the
underground system. Velocities are on average relatively high in two of the most
upstream sub-reaches, i.e. among stations 1-2-3 (Fig. 6.3 in chapter No. 6.). Further
downstream velocities on average drop because the flow is obstructed by different

hydraulic restrictions (Fig. 6.73, Tab. 6).

The standard deviation of measured transit time and calculated velocity of
temperature signal in the most upstream sub-reaches ponor — Tartar and Tartar —
Otoska Jama is high, hence also the error of these two parameters may be high (Tab.
6). The reason is the large sampling interval. Velocities, which are higher than 20
m/min, are problematic at chosen sampling interval (10 minutes). The highest
velocities (Tab. 6; the upper quartile of velocities) can be even underestimated in
sub-reaches ponor — Tartar and Tartar — OtoSka Jama, due to high error. The slower

the velocities are, the lower is standard deviation and error.
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Figure 6.72: Relation between the discharge and transit time of temperature signal
for 5 different stream sub-reaches in the system of Postojnska Jama. Also relation
between the discharge and total transit time of temperature signals (time which
signal needs to traverse from the ponor to the most downstream station in Pivka

Jama) is depicted (yellow markers).
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Figure 6.73: Mean velocities of temperature signal between neighboring stations, as

a proxy of velocity of underground water flow at variable flow rate. The best fitting

is also depicted.

Table 6: Basic statistics of velocities of thermal signal, determined among

neighboring stations at all possible flow rates.

Ponor- Tartar- | Otoska- | M. rock-fall- M. chamber- Ponor-
Station Tartar Otoska | rock-fall | M. chamber Pivka Pivka
Length 700 500 700 500 1100 3500
(m)
MEAN
(m/min) 25.2 20.9 8.8 7.6 59 9.3
MEDIAN
(m/min) 23.3 25.0 8.6 7.1 5.7 9.5
SD 16.1 14.5 5.5 4.2 24 3.6
No. OF
CASES 153.0 150.0 149.0 138.0 128.0 113.0
MIN
(m/min) 2.8 1.0 0.6 0.6 1.0 1.8
MAX
(m/min ) 70.0 50.0 30.0 16.7 13.3 19.4
Lower
quartile 11.7 8.3 4.0 4.5 4.6 7.4
(m/min)
Upper
quartile 35.0 25.0 12.0 10.0 7.1 11.3
(m/min)
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Three main reaches

According to obtained transit times of temperature signals and calculated mean flow
velocities, which were all determined at a broad range of flow rates, the analysed
system of the underground Pivka can be roughly divided into three main reaches.
The division is based on measured transit times and consequently calculated flow
velocities in five sub-reaches. Moreover, division is corroborated by characteristics
of underground hydrodynamic (hydraulic), which was directly observed “in situ”.
Section between ponor and third station in Otoska Jama forms the first stream reach,
section between OtoSka Jama and fifth station in Martel's chamber forms the second
reach and the third reach is between Martel's chamber and the final seventh station in
Pivka Jama (Fig. 6.3 in chapter No. 6).

Transit times of temperature signals and calculated mean flow velocities of water
within these three stream reaches were determined at different flow rates. Graphical
results and basic statistics are represented in Figs. 6.74 and 6.75 and in Tab. 7. The
lengths of all three determined reaches are approximately similar (1100-1200 m), so
transit times and velocities of temperature signals can be directly compared and
differences argued by hydraulic characteristics of underground drainage in certain
stream reach.

Transit time of the temperature signal is expectedly the lowest in the first and the
highest in the third (last) reach of the underground Pivka (Fig. 6.74). There is a large
contrast between calculated mean flow velocity in the first (the most upstream) and
the second reach. Mean velocity in the second reach is more than three times lower
(on average) than in the first reach (Fig. 6.75). Difference of calculated mean
velocity in second and third reaches is relatively low, but it is still statistically

significant. Mean flow velocity in the third reach is therefore the lowest.
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Figure 6.74: Relation between discharge and transit time of temperature signal for

three stream reaches in the system of Postojnska Jama.
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Table 7: Basic statistics of flow velocities based on the analysis of temperature

signal, for three main underground reaches, at all possible flow rates. Length of all

three reaches is approximately the same, it is 1200 m.

Section 1-3 3-5 5-7

MEAN (m/min) 22.1 8.0 5.8
MEDIAN (m/min) 24.0 8.5 5.7
SD 13.7 4.2 2.4
No. OF CASES 150.0 136.0 131.0
MIN (m/min) 1.6 0.7 1.0
MAX (m/min) 60.0 18.3 12.0
~25th% (m/min) 10.0 4.5 4.4
~_75th% (m/min) 30.0 11.0 7.1

- Underground stream reach 1: Calculated mean advective velocity is highest
between the ponor and Otoska Jama (stream reach between stations 1-2-3) (Fig. 6.75
and Fig. 6.3 in chapter No. 6). Underground water flow may be considered as an
alternation of gentle steep channels and pool channels (at least at low and some
moderate flow rates, such as up to 5 m’/s). Length of steps and pools generally do
not exceed a few tens of metres in the reach discussed (Fig. 6.13 in chapter No. 6.4).
There are no hydraulic restrictions, except some narrow passages which may alter
open channel flow to full pipe flow, but presumably at the highest discharges only.
The length of such narrows is not more than few tens of metres. The mean hydraulic
gradient between ponor (1) and Otoska Jama (3) is relatively high: around 0.005 at
base flow (Fig. 6.14 in chapter No. 6.4). For all these reasons, underground water

drains generally unrestricted and velocities of water flow are relatively high.

- Underground stream reach 2: Mean flow velocity drops significantly in the next
stream reach between Otoska Jama (station No. 3) and Martelova dvorana (station
No. 5) (Tab. 7). Conduits have similar geometry as in upstream reach, but several
breakdowns appear in the second stream reach. Breakdowns represent important
restrictions, as they cause ponding. Consequently conduits can be temporally flooded

for hundred or more metres backwards. Hence long underground lakes occur in this
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reach. Most of these breakdowns behave not only as dams, but also as weirs with
water spilling over them.

Hydraulic gradient is minimal along such permanently flooded conduits,
underground lakes respectively. Several underground lakes with lengths of around
100 m and up to 200 m or 300 m (estimation) appear in this reach. Underground
lakes are divided by steep channels, which are not affected by ponding, at least at
base flow. However, conditions should change during floods. The total length of
such steep channels is small, compared with pools. The mean hydraulic gradient
along the second reach is similar to that along first one (on average) (Fig. 6.14 in
chapter No. 6.4), but locally it is almost negligible, such as along underground lakes.
Drainage through long pools (lakes) is relatively slow even at the higher flow rates.
Full pipe flow may occur at much longer distance (at the highest flow rates), than in

the upstream reach.

- Underground stream reach No. 3: Mean flow velocity, calculated from transit
times of temperature pulses, is on average the lowest in this reach, between stations
5 (in Martel's chamber) and 7 (phreatic loop at the end of Pivka Jama) (Figs. 6.75
and Fig. 6.3 in chapter No. 6). Anyway, we should stress that this reach has the most
extreme and opposite hydrodynamical properties and it would certainly be better to
divide it to two parts.

The first part stretches from Martel's chamber to inflow into Pivka Jama,
incorporating Magdalena Jama mainly. Water flow is distributed among several
channels, at least between Martel's chamber and Magdalena Jama. A relatively
higher portion of water is in contact with surrounding rock in comparison with
upstream reaches 1 and 2. Section between Magdalena Jama and Pivka Jama was
inaccessible for us, due to its morphology. Therefore we have to rely on data from
literature only. The 300 m long pool (underground lake) divided by three phreatic
loops appear there. Length of phreatic loops is 33, 60 and 80 m and they are up to 15
m deep (Fig. 6.76) (Krivic & Praprotnik, 1975). Steep channels do not occur, hence
mean hydraulic gradient is minimal. Full pipe flow takes place for a much longer
distance than in upstream reaches 1 and 2. Distribution of water flow to possible

lateral conduits is not certain here.
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Figure 6.76: Ground plan and longitudinal sketch of an underground reach between
Magdalena Jama and Pivka Jama. Note that two sketches are inversely orientated.
There are three phreatic loops in this reach, one of which has not been physically

researched yet (adapted from Krivic & Praprotnik, 1975).

The properties of underground drainage change completely in Pivka Jama. Water
flow acts as a torrential flow in this part of the system with cascade-riffle channels.
Mean hydraulic gradient is locally the highest there - 0.03 (Habic, 1985) or higher,
and velocities of water flow are presumably the fastest in the entire system. Full pipe
flow conditions almost never occur in Pivka Jama, due to large dimensions of the
conduits. One breakdown blocks the drainage of water in Pivka Jama, but water
penetrates through it relatively unretained.

Hence velocity in this third underground stream reach is a combination of slow
drainage along the longest underground lake in system (this lake in Magdalena Jama
is divided by several phreatic loops, total length is around 500-600 m) and rapid
drainage through Pivka Jama (length around 600 m). Anyway, slow drainage along
underground lake highly diminishes mean flow velocity between Martel's chamber
(station 5) and outflow from Pivka Jama (station 7).

Mean hydraulic gradient in the third reach is not representative information, due to
the described characteristics, anyway it is around 0.018 (Fig. 6.14 in chapter No.
6.4).
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Ponor-Planinska Jama

Transit time, which water particles need to traverse the reach between the ponor and
phreatic loop of Pivka Jama, is approximately half time lower, than transit time of
water between phreatic loop of Pivka Jama and Planinska Jama, according to our
available data (Fig. 6.77). Lengths of both reaches are presumably similar, hence the
different transit times should be attributed to hydraulic processes. In the downstream
reach, underground drainage is presumably under the influence of more numerous
hydraulic restrictions, mean hydraulic gradient is slightly lower (around 0.007) (24
m / 3500 m) and wetted perimeter is on average presumably higher in comparison
with the reach between the ponor and Pivka Jama (hydraulic gradient is 0.009 there).
Downstream reach, with longer transit time, was only partly researched by divers;

hence characteristics of underground drainage are mainly unknown.
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Figure 6.77: Relation discharge — transit time of thermal signal for two reaches of
approximately similar length (3500 m — estimation). Transit times in reach Pivka
Jama — Planinska Jama are for a factor of two higher than in upstream reach ponor —

Pivka Jama.

Transit time of water between ponor and Planinska Jama was already studied by
Sket and Velkovrh (1981) with the same method. Discharge should be higher than 4
m’/s, otherwise diurnal variations are dampened in Planinska Jama and transit times
can not be assessed. Temperature signal needed around 40-56 hours (2400-3360

min) to traverse the distance between Pivka Jama and Planinska Jama at discharge 4
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m’/s. Transit time reduced to 4 hours (240 min) at discharge 39 m’/s (Sket &
Velkovrh, 1981). This transit time is underestimated according to our data (Fig.

6.77); we measured around 400 min at similar discharge 40 m?/s.

6.7.4. Discussion

Differences in assumed mean velocities of the water flow, which were determined
for five sub-reaches (among six stations) in the underground system, can be only
roughly explained by variation of conduit morphology, topography and occurrence
of hydraulic restrictions, which alter hydraulic gradient by ponding.

Based on hydraulic and hydrodynamic characteristics of water flow, the system was
divided into three main reaches of similar length (around 1200 m). It was clearly
observed that mean transit times of temperature signals within three successive
underground reaches differ significantly, even if they are all of approximately the
same length.

Flow velocities are on average highest between stations, where underground
drainage takes place through single conduit (without significant divergence) and this
conduit is not restricted by breakdowns or other significant hydraulic barriers. The
underground reach between three upstream stations (reach No. 1, between ponor and
Otoska Jama) has such characteristics.

Local hydraulic gradient in front of hydraulic restrictions (such as breakdowns) is
diminished, as they cause ponding. Consequently also flow velocity is diminished on
average (underground reach No. 2).

Wetted perimeter presumably does not differ significantly in two upstream
underground reaches (ponor — Otoska Jama and Otoska Jama — Martel's chamber),
while it can increase greatly in third, the most downstream reach (in Magdalena
Jama).

Flow velocity is on average the lowest between Magdalena Jama and Pivka Jama
(reach No. 3). Hydraulic gradient is minimal along Magdalena Jama (300 m) (Fig.
6.76). Also flow diverges into many lateral conduits; hence relatively higher portion
of water is in contact with conduit (bed of underground river, walls), i.e. that wetted
perimeter is greater. The wetted perimeter refers to the extent to which water is in
contact with its channel (Fig. 6.78). The greater the wetted perimeter, the higher is
the friction between the water and the banks, the bed of the channel, and the slower

is the velocity of river flow (http://library.thinkquest.org/28022/velocity/index.html).
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Hence we assume that wetted perimeter has important influence on drop of flow
velocity in reach No. 3. Moreover, full pipe flow presumably occurs for a long
distance (hundred metres or more) in this reach (Krivic & Praprotnik, 1975). Mean
velocity of water flow decreases in the transition to full pipe flow, as wetted
perimeter increases (Raesi et al., 2007).

Total transit time of temperature signal between ponor and final station in Pivka
Jama is a sum of all local transit times along the system. Hence total transit time or
mean flow velocity is affected by all the mentioned hydraulic processes between

ponor and Pivka Jama.

o

Figure 6.78: Wetted perimeter is calculated by adding the length and breadth of the

channel in contact with water.

To verify these statements, we can make a test with Manning's equation (in chapter
6.7.1.). Significance of variability of Manning's roughness coefficient, hydraulic
gradient and wetted perimeter (cross-section of the conduit) to affect velocity of
water flow may be studied. We found out that the velocity of underground water
flow (transit time respectively) is the most sensitive to changes of roughness
coefficient and to abrupt changes of hydraulic gradient (abrupt changes of hydraulic
gradient occur in the Postojnska Jama system). However, changes in velocity of
underground drainage cannot be really argued by variability of roughness
coefficient. For this variability is totally unknown.

Abrupt variations of diameter of cross-section affect wetted perimeter and

consequently flow velocity. The reason is friction, as mentioned.
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6.7.5. Comparison of velocities based on two different methods: analysis of

tracer cloud and phase shifts of temperature signal

6.7.5.1. Introduction

Worthington (2007) made a comparison of ground water velocities and travel times,
which were based on artificial and natural tracers. He found that natural tracers give
times, which are much greater than estimates from artificial tracers (typically one
hundred times longer). The reason is in multiple porosity elements in a carbonate
aquifer. Different tracers measure different aspect of the porosity. The artificial
tracers give the velocities of the fastest component of flow through aquifer (conduit
flow), while natural tracers give the average age of the groundwater, including both
rapid flow component (through conduits) and slow flow component (through the
matrix and fractures). However, there is an exception, when all the flow takes place
along a conduit from a ponor to a spring. Such conditions occur in Postojnska Jama
system. In such a case, there is no significant mixing between water particles (of
different ages, or different temperature). Consequently flow from ponor to spring

follows simple advective piston-flow model (Worthington, 2007).

A tracing test was performed at certain hydrological conditions. Sulphorhodamine G,
which is a water soluble tracer, was injected to the Pivka River in front of the ponor
(Fig. 6.79). Tracing test was done during base flow conditions (slow recession
respectively). Hence water conditions were stable during transition of tracer cloud
through the underground system; flow rate was 2 m’/s. Transition of tracer cloud
was recorded at three locations. It was measured in OtoSka Jama, in Magdalena Jama
and in Pivka Jama, at exact locations as temperature signal of the underground Pivka
River (Fig. 6.3 in chapter 6). Mean velocity of underground flow among discussed
stations was calculated due to the analysis of tracer clouds (breakthrough curves).
Calculated velocities of water flow, based on propagation of water soluble tracer,
were compared with velocities of temperature signal, but at exact flow rate 2 m’/s
only. Comparison is limited to three stations only. Transition of tracer was not
recorded at all seven locations in the underground as temperature signal; reason is

the lack of equipment.
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Figure 6.79: Solution of Sulphorhodamine G was injected into the Pivka River from

the bridge just front of the ponor (photo: J. Turk).

6.7.5.2. Analysis of breakthrough curve and application of QTRACER2
program

Interpretation of breakthrough curve in open channel streams is usually based on
analytical solution of a one-dimensional transport equation in which the source term
is not considered.

The mass of tracer (M,) to pass a cross-section is computed (Jobson, 1996) as:

M =

r

C, *q*dwdt (1)

Ne—VW~

-~

M =

r

C (w)-q(w)-dwdt

S I o

=

where w is the total width of the river, C, is the vertically averaged tracer
concentration and ¢ is discharge per unit width. Both C, and g are given at time ¢ and

distance w from one bank.

After the mixing is complete in the cross-section, the equation is transformed

(Jobson, 1996) to:
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M, =[C*Q*di )

0
where C is tracer concentration and it is uniform in the cross-section and Q is the

total discharge in the cross-section at time .

On the basis of breakthrough curve, which is recorded at one or more locations,
mean residence time of tracer and mean tracer velocity between measuring locations

can be determined.

Mean residence time of tracer was determined as the length of time required for the
gravity mass of the centroid of the tracer to traverse the length between two stations
in the underground system (Fig. 6.80) (Field, 2002).

Mean tracer residence time for impulse releases is calculated by following equation

in QTRACER2 program:

0

j t* C(t)* O(t)dt
t=2 (3)

TC(z) *O(t)dt

where ¢ is a time, C is a tracer concentration and Q is a flow rate.

The mean tracer velocity can be directly calculated from mean tracer residence time.
In such a case, it is determined as a measure of the flow rate of the centroid of the
tracer mass. Tracer was injected impulsively; hence mean tracer velocity can be

calculated by following equation (Field, 2002):

(e, 1y coy* oqyr
3 @

v

TC(r) *O(t)dt

where x; is a sinuous tracer migration distance.
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The concentration centroid of the tracer cloud provides a good approximation of the
mean flow transit time and consequently mean flow velocity at certain flow rate. The
mean transit time of the tracer is higher than the time of maximum concentration,
because breakthrough curve is usually asymmetric with recession limb relatively less
steep than rising limb. Reason is in different processes such as dispersion, storage
and transport processes (Benischke et al., 2007).

Benischke et al. (2007) proposed an alternative method to estimate the mean flow
velocity at a half recovered tracer mass (a time at breakthrough curve when 50 % of

the recovered tracer has passed).
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Figure 6.80: Sketch of a breakthrough curve along a selected tracer streamline. T,

represents the mean resident time of a tracer between two locations (from Field,

2002).

Skewness is a measure of the lateral asymmetry of the breakthrough curve and the
kurtosis is a measure of the peakness of the same curve. For impulse and short-pulse

releases, skewness (y;) may be determined from following equations (Field, 2002):
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a; [0 C(t)dr

where o; 1s standard deviation for mean residence time.

And kurtosis (x;) may be determined from following equations (Field, 2002):

T(t —0)*0(t)C(1)dt

(6)

K

a,“TQ(z)C(t)dt

A symmetrical curve results in a skewness coefficient equal to zero. Positive number
for the skewness indicates that the breakthrough curve is weighted to the right. It
means that breakthrough curve recedes more gently than it rises and reflects both
longitudinal dispersion and dead zone effects.

Higher the kurtosis coefficient, the sharpest is the peak of the breakthrough curve
and vice versa.

Skewness and Kurtosis are used by QTRACER2 only for comparison of
dimensionless breakthrough curves generated from multiple tracer tests conducted
from the same injection points to the same recovery locations (Field, 2002).
However, we use them for comparison of the same breakthrough curve, but at three
different locations in the underground system. The shape of the curve is changing

during the propagation downstream.

Peclet number (Pe) is a dimensionless number that indicates the relative importance
of mechanical dispersion and diffusion in comparison with advection in mass
transport. It is a ratio between the time taken by fluid particles to traverse distance
(L) by dispersion and diffusion alone (Zispersion) and the time taken to travel the same
distance (L) by advection (Zuavecrion) at average velocity (v) (Field, 2002; Anwar,
2008):

LZ
Pe — ZLdispersian _ Dm ML

tadvection % D m

where Dm is molecular diffusion (L*/T)
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Peclet numbers below 0.4 indicate dispersion (diffusion) control, between 0.4 — 6.0
suggests that dispersion (diffusion) and advection are in transition and thus
approximately equal to each other, while Peclet numbers higher than 6.0 indicates
advection control. In most non-porous media instances of solute transport such as in

karst conduits, Peclet numbers are many times greater than 6.0 (Field, 2002).

6.7.5.3. Results and discussion
Breakthrough curves, recorded in Otoska Jama (third station), Magdalena Jama

(sixth station) and Pivka Jama (final seventh station) are represented in Fig. 6.81.
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Figure 6.81: Discharge of the Pivka River and breakthrough curves for three
locations within Postojnska Jama system. Transit time and velocity of tracer were

calculated due to the occurrence and shape of breakthrough curves.

Several parameters can be calculated by analysing breakthrough curves, as was
discussed. QTRACER2 program was applied (Field, 2002) to calculate mean tracer

velocity and other parameters in Table 8.

QTRACER2 program uses equations 3 and 4 to calculate mean tracer resident
time and mean tracer velocity. Recovery percent of injected tracer is calculated by
equation 2.

The longitudinal dispersion coefficient is a function of scale. Dispersivity is in

average the lowest along the shortest reach (ponor — Otoska Jama), while it is
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similarly higher along other two reaches (Tab. 8). It is logically, as dispersivity

values increase as a tracer moves away from the source (Schwartz & Zhang, 2003).

Dispersion and diffusion are much intensive downstream from OtoSka Jama (third

station), than between ponor and Otoska Jama also according to skewness and

kurtosis coefficients (Tab. 8). Skewness and kurtosis coefficients are high in Otoska

Jama and significantly lower in Magdalena and Pivka Jama.

Table 8: Parameters and statistics, based on transition of tracer cloud through three

sections of the underground system.

Ponor — Otoska | Ponor — Magdalena | Ponor — Pivka
Jama Jama
Estimated  length 1210 2880 3850
[m]
r -0.9862 -0.9888 -0.9852
Mean tracer 3.224 12.303 21.606
resident time [hrs]
Standard dev. of 64.4 120.1 161.2
mean trac. res. time
Mean tracer 375.34 234.08 178.19
velocity [m/h]
Standard deviation 99.844 37.235 21.949
for tracer velocity
[m/hr]
Dispersion 1.712 1.452 1.064
coefficient [m?/s]
Longitudinal 16.4 223 21.5
dispersivity [m]
Peclet number 73.68 128.98 179.11
Percent recovery of 99.24 73.76 66.71
tracer injected
Skewness 2.737 0.7884 0.5581
coefficient
Kurtosis coefficient 11.53 0.4684 0.0008

The Peclet number is high at all three monitored locations (Tab. 8), which indicates

that underground flow is strongly advection controlled in comparison with

dispersion and diffusion. Anyway, dispersion and diffusion are also important

processes for mass transport in Postojnska Jama system.

150




33.29 % of tracer was lost between ponor and Pivka Jama, while losses of tracer
were minor upstream from Otoska Jama. Almost the same losses (33.8 %) of tracer
in Pivka Jama were determined also by tracer test in 1974, when 1500 kg of NacCl,
diluted in 8000 litres of water, was injected to the Pivka River in front of the ponor
(Avdagi¢ et al., 1976). This tracer test was performed at similar water conditions to
ours: the discharge of the Pivka River was similar, but more variable (in range 0.7

m’/s — 3 m’/s) in year 1974.

Velocity of tracer transition and flow velocity, based on transition of temperature
pulse, were compared at exact discharge - 2 m’/s. Both velocities give some
approximation of flow velocity. We would like to evaluate representativity of such
approximations.

Mean tracer velocities along underground system were calculated by QTRACER2
program, which use equation (4). Mean velocity of tracer between ponor (first
station) and OtoSka Jama (third station) was calculated to 375 m/h, between ponor
and Magdalena Jama (sixth station) was 234 m/h and between ponor and Pivka Jama
(seventh station) was 178 m/h (Tab. 9).

Lengths of these three reaches are not exactly the same as in chapter 6.7.3.
QTRACER2 program corrects distance from input to output with certain sinuosity
factor; hence distances are slightly higher (Tab. 9). These distances were applied for
both approaches (velocity of tracer cloud and velocity of temperature signal), while

comparing them.

Transit time of water flow, which is based on phase shifts of diurnal temperature
maxima or minima of water, is known for each specific flow rate. Transit time of
temperature pulse to traverse distance between two the most remote stations (ponor
and Pivka Jama) at discharge 2 m’/s is around 1000 min (+ 100 min), as can be seen
from the Fig. 6.72. Consequently, mean velocity can be calculated, as was discussed
(Fig. 6.73). Relation between flow velocities and discharges is depicted in the Fig.
6.82.

Mean flow velocity (calculated from phase shift of temperature signal) at flow rate 2
m’/s for reach between the ponor and Otoska Jama is approximately 12.2 m/min
(732 m/h), for reach between the ponor and Magdalena Jama is approximately 5.4

m/min (324 m/h) and for the reach between the ponor and the most downstream
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location at Pivka Jama is approximately 3.75 m/min (225 m/h) (read from Fig. 6.82,

at flow rate 2 m’/s).
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Figure 6.82: Flow velocity varies with discharge. We are interested in velocity at

flow rate 2 m*/s. The best logarithmic fitting was used to estimate velocity at certain

flow rate.

Table 9. Comparison of velocities, based on two different methods (mass and

temperature transport) at flow rate 2 m’/s. These velocities serve us as an

approximation of velocity of water flow.

Ponor — Otoska | Ponor — Magdalena | Ponor — Pivka
Jama Jama Jama
Length [m] 1210 2880 3850
Mean tracer 375 234 178
velocity (m/h)
Maximum  tracer 741 350 245
velocity (m/h)
Mean velocity of
water flow (based
on phase shifts of 732 324 225

temperature signal)

(m/h)
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6.7.5.4. Conclusion

Both applied methods indicate diminution of mean velocities of water flow with
distance from the ponor (Tab. 9). However, mean tracer velocities show relatively
low similarity to mean velocity of temperature signal. The mean tracer velocities are
lower than velocity of the thermal signal measured at the same flow rate. Reason for
differences should be in certain processes, which govern the transition of two
different tracers (artificial, soluble in one side and natural in another side). Artificial,
soluble tracer spreads and travels along the river channel or conduit in different
manner, than the temperature signal. Both transports, mass and thermal, are
advective controlled (see chapter 6.6). However, distribution of soluble and
nonreactive Sulphorodamine G downstream is relatively higher affected also by
diffusion and dispersion processes (Field, 2002; Benischke et al., 2007; Dogwiler et
al., 2007) than distribution of temperature signal. Moreover, these two processes
should be even unimportant for downstream distribution of temperature signal.
Tracer artificially injected to the stream alters composition of natural water
enormously. The coefficient of mechanical dispersion is high, due to high gradient.
In contrast, surface water, which enters karst massif, represents relatively low
thermal deviation for underground water and surrounding bedrock. There is much
lower temperature gradient along the reach of underground stream, than
concentration gradient caused by anthropogenic injection of water soluble tracer into
the stream (see and compare “Exchange equations” in chapters 6.6.2 and 6.6.3.2).
Hence, the coefficient of mechanical dispersion is relatively low for temperature
signal.

Because of different intensity of physical processes, which control the transition of
two different tracers (mass and thermal signal), determined transit times and
velocities can differ significantly at equal flow rate conditions.

The difference in mean velocity of the tracer and velocity of the temperature signal
is the highest in the most upstream reach (No. 1) of the underground system, where
determined velocities differ almost for the factor of two. But the error can be high at
both applied methods, as also standard deviation is high. Factor of difference is
approximately 1.5 for both longer reaches (ponor — Magdalena Jama and ponor —
Pivka Jama) and such difference is probably more representative. Mean velocities
are much lower there and also standard deviation diminishes with length of

underground reaches (Tab. 8).
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Process, which influences on first arrival of the tracer, is attributed to pure advection.
Maximum determined velocity of tracer (first arrival of the tracer), shows
statistically significant similarity with velocity of thermal signal (Tab. 9). This
proves that advection should greatly govern the transition of temperature signal

along the system, while dispersion should be minor or even negligible.

6.7.6. Propagation of flood pulses through Postojnska Jama system

Propagation of flood pulse is considered as hydraulic response of the aquifer, which
is different as physico-chemical response (temperature, electrical conductivity). The
increase in hydraulic pressure due to recharge is almost instantaneously transmitted
through phreatic conduits toward the spring. On the contrary, the fluid physico-
chemical properties alter later, when the actual recharge water arrives at certain point
of the aquifer or at the spring. Time lag between the hydraulic and physico-chemical
responses corresponds to the travel time of the infiltrating water through the conduit

system (Birk et al., 2004).

We made an attempt to compare transit times of temperature signals with the transfer
times of flood pulses in Postojnska Jama system. However, we realize that such
comparison is problematic for Postojnska Jama system.

First, we can not compare time delays of peaks of flood pulses, measured at various
locations in the system. Already Preka & Preka-Lipold (1976) found that increase of
water level between the ponor and Pivka Jama is often synchronous. Similar results
were discovered by our study. Peak (crest) value of the flood pulse is mainly a
consequence of geometry of the underground system. Water stagnates in some parts
and crest of the flood pulse is distorted.

Much more adequate method would be to compare time delays of inflection point,
which represents transition from base flow (or slow recession) to rising limb in the
hydrograph (Fig. 6.83). Such comparison would give a relatively clear answer how
does flood pulse travel along the system? But we found out that it is very
problematic to determine this inflection point in hydrographs. It may be determined
only roughly, with accuracy + one hour or two hours, but such accuracy is too low
for our research. The system of Postojnska Jama is relatively short (around 3.5 km)

and certain point on hydrograph transverses it in a few hours at flood conditions.
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Figure 6.83: Hydrograph represents flood pulse recorded at various locations in
Postojnska Jama system in July 2008. Crest of the flood pulse is highly distorted at
some locations, due to the geometry of conduits. Arrow shows inflection point from
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6.8. TEMPERATURE OF THE PIVKA RIVER AT THE PONOR
AND UNDERGROUND

6.8.1. Introduction

Temperature characteristics of natural streams and heat transport were discussed in
chapter No. 6.6.3. As we will see later, the Pivka River represents important thermal
disturbance for karst massif. The temperature of the surface Pivka River is relatively
high in warmer part of the year, reaching up to 20°C in summer and close to freezing
in winter. The heat transfer between the river and surrounding occurs in both
directions. Water is either cooled or heated underground.

We were interested in equilibrium temperature, which represents limit between
cooling and heating. Moreover, are changes in water temperature linear along
pathway of underground drainage, or they depend on hydrodynamic and
geomorphology of conduits also?

We tried to find some answers to these questions by means of statistical analysis of

water temperature at all monitoring stations.

6.8.2. Mean year temperature of the surface and of the underground Pivka
River

Temperature at the ponor was compared with temperature at the most downstream
station in Pivka Jama. Data from year 2007 (Fig. 6.84) show that mean year
temperature of the water at the ponor was 10.4°C and 9.7°C in Pivka Jama (3.5 km
downstream from the ponor). Difference of 0.7°C is statistically significant for the
year 2007 (Fig. 6.85).

While in year 2008, mean year temperature of the water at the ponor was 10.08°C
and for 0.43°C lower in Pivka Jama (9.65°C) (Figs. 6.86 and 6.87).

It seems that the underground Pivka River loses relatively more heat than it gains it
from the rock mass. However, heat exchange is a product of discharge and
temperature variation.

If discharge is large, then the rock temperature field can be greatly altered, but the
water temperature at the outflow is relatively little changed from the temperature of
the inflow. Bedrock is much more sensible to thermal exchange than water flow at
high discharge. If discharge is small, the rock temperature field is little altered, but

the temperature of water may change significantly in the underground. Water flow at
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low discharge is relatively slow and it is more sensitive to thermal changes, for two
reasons. It has more time available for thermal exchange with the bedrock. At the

same time low discharge means also small volume of water (Badino, 2005).
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Figure 6.84: Temperature of the Pivka River at the ponor and 3.5 km downstream in
Pivka Jama. Data are from year 2007. Some data are missing, hence curves are
discontinuous. Discharge was not measured in this year, water level is plotted

instead.
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3.5 km downstream. Included are data from year 2007.
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But discharge has no role in heat exchange, if temperature of the input water is equal
to temperature of the underground environment (bedrock, sediment, air). The higher
the deviation between wat