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Summary

Naturally abundant ions, stable or radioactivedpes and antropogeneous
contaminants such as chlorofluorocarbons are usefulonmental tracers
allowing the hydrologists to precise the conceptsrunoff formation.
Tracer methods were introduced into hydrologicalsesgch as
complementary tools to conventional hydrologic rodth for addressing
guestions of where water goes when it rains, wiahways it takes to
streams and how long water resides in aquifers.y Tbemplement
hydrological, meteorological, geological and gemit®l observations to
assess aquifer properties, water transport in ,soilsgetation and
atmosphere, and geochemical processes, which cdtamot be measured in
the field. Unlike most of dissolved ions, isotopedoth water and solutes
are dominantly conservative (i.e. stable) or racliva and can reliably
trace the complex stream-aquifer or water-soil-ratteractions. The last
decades have seen a rapid increase in isotope-bgsedlogical studies,
largely carried out in small well-instrumented esipeental catchments, on
the order of 0.01 to 100 Knand located typically in headwater areas. In
contrast, much potential waits to be realized irmte of how isotope
information may be upscaled and test numerical fioansport and rainfall-
runoff models, and aid in the sustainable wateouses management at
larger scales. This lecture reviews the major apfibns of isotopes to
catchment studies in Czech, Slovak and World cantxd addresses a
variety of prospective new directions in reseancth practice.
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Souhrn

Prirozené stopouw&, jako nap prirodre dostupné ionty, stabilni nebo
radioaktivni izotopy, nebo atropogenni kontaminafemou freord
poskytuji hydrolo§m vyjimetnou gilezitost @i upresiovani koncept
tvorby odtoku, jezcéasto nemohou byt vytveny na zaklag jinych
terénnich n¥eni. lzotopové metody byly zavedeny do hydrologtké
vyzkumu jako dopikovy nastroj ke konvemim hydrologickym postujm
pro zodpo¥zeni otazek jak voda infiltruje pod terén, jakynaistami se
ubira k povrchovému toku a jak dlouho se zdrzujezvednich. Tyto
metody casto dopiuji hydrologickd, meteorologickd, geologicka a
geofyzikalni pozorovani ippoznavani podporchovych geochemickych
proces, vlastnosti zvodni a pohybu vody &d8, vegetaci a atmosfé. Na
rozdil od \tSiny rozpustnych ionti, izotopy ve vod i pevné fazi jsou
prevazie konzervativni (t.. stabilni) nebo radioaktivni mohou tak
duvéryhodre stopovat procesy v komplexu tok-zvéideebo voda-fida-
hornina. V poslednich dekddach byl zaznamenan mapidiist izotopo¥
orientovanych hydrologickych studiéasto provagnych v malych doie
vybavenych experimentalnich povodich o velikost@c®l aZz 100 ki
zpravidla se nachazejicich ve zdrojovych oblastectby odtoku. Potencial
izotopovych postupje ovsem zatim ménvyuzit v grenosu informace mezi
metitky, testovani numerickych modelproudni a transportu, srazko-
odtokovych modéi a hodnoceni udrzitelnosti hospoeiai s vodnimi zdroji
ve velkém ndtitku. Tato pednasSka $nasi gehled hlavnich aplikaci v
oblasti izotopové hydrologie v povodidfieské a Slovenské republiky,
jakoz i ve sétovém kontextu, a dotykd se perspektiv novyctérdnve
vyzkumu a praxi.

Kli éové slova:

tvorba odtoku, horninové aut@ni prostedi, geochemické indikéatory,
stabilni izotopy vodiku a kysliku, nestabilni stepte
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1. Introduction

Headwater catchments in humid temperate mountairegiens of Central

and Northern Euroasia and Northern America are ddwtnin precipitation

and therefore crucial for determination of watemuwfity and quality of

larger urbanized lowland basins. Water from thedieder catchments is
often naturally preserved and serves as drinkingewaesource for
communities located in foothills or adjacent temigs. Principal factors
controlling the rainfall-runoff processes in thesichments are relatively
quick transformation of precipitation into streaonfi, major role of

snowcover and forests, and impact of deforestatond snowmelt.

Simulation and prediction of floods, changes inaffillue to deforestation
and prediction of snowmelt for operational purpoaes therefore among
the main objectives of headwater catchment hydsolobleadwater

catchments became places of comprehensive hydcalogionitoring and

numerous rainfall-runoff models have been elabdratealibrated and
validated with monitoring data from headwater catehts.

Supported by the empirical observations, the rag&lelopment of
guantitative hydrological approaches largely sitisthe need for good fit
in observed and simulated runoff from the catchmeaused by
precipitation or snowmelt. However, the accurateardjification of

catchment runoff is not always accompanied by aveeit physical

understanding as to which paths and mechanismsedeliater to the
stream. Often the models provide good answers bufan good reasons,
since they simplify the rainfall-runoff transform@t and cannot properly
evaluate the variety of hypotheses about the watavel pathways.
Subsurface water flow, mixing and storage, althonghdirectly measured
and often underestimated, became therefore edsesiéments to be
conceptually understood and incorporated into #ielenent models. Three
major environments with an essential impact on ngxand storage and
runoff dynamics were identified — hillslope soilofites, wetlands and
fractured or porous bedrock. Their recharge viafepemtial flowpaths,

communication among each other and interactionsdeat the saturated
and unsaturated zones are therefore of particutapoitance for

understanding the complex nature of runoff formatim headwater
catchments. Cycling of water and nutrients in wetk is an important



additional key for understanding effects and counseqes of acid rain and
associated deforestation.

2. History of the tracers employment in hydrology

Since the 1960°s, environmental tracers such asdami ions, stable or
radioactive isotopes or antropogeneous chloroficemaons provide a
substantial support to modern hydrology for pregjgshe concepts of runoff
formation. The geochemical tracers include iong.(€&*, K*, Na', Mg*,
HCO;, SO, NOs, NH,", CI); metals e.g. Al, Fe; dissolved silica ($)0
dissolved organic carbon (DOC) or lumped paramedertemperature, pH
or electrolytic conductivity. The most used of thane Cl, C&* and SiQ,
only rarely present in the rainwater, however foiumdhe soil profile and
bedrocks in abundance. A pioneering study in tbigext (Kennedy, 1971)
describes the dissolution of silica from the sadltrix.

Environmental isotopes are present in moleculebath water itself and
dissolved solutes, primarily S8 NO; and DOC. Whereas the water
isotopes (stabléH and*®0 and radioactivéH) are part of water molecule
itself and therefore unaffected by decay, reactiortchemical adsorption,
isotopes of solutes (primarifyN, 'S, **C, *C) and noble gasedHe) are
nonconservative and in addition less straightfodvam sampling and
analysis. The application of environmental isotomesatchment hydrology
has been therefore concentrated on the naturaleoxsgd hydrogen stable
isotopes in water molecules.

Introduction of tracer approaches into catchmernrdipgy in the 1960°s
caused a major shift in understanding of hydrolagiprocesses in
catchments. Isotopic (Dinger et al, 1970) and chamiPinder and Jones,
1969) tracers promoted new concepts of the essestidsurface
contribution to runoff events, which partly contieidd to the traditional
concept of formation of quick surface runoff (Skiaend Farvolden, 1979).
Whereas isotopic tracers revealed the portions wfeat rainfall and
previously stored water in the event, hydrochemitacers (principal
cations and anions) proved to be able to ideniifgtial origin (typically
saturated or unsaturated zone, or various geollogattings, according to
the chemical characteristics of the formations}haf runoff contributions.
Solute isotopes such &Sr (Stueber et al., 1987fC, 3*S and™N (Kohl et
al., 1971) have provided important information doldgical and geological
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sources of solutes delivered to surface water isahdrged groundwater.
Several other cosmogeniBg, 1%Be, *Na, *’Ca) and lithogenic®(i, *'Cl,
Y, 3Nd, 2°%Pb, 2°Pb, 2°%Pb, #°Pb) isotopes have been introduced into
catchment hydrology research within the last twaadies and many
potential applications are yet to be utilized. ¢gi¢ conservative tracers,
particularly **0 and?H, and principal ions quickly advanced to nearly-
standard hydrological monitoring elements, and edem wide spectrum of
new research questions on how to explain the sotistaole of subsurface
waters even in small headwater catchments wheretrtfthtional view
would assume a dominant role of near-surface flemtended subsurface
mixing and relatively long groundwater flow timas ¢atchments became
prominent hydrological research objectives, forrredafor example in
McDonnell (2003): Where water goes when it rainsiich pathways it
takes and how long it resides in the subsurface.

The first global compilation of stable water isagspin freshwaters was
provided by Craig (1961). In the same year, theerhdtional Atomic
Energy Agency and the World Meteorological Orgatiiraestabliahed the
Global Network of Isotopes in Precipitation (GNIB$ the repository of
isotope data in atmospheric waters (IAEA/WMO, 200&ystematic
measurements of isotope contents of river watere warried out since the
1980°s (e.g., Mook 1982). The adaptation of thepediparameter flow
models for estimation of water residence timeshratnts (Matoszewski
and Zuber, 1996) offered new insights into the fedisrunoff response
across river basin scales, for example in the Darbdisin (Rank et al,
2003), and basins in Switzerland (Schotterer et18B3). Recently the
IAEA has launched the complementary worldwide dasab Global
Network of Isotope Data in Rivers GNIR (Vitvar dt 2007). These data
serve on one hand for local and regional waterissiién the other hand as
global repositories for mapping spatial and tempwaaiability of isotope
contents. A pioneering study on mapping of stablatew isotope
concentrations in rainfall and streams in the conigous U.S.A. was
performed by Kendall and Coplen (2001) and seegppltoaches have been
developed particularly for mapping and interpolatad GNIP data (Bowen
and Ravenaugh, 2003). The thorough understandingjlafal isotope
patterns in precipitation has led to efforts ingiing the isotopic balance of
the atmosphere with runoff models and simulatiogroundwater recharge
(Henderson-Sellers et al, 2005). In the last yeiarippe maps are being
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produced (Bowen et al., 2007), mapping waters motdly different from
local precipitation (tapwater, irrigation return teg crops, etc.) and
opening new research perspectives for the use tefrisntopes.

3. Stable isotopes in water molecule

Hydrogen can be found as a stable isofépéD-deuterium) within the pool
of more frequent isotopéH approximated to’H/*H=0.00015. Oxygen
isotopes exist in the form dfO, 'O and*®O, with an approximate ratio
80/*°0=0.00204 utilized more often thafO/*®0 ratio. Isotopes can form
alternative water molecules to the standard ores'®0), where two

combinations are most frequent{*?0; H'H'®0). The conversion of the
isotopic concentration in water f&*0 andd’H follows the equations (1)
and (2)

(9%,

3O e = (—)718 1[*100q%o] @)
/Ov mow
( / H )m'e ~1|*100q%d] @)

mle_ 2
H
[ /H);—SMOW

where 0, 0, 'H a ?H are isotopic contents in water molecules and in
standard of Vienna-Standard Mean Ocean Water (\OBRM

The application of water stable isotopes is basethe fact that the ratio of
heavier to lighter isotopes changes on the phaseface. As the heat is
applied to liquid water, more energy is requiredriove a heavier than a
lighter atom into the vapour. Hence the isotopioteat in precipitation and
subsequently in streams and subsurface water depanthe temperature
during condensation. Temporal fluctuations of 8180 (5°H) are most
pronounced when the temperature of precipitatioriiter significantly
lower or higher than the averaged annual tempexa@mn contrary to, water
masses infiltrated in the subsurface undergo varidegrees of mixing.
Thus, soil pore water and groundwater exhibit naem amplitude of
fluctuation closer to averaged isotopic contentaose water masses of
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different isotopic signatures contribute to a mixgdol of water with
residence time of several years. This concept &itbthat in the late 1960's
and early 1970s, stable water isotopes and relayddochemical tracers
became a new tool to quantify the portion of striéam discharged from
aquifers (also referred as to groundwater runoff baiseflow) during
stormflow events (Pinder and Jones, 1969; Dinceralet1970). The
calculated substantial subsurface contributionuooff events essentially
contradicted to the traditional view of formatiohquick surface runoff and
caused a shift in understanding of the stream-aguifteractions in
headwater catchments. Based on the analyses obtfient of stable water
isotopes O or ?H), water already present in the small catchmeiutr fio
the rainfall (commonly referred to “old or “pre-ente water) is discharged
to the stream and at the same time replaced byt evegier throughout the
porous space. The mechanistic process is not undedrscompletely.
Secondly, using the isotopic content in rain, prer¢ outflow or
groundwater to determinate ratio of “old” and “newater fractions in the
streamflow, a contradiction is found when confranteith the same
approach using basic elements such as silica oiucal Kirchner (2003)
proposes that there are several pools (or a cantimf stores) of pre-event
water within the catchment, mobilized under différeonditions.

The conceptualisation of subsurface mixing andasgferin catchments is
closely related to the isotopic assessment of watddence times or transit
times through the subsurface from the point ofthafiion to the exfiltration
in streams, springs or captured wells. Although s¢heapplications
traditionally contain a wide portfolio of approashéH, °He, **C), the
hydrology of small headwater catchments often fedusnly on stable
isotopes of oxygen and hydrogen in water. Thislmanpertainly justified by
the consensus that the principal fluxes in headwetiechments are shorter
than 4-5 years and therefore may be dominantlysassgeby the isotopes of
oxygen and hydrogen. On the other hand, the newini@s on the
substantial role of subsurface mixing and storagecdtchments require
application of approaches which can describe rgghdluxes and discharge
of very short to very long travel times. The modexrperimental hydrology
therefore tends to the use of multi-tracer appreschwhere the
hydrochemical and isotopic tracers complement eamther and
conceptualise more realistically the rainfall-runafocess.



4. Selected hydrological methods using stable isotopes

The amount of?0 and?H entering the catchment in form of precipitatien i
proportional to several climatic and geographieatdrs (e.g., Gat, 2009) in
particular the amount and intensity of precipitatiand the temperature
during the rainout. The relationship betwedfO a &H is called
,<deuterium excess"

d =0H -8*3*0 3)

Where d is deuterium exces$6%0 andd’H are isotopic concentrations.

This parameter characterizes the intensity of apimesc recycling of the
repeatedly evaporated and precipitated water beforecontact of water
with the surface. It enables to evaluate, on regjiand larger scales, origin
and thermal conditions of air masses causing tkeigitation. Deuterium
excess is also important quantitative measureh®evaporation from open
water bodies (Gat, 2009).

The concept of climate-based fluctuations'd a®H in precipitation and

consequently in surface and subsurface waters geswthe methodological
base of the two essential approaches in the catthisetope hydrology

mentioned above — first, the quantification of dveundwater contribution
to runoff, and second, the estimation of waterd®ste times in streams
and aquifers.

The calculation of the groundwater contributiorstieam runoff is based on
the assumption that during runoff everlf® or ?H have significantly
different concentrations in stream and the fallprgcipitation (Sklash and
Farvolden, 1979). High frequency isotope data amgpleyed in the
following set of equations:

Q=Q+Q, (4)

CtQt = Cst + CnQn (5)
= g = 70" —G

Qt G —C, (6)

where: Qis total outlow, Qis the amout of pre-event water in the outflow,
Q. is the amout of the event water in the outflowisahe concentration of
tracer (e.g.50) in the streamwater prior to the event, is the
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concentration of tracer in the streamwater durihg event, Ris the
instantaneous fraction of pre-event water in thifl@u during the event (-).
This concept highlights the dominant role of subemre runoff during
rainfall-runoff episodes and caused in the 1960is teevaluation of
original concepts where surface flow was the ptawgicomponent of
stream runoff. In recent decades there is a growiifigrt to employ the
results of isotopic runoff component separatiomaaningful parameters of
rainfall-runoff models (Seibert and McDonnell, 200

Second dominant isotope hydrology approach is thtmation of the

subsurface water mean residence time, i.e. the whieh elapses between
infiltration and discharge of water in catchmerithis method is based on
the fact that the annual fluctuation O and?H in precipitation has a
nearly sinusoidal form.Water infiltrating into thsubsurface typically
undergoes mixing with water already present in tschment, thus
attenuating the input amplitude of isotopes in fmitation. This concept of
muted isotope records has been elaborated by Maiséz and Zuber

(1996) and employed in many catchments (e.g. Sp@shl, 2000).

Seasonal function @§'®0 or &°H fluctuation in monthly rainfall is fitted by
a sine function. Mean Residence Time is derives@ing to the equation
(7) expressing decrease of the input amplitudg ékd output amplitude
(e.g. in runoff A) in the linear reservoir. ((1Y¥6/2m) is conversion factor
for time unit in months).

w33

This approach has been applied in several catclsni8nulsby et al., 2000;
Holko et al., 2008).

Fluctuations of **0 and?H in temperate climate rainfall typically attenuate
completely in the aquifer within 4-5 years, duectmsecutive mixing from
several seasons. Therefore larger catchments amkdeaquifers must be
examined by other methods, such as isotopper *He, dating waters
present in catchments for between 5 years andralestecades (Michel,
2004). The time factor in rainfall-runoff relatias also instrumental for the

@)
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assessment of groundwater vulnerability, groundwatecharge and
possible cleanup of infiltrated contamination.

5. Laser spectroscopy as a modern analytical methodf@engineers

The recently developed laser spectroscopic apmarfaiu water isotope
analyses provides accuracy and precision requitetir(a et al., 2010) in
hydrological measurements to complement the taditiisotope ratio mass
spectrometry (IRMS) technique in the field of amialyl isotopic detection
(IAEA, 2007). This new less laborious, yet acceptalrecise approach,
gives to the hydrological community a new powertfobl for enhanced
hydrological monitoring in space and time. Untiepent, the use of water
isotopes in hydrology was usually limited to mogthlveraged or sampled
components of the hydrological cycle in catchméue to high analytical
costs of the mass spectrometer, only a limited rarnolf studies provided
detailed data of°0 or?H on the daily or hourly basis or even shorter time
step. Since the laser spectroscopic technique piicaple almost as daily
routine and can be linked to IRMS as calibrationcpdure, an extended
sampling of the water cycle components (rainfall] sater, groundwater
and stream outflow) may quickly become a standand Hydrological
studies in catchments. These isotopic datasets higth degree of spatial
and temporal resolution can support building ofowative concepts and
hypotheses about runoff formation and related Hedioal processes in
catchments.

6. Use of isotopes in hydrology of the Czech and Sldv&epublic

First use of isotopes in the catchment hydrologformer Czechoslovakia
is known from Dinger et al. (1970) and his origimakthod of runoff
components separation during the period of snowimelModry potok,
KrkonoSe Mts. Further isotopic studies in the Czaold Slovak republic
were presented in ek et al. (1995) and Kantor et al. (1987). Isotope
methods applied in the last decades in the CzedtoGieal Survey include
hydrology (Bizek et al., 1995; &ek et al., 2009), and biogeochemistry
(HruSka and Kram, 2003) where isotopes of sulpiNovék et al., 2005)
and nitrogen (Oulehle et al., 2008) detect origid aycling of elements in
catchments. Measurements and interpretation ofoaatlve isotopes of
hydrogen {H) and carbon'(C) at the Faculty of Science, Charles university
(Silar, 2003; Vysoka et al., 2008; Jirdkova et 2010) complemented the

12



work of the Czech Geological Survey. First longtasotope hydrological
observation was introduced by CTU in Prague, FaaflCivil Engineering
in 2006 at the experimental catchments of Jizera.,Mtamely Uhiksk&a
(Sanda et al., 2010). At present, this institutisna regional center for
isotopic analysis of stable oxygen and stable hyeinoby means of laser
spectroscopy. High throughput of samples also esadgbplication of stable
water isotopes in the field of modelling flow amdrtsport in porous media
(Vogel et al., 2010).

The catchment of Jalovecky creek, Slovakia, has Ipeenitored for stable
water isotopes since 1990 (Holko and Kostka, 2086alytical support of

Geological institute of Dionyz Star also enablestope applications in
other parts of the country, such as karst formatigvialik et al., 1993).

Catchments of Uhigka and Jalovecky creek are national represensaitive
the networks GNIP and GNIR (IAEA/WMO, 2006; Vitveral., 2007).

The headwater catchments in the Jizera Mts. beaar@ading research
facility of regional and continental importancethre last 10 years. Their
geographical and ecological settings present acaypCentral European
temperate boreal zone with large amount of preatipit, humid climate,
relatively preserved nature and a recent historgedbrestation due to acid
rain impact in the 1980-1990's. First hydrologidalta were collected in
1982 and the catchments were subsequently equipjtlednonitoring and
sampling network. Synthetical works covering thetfphase of monitoring
(Kulasova et al., 2006) revealed, for example, ttefbrestation caused by
acid rain did not result in any significant increas streamflow, indicating
that there must be a major groundwater storage uffiefing effect on
runoff. Further studies (Dragomir, 2007) showed tha stream carries a
relatively high portion of subsurface baseflow, aouted later by Sanda et
al. (2009) to preferential recharge on the boundaeyween soil and
fractured bedrock. Hitii et al. (2010) evaluated the factors controlling th
frequency and magnitude of runoff events and higitéd the antecedent
soil wetness as particular impact.
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Figure. 1: Permanently monitored sited for oxyged hydrogen isotopic content in
water in Central European region (ordered by domatf sampling) 1. Jalovecky
creek in Western Tatras, 2. lower Jizera at itdeguB. Jizera Mts. (Uhigka,
Jezdecké, Sedava |, Velka jizerska louka catchments)Cérvik in Beskydy Mts.,
5. Liz in Sumava Mts., 6. Kopaninsky creek at Bobevipravian highland
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Fig. 2: Relation of®0 and?H in precipitation and stream outflow at Ukka and
Jalovecky creek (left) and linear regression*i@ and averaged monthly air
temperature at UhEka (right).

Samples of liquid and solid precipitation and stmeeter are typically
collected in monthly, weekly, daily or event basstep. They are
complemented by samples of soil pore water, groaery subsurface
stormflow, snowmelt or snow profile at selectedalians.
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Fig. 2 (left) presents relationship 80 andH isotopes in precipitation and
stream outflow at Uhisk&d and Jalovecky creek catchments. Because the
measured values follow the Local Meteoric WatereLift MWL), it is
obvious that surface waters originate in local fpigation with limited to
none evaporation. Fig. 2 (right) demonstratesiti@aeasing air temperature
(here for Uhlfska catchment) is one of key factors of higher eatration

of heavier isotopes.
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Fig. 3: Concentration ofO in precipitation and streamflow at Uiska (left) and
Jalovecky creek (right)

Fig. 3 presents the comparison'® concentration record in precipitation
and stream flow over 3 years. Relatively regulacord of isotopic
concentration in precipitation according to the raged monthly
temperature in sinusoidal cycles is fitted by teast square regression.
Mixing of water in the subsurface causes an attéomaf the amplitudes of
80 concentration from precipitation to outflow. Thisansformation is
quantified by eq. 7 and depends on the averagedgéor which water is
residing in the catchment, so called mean residdime (MRT). The
Uhlitska catchment shows MRT approximately of 7 montits Jalovecky
creek MRT is in the range of 14 months. Longer Miaif Jalovecky creek
can be explained with the retardation effect odie flow in groundwater
system with high capacity to retain sparse summfitration, and major
effect of infiltration during snowmelt. This effe¢$ less pronounced at
Uhliiska, due to quick communication of soil profile, atreered granitic
mantle and crystalline bedrock.
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Fig. 4: Isotopic content dfO in peat and groundwater: Uislka fens (left) Mires of
Jizera bogs (right).

Fig. 4 shows differences if®0 concentration records in peat and
groundwater at Uhigkd and Mires of Jizera (Big Jizera Meadow). At
Uhlitska fens (left), waters in peat are well mixed tudischarge of very
well mixed groundwater. In contrary to Mires of glia bogs do not
contribute to the groundwater discharge, facilitatinstead a vertical
infiltration of precipitation.
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Fig. 5: Isotopic separation of a significant sumnstorm at Kopaninsky tok
(Bohemo-Moravian highlands)

Fig. 5 demonstrates an example of isotopic searadf a significant
summer storm event in tiled agricultural catchmevith depletion of
heavier oxygen isotope during the event. Despitiepfonounced decrease
of the *®0 concentration in the precipitation, only a sliglgcrease of the
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80 concentration in the outflow (left) reveals tiia¢ essential amount of
water forming the flood originates from soil andgndwater (right).
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Fig. 6: Isotopic composition of upper and lowerdizflow and groundwater fofO
(left), H (middle), deuterium excess (right).

Fig. 6 elucidates the synthetical interpretation'® andH isotopes in
deuterium excess values. Concentrations of indalidsotopes®0 and®H
(left and middle) highlight the impact of mountairsosnowmelt on the
Jizera stream and, in contrary, a relatively cartgntopic concentration of
local groundwater at lower Jizera basin. The dauterexcess, however,
continuously distinguishes the impact of these ewanbers on the
interaction of the Jizera river with the local dqus, in particular during
spring and autumn when the end-members have venylasiisotopic
concentrations. Higher altitudes of springs oédazshow higher deuterium
excess values, the outlet of Jizera to Labetatrice is a mixture of
waters including regional averaged precipitatioerothe entire catchment,
and local groundwater at the Jizera outlet is @pecbof local rainfall in the
lowest Jizera location. Fig. 6 (right) shows therefa relatively high
deuterium excess for the lower Jizera river, iniiligathat a significant
portion of water comes from the upland region anty @ small portion is
from exfiltrated groundwater along the lower reeshOverlapping values
of deuterium excess for the local groundwater &eddaw Jizera river show
the forced river bank filtration to the wells agesult of drinking water
production for the Central Bohemia.
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7. Summary and outlook

This lecture summarizes the use of environmentaets in catchment
hydrology with emphasis on the stable isotopesydfdtgen and oxygen in
water. Their main contribution lies in the improvemh of runoff formation
concepts, particularly in terms of origin and vétipof subsurface flow. In
order to provide complex picture of the catchmanictionality on both
small and large scale, multi-tracer methods mustgmied, complementing
the hydrological, hydrochemical and geophysical rapphes. Much
potential is available in development of isotopalgtical techniques, which
can on one hand further promote highly resolutechitndng of stable
water isotopes (e.g., through the laser spectrgdcam the other hand
facilitate the use of radioactive and non-conséreaisotopes for the
assessment of groundwater recharge and flow inrefacgtchments and
aquifers. Isotopes of*H (tritum) decaying into ®*He, or selected
chlorofluorocarbons, are good examples of how pegti analytical
techniques may promote innovative complementaryicgifons.

Another perspective field of isotope approachahkésassessment of carbon
sequestrations and other environmental liquid aaskgus fluxes during the
climate change. These approaches combine chemioalitaring with
isotope analysis of water, gases and nutrientsh(ascCQ, CH, or NQ))
and may be supported by recent progress in lasactrgpnetry
measurements of stable isotop&s or °N.
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