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Tracers in the Unsaturated Zone
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1. Introduction (K.-P. SEILER, M. VESELIC)

The unsaturated zone stretches from the ground to the groundwater surface:

— It qualitatively and quantitatively regulates the subsurface branch of the water balance.

~ It produces different forms of subsurface discharge.

_ Tt determines together with the prevailing climatic conditions weathering of sedi-
ments and the design of landscapes.

— Tts soil mechanical properties influence the long-term stability of all kinds of con-
structions.

All these properties depend mainly from the hydraulic functions of the unsaturated
zone (suction/wates-content-relation or suction/hydraulic-conductivity-relation) and
its variations in space and time; they get modified from the chemical, physical and micro-
bial interrelations between seepage and solid phases and thus focus in the flow and trans-

: been interdisciplinary and combined in-
ledicated investigation areas; in this effort,
1dies and mathematical simulations on see-
e outstanding tool. With this combination

— to control results on flow and transport in the unsaturated zone through indepen-
dent methods and to achieve by this way a better conceptual model,

— to get better quantitative results on homogeneity and heterogeneity of the unsatu-
rated zone by inter-comparing these results and

— to highlight the origin and transport potential of discharges for solutes and parti-
cles within the subsurface.

» quick (direct discharge) and slow discharges
2s to the observation that after storm events
ng dry weather conditions slow flow com-
period of time thus preventing the drying

rers relate to reservoirs with small and sig-

scharges (M. G. SKLASH & R. N. FARVOLDEN,
k discharge has both a component with close
solid phases (J. KORNER, 1996); the compo-~
s attributed to the interflow, which itself is



generated by bypass- or preferential flow (see P. F. GERMANN, 1990, N. DEMUTH &
A. HILTPOLD, 1993) that changes from vertical to lateral directions along interfaces with
significant changes in hydraulic conductivities (K.-P. SEILER & D. BAKER, 1985).

The direct and indirect discharges are evaluated using hydrograph methods
(E. NATERMANN, 1951). Contrary, indirect discharge plus interflow are determined by
chemical and environmental tracer methods; the difference of results from both
methods leads to the quantification of the overland flow. Actually, both methods got
standard exercises and need no further explanation. They refer, however, only tolarge
scale transport processes of water, particles and solutes and do neither relate to the ge-
nesis of the discharge components nor to detailed transport processes and interactions
in the unsaturated zone. Such a lack of knowledge does not allow defining strategies

— to manipulate flow processes in the unsaturated zone,
— to enhance and protect functions of ecosystems and
— to better contribute to groundwater protection measures.

or produce transient or permanent perched groundwater. Such interfaces may be of
sedimentary origin and than mostly occur without any relations to the existing mor-
phology of the landscape. Others have been produced during glacial ages by frost/thaw
activities or eolic sedimentation or more recently depend from human activities like
ploughing, from the existence of a plant root zone and animal activities in it or from
subsurface constructions; all the latter mostly follow actual topography and enable to
produce a subsurface flow paralleling morphology (interflow).

The role of these interfaces in the unsaturated zone is highlighted if the hydraulic
functions and its changes along these interfaces are considered (K.-P. SEILER &
D. BAKER, 1985). Some generalized examples of these hydraulic functions according
to laboratory experiments (D. BAKER & K.-P. SEILER, 1982) demonstrate

— that the grain size related classification into aquifers, aquitards and aquicludes, being
valid for the saturated zone, does generally not apply for the unsaturated zone and

— that even in the unsaturated zone this classification doesn’t hold for the whole array
of water contents or suctions.

The unsaturated zone is significantly nor
ture as well as through biotic and human :
using tracers and interpreting tracer brealth
In consolidated rocks, the unsaturated :
in unconsolidated sediments (B. TREEK et
covered by a weathering and dilatation zo
infiltration and as a distributor of infiltrati

uced at the interface rock/weathering zone

of infiltration than in unconsolidated rocks.

t (K.-P. SEILER et al,, 1987) and sandstones

turing storm events about 30-50 % of the

ings and rivers as preferential flow; obser-
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it their influence on preferential flow seems

k of quick vertical exfiltration out of the

issures or because fissure flow is intercon-

ity sucking most of the fissure water and

aponent. This incorporation of fissure flow

one may get so pronounced that it signifi-

sed determination of mean residence times

196). Such observations are known from most

of the consolidated rocks contributing for drinking water supply (sandstones, reef car-

bonates and chalk). The mechanism of these dual or multi porosity systems is best in-
vestigated by means of tracer experiments.

2. Role of Tracers in the Unsaturated Zone
(K.-P. SEILER, H. ZOJER)

According to the climatic conditions, matrix flow in the unsaturated zone ranges
from few meters to less than few millimetres a year. In humid areas it is predominantly
directed vertically down and in semi-arid to arid climates also vertically up if ground-
water table is not to far from the land surface. Beside matrix flow there exists during

al flow in the unsaturated zone (D.E.HiLL&
SERMANN, 1982, D. R. NIELSEN et al., 1986,
Oa, 1990b, R. S. BAKER & D. HILLEL, 1991,
D. CHAPMAN, 1992), which interacts with
ardation processes or turns into lateral flow
er or interflow.
yw is the dominant factor (>70 %), in con-
solidated rocks, however, bypass-flow mostly gets pronounced and amounts to 4060 %
of infiltration.

Classical hydraulic methods to calculate seepage flow are based on the hydraulic

functions

k(u) = £(¥), 2.1)
N ) 22)
where
k(u) = hydraulic conductivity at an unsaturated state of the media,
¥ = matrix suction,
® = water content.
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uncertainty tracer methods (artificial as well as environmental tracers) are applied to
support and improve hydraulic evaluations. Both methods, however, only develop op-
timal results in combination with numerical simulations and with an appropriate con-
ceptual model, which may be deduced also from tracer experiments.

2.1, Tracer Properties

To measure water fluxes in the unsaturated zone, it is requested that tracers

— are applied in small quantities to avoid gravity convection,

— do not interact with the solid inorganic and organic phases,

— are neither taken up by plants nor disintegrated by microbial activities in the soil
zone,

~ do not undergo significant accumulations or losses through fractionation as a con-
sequence of evaporation,

— do not change significantly ion balance in soil solutions and

~ are detectable in very small concentrations because seepage abstraction for analytical
purposes is restricted in quantity within short time intervals.

season, when evaporation is low and infiler
during snow melt times when infiltration ;

The application of natural ®O and 2H is highly recommended for studies of water

10w a clear evidence for the understanding of water transport pheno-
mena in the soil zone neglecting hydrochemical and biochemical reactions.
Fluorescent dyes that are favourably applied i
the unsaturated zone enriched with humic substa

(K.-P. SEILER & C. HELLMEIER, 2000). Sinc
interact, dye tracers results from the unsat
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Also few is known about the microbial disintegration and disintegration speed of dye
tracers in the soil zone.

Fluorescent dye may favourably apply in the unsaturated if the humic cover is
removed and soil and sediment are not too abandoned in silt and clay.

Analogue to groundwater, fluoresceine proved to be a better tracer in the unsatu-
rated zone than eosin and both these tracers apply better than rhodamine and sulfo-
rhodamine.

Often halogenides are used to trace the unsaturated zone and in between these mostly
bromide is used because it has mostly a very low natural and human related background.
There are, however, observations that ion exclusion of the anionic halogenides leads
to a quicker flow than isotope tracers and that plant take up bromide by their roots
and accumulate it in tissues (K.-J. S. KUNG, 1990); these effects significantly influence
the halogenide balance. On the one hand bromide can occasionally remain in the ef-
fective root zone and will be retarded there for a reasonable time due to boundary con-
ditions demanded by the soil, the season of cultivation and by plant characteristics. On
the other hand sodium bromide has been tested as an excellent conservative tracer in
Quaternary gravels and can be used for calibration of transport models in the unsa-
turated zone (J. FANK & T. HARUM, 1994).

Other anionic tracers like nitrate and sulphate or the isotopically labelled nitrate
(R. RUssOW et al., 1995) have also been apphed. They proved, however, as non-con-
servative or non-ideal due to plant uptake, chemical precipitation and microbial disin-
tegration.

Since weathering under atmospheric conditions produces from silicates mostly clay
minerals or releases clay incorporated e.g. in carbonates, most soils are clay rich and
consequently significantly negatively charged; this mostly prevents the application of
anionic tracers.

2.2. Application of Tracers

Tracers should be applied according to their detection limit, according to the pre-
vailing water content, according to the fact that suction cups do not cover a wide range
of stream bundles and according to the non-homogeneous structure and texture of the
unsaturated zone.

t side (chap. 4.3.) have been performed with
the breaktrough curve about five orders of
terium concentrations (=60 %o). Considering
hese high concentrations (Fig. 2.1) it can be
no more possible at concentrations exceeding
‘he mean annual 8H. This is due to the very
luxes (as an average 17 % of infiltration) as
25-30 %), which corresponds to a contribu-
rater content; therefore, because of the small
;aturated zone and because of the detection
st be spread to an extend that small quanti-
able. Using fluorescent dyes, much smaller
rtly penetrate through the soil with its abun-

1 a few hours at the ground surface to avoid
fractionation or enrichment through evaporation (stable isotopes, respectively chemical
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Fig. 2.1: Results of a tracer experiment performed in the unsaturated zone and sampled by three
individual cups at 50 cm depth.

Ergebnisse eines Markierungsversuchs in der ungeséittigten Zone, die Beprobung erfolgte in
50 em Tiefe mittels dreier Saugherzen.

tracers) or photolytic disintegration (fluorescent dyes). Therefore it is recommended

to trace during continuous sprinkling or to trace a melting snow cover above an un-
frozen soil.

2.3. Sampling in the Unsaturated Zone

sion. In dryer materials typical for sediments
instance during the vegetation period or in ¢
cither by replacement, dilution or by heating of the core material.

Suction cups should consist of inert materials like ceramics or sinter materials. The
pore sizes of it are to be adapted to the main pore sizes of the sediment. As an exam-
ple, suction cups with 20 pm pore size are well adapted to most sediments in the vadose
zone. Before the implantation of the cups they should become conditioned with water
similar to that encountered in the unsaturated zone. This is especially true for the che-
mical analyses. The under pressure employed should not differ too much from the pre-
vailing one, in order to avoid degassing of the water causing disturbance of gas rela-
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ted components like carbonates. Since flow and water content in the unsaturated zone
are mostly low, sampling of water will always cover a longer time interval.

Since the unsaturated zone is rather inhomogeneous as compared to the spherical
space influenced by the suction cup, it is emphasized to have samples collected by more
than one cup at the same level. Figure 2.1 demonstrates differences in the results of a
tracer experiment, in which samples were collected with three cups at the same depth,
at a mutual distance of about 0.5 m.

Determination of the quantity of pore water by the (chemical or isotopic) dilution ana-
lysis aims in the first instance at saturating the sediment to some extent to make water
easier extractable. This dilution should be

(2.3)

follows:
(2.4)

In this way the isotopic or chemical composition of the water from the unsatura-
ted zone (C,) is determined from the mixing equation.
The distillation of waters from sediments (see L. ARAGUAS-ARAGUAS et al., 1995,
N. L. INGRAHAM & C. SHACHEL, 1992) must be performed in closed systems and till
e point of complete dryness of the sediment. Only under these conditions isotope
actionation does not plav any more any role and an uneven distribution of isotope

3. Flow Systems (J. FANK, K.-P. SEILER, W. BERG)

3.1. Unsaturated Flow and Water Table

DARCY’s law and the concepts of hyd:
been developed with respect to a saturated
voids are filled with water. It is clear that
near the ground surface, are seldom satur
filled with water, the remainder of the pos
interface to water.
The flow of water under such conditions is termed flow in unsaturated or partially
saturated media. For saturated flow the moisture content is equal to the porosity, for
unsaturated flow moisture content is lower than porosity.

15



The simplest hydrologic configuration of saturated and unsaturated conditions is
that of an unsaturated zone close to the surface and a saturated zone at depth. We com-
monly think of the water table as being the boundary between the two, yet we are
aware that a saturated capillary fringe often exists above the water table. The water
table is best defined as the surface on which the fluid pressure (p) in the pores of a po-
rous medium is exactly atmospheric. If p is measured in gage pressure, then on the water
table p = 0. This implies that the tension head () equals 0, and since h = y + z, the
hydraulic head at any point on the water table must be equal to the elevation z of the
water table at that point.

If y = 0 at the water table, it follows that \ < 0 in the unsaturated zone. This re-
flects the fact that water in the unsaturated zone is held in the soil pores under surface
tension and capillary forces.

Regardless of the sign of vy, the hydraulic head h s still equal to the algebraic sum
of y and z. However, above the water table, where y <0, piezometers are no longer
a suitable instrument for the measurement of h. Instead, h must be obtained indirectly
from measurements of y determined with tensiometers.

The hydraulic conductivity of an unsaturated soil increases with Increasing moisture
content. If we write DARCY’s law for unsaturated flow in the x-direction in an iso-
tropic media as

v = kw2, (1)

[t is worthwile at this point to summarize the properties of the unsaturated zone —
or, as 1t is sometimes called, the zone of aeration or the vadose zone (R. A. FREEZE &
J. A. CHERRY, 1979):

5) The hydraulic conductivity and the moisture content are both functions of the pres-
sure head.

16



3.2. Flow Equation for Transient Unsaturated Flow in Porous Media

Using the equation of continuity for transient unsaturated flow, inserting the
unsaturated form of DARCY’s law, recalling the definition of the specific moisture
capacity C = d0/dy, where 6 ist the moisture content and noting that h = +z, we
obtain

R e N AN

—aw )

Monitoring in the unsaturated zone in this case means to get information about
the time dependent and horizon specific water content and tension head for the
calculation of the unsaturated conductivity. Measuring the flow rate through the
unsaturated zone gives a controlling value for the calculations using the RICHARDS
equation.

3.3. Hydrodynamic Dispersion

the investigation of groundwater flow sy-
ts ability to transport dissolved substances.
artificial tracers, or contaminants. The pro-
1e bulk motion of the flowing groundwater
1, non-reactive solutes are carried at an ave-

according to the advective hydrodynamic
It occurs because of tortuosity of pore can
advection and because of molecular diffusi
solute particles.

Mechanical dispersion is most easily viewed as a microscopic process. On the micro-
scopic scale, dispersion is caused by three mechanisms. The first occurs in individual
pore channels because the molecules travel at the different velocities at different points
across the channel due to the drag exerted on the fluid by the roughness of the pore
surfaces.

The second process is caused by the difference in pore size along the flow paths fol-
lowed by the water molecules. Because of differences in surface area and roughness
relative to the volume of water in individual pore channels, different pore channels have
different bulk fluid velocities.

The third dispersive process is related to the tortuosity, branching, and interfinge-
ring of pore channels. The spreading of the solute in the direction of bulk flow is known
as longitudinal dispersion. Spreading in directions perpendicular to the flow is called
transverse dispersion. Longitudinal dispersion is normally much stronger than lateral
dispersion.

17



3.4. Preferential Flow

18



cracks. Sometimes macropores are created by selective chemical weathering or ero-
sion. These forms are called “soil pipes” and can reach a diameter up to several meters
(K. BEVEN, 1982, K. BEVEN & P. GERMANN, 1982, M. KirBY & ]. WILEY, 1980).

Macropores however do not represent a stable system; they are very sensitive to
influences of various factors like climate/weather, plants, animals, mankind, ... They
can develop in a very short period of time and exist over hundreds of years or be
sealed or clogged during one high intensity rainfall (1. THEURETZBACHER, 1997).

In their work the authors G. A. DIMENT & K. K. WATSON (1985) give a historical
abstract about occurrences of fingered flow during experiments and along with these
they present results of their own studies and their assumptions about the reasons for
the instability of the wetting front:

— increasing saturated hydraulic conductivity with depth,
— infiltration into a fine-over-coarse stratified profile,

— initial water content and its spatial distribution,

— sudden and/or gradual change of capillary potential,

— different compaction.

Of course there are some more like the infiltration rate or the flow rate. Another
interesting fact is, that there seem to be different kinds of fingered flow: some have a
saturated core and an unsaturated domain around the inner part whilst others conti-
nuously reduce saturation downwards.

4. Results from Experimental Sites

During the last five years co-ordinated ATH-research activities have been executed
at different field sites. These sites have been selected according to the climatic and topo-
itative soils and sediments and areas that ty-
water quality. These areas have been inve-
onmental tracers or artificial tracers and in
ditional evaluations have been available. In
been discussed to regionalize local results.

4.1. Berlin Test Site (G. NUTZMANN, W. STICHLER)
For more than cight years phenomena and effects of surface water pollution with

phosphorus because of diffuse sources are studied in Berlin at the Institute of Fresh-
water Ecology and Inland Fisheries (H. LADEMANN & R. POTHIG, 1994, ]. GELBRECHT

quently, there was a need for estimating these
water flow components at the same field test site where chemical investigations are

19



Fig. 4.1: Location map of test site Erpe at Neunenhagener Miihlenfliefs, 25 km to the E of Berlin.
Lageskizze der Erpe-Versuchsfliiche am Neuenbagener Miiblenflief3 ca. 25 km éstlich von Berlin.

20



direction of
groundwater flow

.I .I 30cm .l .l .l
' Il eocom ' T

]| W soom ' " "

] | i] 120em
| tensiometer G 1-4: groundwater wells
l suction cups WS: weather station

I-VE: sampling points

Fig. 4.2: Water sampling points at the test site: WS — rainfall collector, ceramic suction cups in depths
of 30, 60, 90, and 120 cm below soil surface, gronndwater observation wells G4, G3,
Probenabmepunkte auf der Versuchsfliche: WS— Niederschlagssammler, Keramiksangkerzen
in den Tiefen 30, 60, 90 und 120 cm, G4, G3 - Grundwasserbeobachtungsrobre.
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Fig. 4.4: Comparison of normalized bromide concentration breakthrough curves in 30, 60 and 90 cm
depth below the location I1. A and B denote different spatial positions of the suction cups a
location area.

Vergleich normierter Bromiddurchgangskurven in den Ticfen 30, 60 und 90 cm unter dem
Messpunkt 11. A und B bezeichnen verschiedene Anordnungen der Sangsonden auf der Mess-
fléche.

tion point 30/B. Here, a very rapid and steep breakthrough has been observed because
of the fact that the contact between suction cup and soil matrix is not sufficient so that
up occurs. Thus, these data has been ignored

«centration peaks increases from 30-90 cm

could be a sign of preferential flow due to

“the breakthrough curves depend strongly

ions, which was discussed above: there are

centration of the tracer remains approxi-

Residence times and the velocity of water movement through the unsaturated zone
are calculated from these results. The mean residence time belongs to more than three
years and the mean flow velocity was between -3.5 and +3.8 cmd™. Observations in
120 cm depth showed only negligible small tracer signals up to now, and, of course no
bromide was found in the upstream groundwater observation well.

Comparison of measured bromide data at the different locations (I-VI) doesn’t al-
low drawing conclusions about lateral water and tracer fluxes during the experiment.
Until now, at the locations III-VI bromide couldn’t be detected. Due to the hydrau-
lic properties of sediments in the different horizons of the test site classical reasons for
the origin of Jateral flow components do not exist in a theoretical sense (S. KRAUSE,
2000). But because of large differences in hydraulic conductivity during infiltration in
the upper region of soils lateral flow could occur (P. K. ZUIDEMA, 1985).
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Fig. 4.5: Comparison of normalized deuterium concentration breakthrough curves in 30, 60, 90 and

24

120 em depth below the location I1. A stands for the position of suction cups on a transect line
crossing the area of location I1.

Vergleich normierter Deuterinmdurchgangskurven in den Tiefen 30, 60, 90 and 120 cm un-
ter dem Messpunkt I1. A bezeichnet die Position der Saugsonden auf einer T'ransekte quer
iiber die Messfliche I1.



Tab. 4.1: Dispersivity coefficients (@) evaluated for the 30, 60 and 90 cm depths at sampling point 1T
from breakthrough curves.
Dispersivitiitskoeffizienten (o) fiir die Messtiefen 30, 60 und 90 cm, berechnet aus den Durch-
gangskurven am Messpunkt 1.

. Deuterium Bromide
Measuring depth 0y [cm] oy [cm]
30 cm 2.75 0.43
60 cm 55 0.86
90 cm 75 25

To interpret isolated tensiometer and groundwater measurements as a first step a
numerical model was applied based on the code HYDRUS2D (sce J. SIMUNEK et al.,
1996) to simulate unsaturated/saturated water flow during the tracer experiments
(S. KRAUSE, 2000). Results agreed well to measured pressure head patterns and show
a plausible flow component distribution. Next, estimated flow velocities and disper-
sivities resulted from breakthrough curves are used for model predictions of tracer trans-
port based on particle tracking technique (G. NUTZMANN et al., 2001).

The evaluation of the breakthrough curves from the dual tracer experiment at the
Erpe test site leads to the following temporary conclusions:

— Tt was possible to detect the tracer breakthrough of bromide and deuterium at samp-
ling point 11 (the area of application) in depths of 30, 60, 90 and 120 cm. At all other
sampling points in the unsaturated zone tracer breakthrough doesn’t occur, natu-
rally.

— The mean residence time in the unsaturated zone under climatic boundary condi-
tions from March 1999 to December 2000 at the Erpe test site was about three years,
which results from mean flow velocities between —3.5 and +3.8 cmd.

— The results of tracing experiments indicated that preferential flow may be possible
and, together with evapotranspiration they effect water flow and tracer transport
in the upper region of soil.

— Indications of a superposition of different flow components in the unsaturated zone
are shown by the breakthrough curves, but their significance isn’t clear at the mo-
ment.

— For modelling of water and solute transport in the unsaturated zone of the test site
it will be necessary taking into account heterogeneous structures with respect to
hydraulic properties and dispersivity depending on water saturation.

4.2. Test Site Leibnitz, Styria, Austria (J. FANK, W. BERG)

4.2.1. Introduction

Since the beginning of the 90" groundwater recharge mechanism through the un-
saturated zone of shallow phreatic aquifer systems in Austria are investigated in an
intensive way (P. NACHTNEBEL, 1994, ]. FANK & T. HARUM, 1994, E. STENITZER, 1995,
F. FEICHTINGER, 1995, J. FANK, 1999). Water movement and the residence time of per-
colation water in the unsaturated zone depends on the horizon specific water content
and the hydraulic potential. These parameters are depending on meteorological para-
meters, vegetation, land use practices and the characteristic curves of the different com-
partments. Because the measuring of the latter ones in field applications is very diffi-

25



cult, it seems to be necessary to proof the results of hydraulic calculations using tra-
cing experiments. Because bromide has very low concentrations in natural environ-
ments this salt often is used as a tracer. The results of tracing experiments with bro-
mide can be used for the calibration of solute transport models.

The area of investigation, the so called Leibnitzer Feld is situated in the lower Mur

terraces. The soil cover with a thickness b
loamy sands with high field capacities anc
tions (> 100 cm/d) (M. EISENHUT et al., 199
laying loamy and sandy silica cambisoils c:
range of decimetres (Fig. 4.6).

The mean annual precipitation is 949 mm with its maximum in summer and its mini-
mum in winter, the mean annual air temperature comes to 9° C with the maximum
of 19.2° C in July (observation period 1901 to 1980). The groundwater recharge
(200400 mm/y) in the central parts of the Leibnitzer Feld is mainly due to infiltration
of precipitation water, especialll)y to snow melt in February and March.

In 1991 an observation station of infiltration water was constructed. The main pur-
pose of the investigations is to intensify the knowledge of the solute transport processes
on the seepage path through the unsaturated zone depending on meteorological and
soil conditions and the type of agricultural cultivation and to develop land use practi-

Fig. 4.6: Change of thickness of the topsoil within 1 m of hovizontal distance.
Wechsel der Miichtigkeit des Bodens innerhalb einer Horizontaldistanz von 1m.
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ces with reduced impact of fertilizers and pesticides on the shallow groundwater system.
A complete description of the research station, the investigations and their results is
given in J. FANK (1999).

4.2.2. Tracing Experiments Using Bromide at the Research Station Wagna

In spring 1993 a combined tracer experiment has been carried out with the aim of
comparison of infiltration velocities under disturbed and undisturbed soil conditions,
comparison of solute transport and water movement, comparison of the mobility of
the tracers used, comparison with the transport behaviour of contaminants from fer-
tilization and verification of the model conceptions concerning solute transport in the
unsaturated zone.

Suction cups as sampling devices are installed in different depths. Additionally mono-
lithic field lysimeters are accessible for sampling in depths of 0.4, 0.7 and 1.1 m. Small
field lysimeters are installed under disturbed conditions in deeper parts (1.5 and 3 m
below surface) of the unsaturated zone (gravel and sands). An observation well allows
the sampling of groundwater downstream the test area. The groundwater table at mean
water conditions lies in a depth of 4.5 m below surface.

April 14, 1993 was characterized by a long
snow cover. Nevertheless the saturation ot
Jue to the missing precipitation input there
>m. The soil temperatures in all depths indi-
me weeks. The field with maize monoculture
was fallow. At the other field there was the

ges. The amounts of irrigated water (approximately 3040 mm) are corresponding to
a normal summer thunderstorm event.
The results of the evaluation of the brea
zed in tab. 4.2. The code of the sampling sit
M = monolith, W = small field lysimeter w

is case is 4.5 m depth.
sakthrough curves in different depths on the maize
ch station Wagna. The soil water samples from dif-
ferent sampling systems show well comparable concentrations of bromide, depending
on the different residence time in depth. The shape of the tracer curves depend on the
hydro-meteorological boundary conditions: precipitation not used for evapotranspi-
ration causes tracer movement downwards and results in concentration peaks of the
breakthrough curves. During stagnant periods — if there are water samples available
— the concentration of the tracer 1s nearly constant in time.
As a result of the tracing experiment it is possible to calculate residence time and
the velocity of water movement through the unsaturated zone by comparing diffe-
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Fig. 4.7: Comparison of bromide concentration breakihrough curves in different depths (60, 150 and

300 cm below the plot under maize monoculture (fallow at injection time April 14, 1993; . FANK,
1999),

Vergleich der Bromidkonzentrationsdurchgangskurven unter der Maismonokulturparzelle

in unterschiedlichen Messtiefen (60, 150 und 300 cm; Brache zum Zeitpunkt der Einspeisung
am 14. April 1993; J. FANK, 1999).

The evaluation of the breakthrough curves from the tracing experiment at the re-
search station Wagna leads to the following conclusions:

~ It was possible to detect the tracer breakthrough at different sampling sites in the
unsaturated zone and in the groundwater observation well as well. The different
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Tab. 4.3 Residence time and flow velocity of percolating water at the research station Wagna evaluated
from the tracing experiment on April 14, 1993 (J. FANK, 1999)
Verweilzeiten und Sickergeschwindigkeiten im Bereich der Forschungsstation Wagna aus
den Ergebnissen des Markierungsversuches vom 14. April 1993 (]. FANK, 1999).

Sampling Maximum velocity Mean velocity
site [days] [m/y] [days] [m/y]
LSML0o4 1.72 85.12 175.96 0.83
LSMLOo7 1.72 148.96 242.36 1.05
LSML 192.17 2.09 303.43 1.32
LSWLI15 196.75 2.78 372.76 1.47
LSWL30 375.80 291 676.23 1.62
LSMRO04 1.70 85.81 247 47 0.59
LSMRO06 1.70 128.72 249.70 0.88
LSMRO07 1.71 149.80 252.70 1.01
LSWR15 9.14 59.91 294.83 1.86
LSRR 15 197.71 2.77 322.96 1.70
LSWR30 256.90 4.26 528.61 2.07
LSSL11 193.72 2.07 264.36 1.52
LSSR04 375 38.90 182.76 0.80
LSSR0O7 10.90 23.44 217.24 1.18
LSSR11 8.77 45.78 209.68 1.91
1.SSR20 8.79 83.03 265.74 2.75
LSGVL 38.03 14.40 460.49 1.19
LSGVR 1.91 286.17 279.33 1.96
GW 995.99 165 1183.74 139
93.04.01 95.04.01 96.03.31
0
— .50 \ o 55 peak crop rotation
£ —o—center of gravity crop rotation
O, -100
';‘ & X:\ e peak maize
g -150 = m\ —o— center of gravity maize
£ 200 = Groundwater
B 50 N
2
2 300 N
(<}
Q -350
s
-3 -400
[
Q -450
-500

Fig. 48: Velocity of bromide transport in the unsaturated zone of the research station determined from
the tracing experiment on April 14, 1993 (J. FANK, 1999).
Verlagerungsgeschwindigkeit von Bromid in der ungesdttigten Zone im Bereich der For-
schungsstation Wagna als Ergebnis des Markierungsversuches vom 14. April 1993 (]. FANK,
1999).
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sampling devices lead to comparable results, although the different devices showed
different results due to their construction principle.

— The mean residence time in the unsaturated zone under the hydro-metcorological
boundary conditions between spring 1993 and spring 1997 at test site Wagna was
higher than 3 y. That results to a mean flow velocity in the unsaturated zone of ap-
proximately 1.4 m/y. The maximum velocity is 1.65 m/y (residence time more than
25y).

— Theresults of the tracing experiment indicated that there are preferential flow paths
in the upper soil. Some sampling sites showed high velocities in the underlying gravel
and sand as well.

— Infiltration rates and velc
of crops and short fallow ¢
factor for groundwater r

— Allbreakthrough curves
ponents. The superpositic
is clearly visible. For the ir
it will be necessary to dev
of dispersion, diffusion, a
system.

Using the method of J.-P. SAUTY (1977) ]. FANK (1999) st
the dispersivity of different parts of the unsaturated zon
cer transport. The analytical solution of the convection-disy
A. ZUBER, 1970) was the basis to model different componen
calibrating the specific yield. Modelling results were used
of groundwater recharge on small field lysimeters (J. FANK, 1999).

The tracing experiment ¢ as used for validation of the

soil water model SIMW AS] : model STOTRASIM (con-

ed under fields with rotation
soil cultivation is an important

ssition of different flow com-
items with different porosity
sesses in the unsaturated zone
1g into account the processes
ston flow in a multi porosity

cepts of this model see chap. !
surements of groundwater r
for calibration — see fig. 4.9)

lel for nitrate transport (mea-
ation in lysimeters were used
i simulated without any fur-

3 = STOTRASIM MODELLING —— LYSIMETER MEASUREMENT
T
(o]
X | | | f | .
z 4
2 =
~d
1 )
3 J
- p
© 7
Pd
30. Dez 92 1. Jul 93 30. Dez 93 1. Jul 94 30. Dez 94 1. Jul 95 30. Dez 95

Fig. 4.9: Calibration of STOTRASIM (cumulative sum of N-leaching to groundwater) in 1.5 m below
surface on the crop rotation plot.
Modellkalibration STOTRASIM (Summenkurven des N-Austrages ins Grundwassers) in
15 m unter Gelinde auf der Fruchtfolgeparzelle.
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—— modeled tracer breakthrough curve
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Fig. 4.10: Comparison of measured and modelled bromide breakthrongh curves 1.5 m below surface
at the crop rotation plot.
Vergleich zwischen gemessenen und modellierten Bromiddurchbruchskurven in 1.5m Tiefe
unter Geldnde auf der Fruchtfolgeparzelle.

ther calibration, assuming that bromide is taken up by the plants with the water up-
take and assuming no interaction of the tracer with the environment. The result of the
stmulation in comparison to the measured bromide concentration at the small field ly-
simeter LSWL15 (in a depth of 1.5 m below surface) is shown in fig. 4.10.

4.2.3, Preferential Flow in the Unsaturated Zone at Test Site Leibnitz

The evaluation of the bromide tracing experiment at research station Wagna showed
a sharp reaction of the bromide concentration short time after the tracer injection in
the shallowest observation points (Fig. 4.11). At the lysimeters in the soil cover (40 cm,
60 cm and 70 cm below surface) the tracer was detected only a few days after injec-
tion, at the field lysimeters in the gravel and sand (150 cm and 300 cm below surface)
the first appearance of the tracer was detectable approximately two weeks (150 cm)
or some months (300 cm) after tracer m]ectlon

This results led to the conclusion, that in the upper part of the unsaturated zone pre-
ferential flow through macropore systems will happen. A second series of experiments
was started to detect preferential flow in the unsaturated zone of the test area at re-
search station Wagna. A second aim of this experiment was to detect the spatial varia-
bility of the thickness of the soil cover and the different kinds of preferential flow and
their importance for solute transport.

Depending on the different soil types at test field Wagna, resulting from two dif-
ferent maps eight profiles have been located for detailed investigations of preferential
flow in the upper part of the unsaturated zone (Fig. 4.12).

The investigations do not want to provide new modelling techniques. The aims were
to introduce new techniques in visualizing preferential flow (H. THEURETZBACHER,
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Fig. 4.11: Bromide breakthrough curves in different depths (40, 60, 70, 150 and 300 cm below surface)
of the maize monoculture plot at research station Wagna during the first wecks after tracer
injection (April 14, 1993).
Bromiddurchbruchskurven in unterschiedlichen Tiefen (40, 60, 70, 150 und 300 cm unter
Geliinde) der Maismonokulturparzelle der Forschungsstation Wagna wihrend der ersten
Wochen nach der Einspeisung (14, April, 1993).

1997) by using methods of remote sensing and satellite image classification (1. FORRER,
1997) in order to make understanding of bypassflow easier and to show the possible
effects and consequences.

s and bromide which have the disadvantage

- and samples of a soil profile have to be ta-

ther side can easily be seen and samples ta-

d also reduces the work in the laboratory.

xic, whose derivatives are not toxic at any

ailar to that of water and whose solubility

nt Blue FCF, also called Acid Blue 9, FD&C

_ 3for chemical structure). It is produced in

technical grade and food grade and mainly used as a dye in toilet bowl cleaners. Since
Brilliant Blue FCEis used in food many tests concerning its toxicity have been carried
out

The sprinkling apparatus has been constructed by H. THEURETZBACHER (1997) fol-
lowing the descriptions of H. FLUHLER et al. (1994) and its purpose is to irrigate an area
of 1x 1 m as homogeneously as possible. This device is not intended to be a rain-
simulator because it does not account for the size nor the impact speed of the drops.
In order to activate preferential flow the uppermost layer of the soil had to be al-
most saturated because the higher the intensity of the rainfall and the initial water con-
tent and the smaller the infiltration capacity the more water bypasses the matrix. To
achieve these conditions irrigation was carried out with 40 mm, which equals a heavy
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Financal
Soil Type
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I .

Fig. 4.12: Experimental site with the different types of soil and locations of profiles for the detection
of preferential flow system.
Testfliche Wagna mit den unterschiedlichen Bodentypen und den Profilpunkten zur Er-
fassung des preferentiellen Flusses.

rain that occurs once or twice per year in this region. On one day during the field work
we encountered a rainfall with 60 mm in one hour.
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Fig. 4.13: Chemical structure of Brilliant Blue FCF.
Chemische Struktur von Brillant Blan FCF,

excluded from further processing. Additic
ride, nitrate and sulphate were measured i

'The colour negatives were scanned by K
with a resolution of 3072 x 2048 pixels. Th

tions are fitted to these GCPs using least sc
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Fig. 4.14: Original and geometrically corrected image of a soil profile (1 x 1m).
Originalbild und geometrisch entzerrtes Bild eines Bodenprofils (1 x1m).
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of the tracer acquired in the laboratory are linked to the spectral properties of the area
where the specimen had been taken in the field. The algorithms of the GIS then search
for areas with the same or similar properties and generate a new image that shows the
results of this classification (see fig. 4.15 and fig. 4.16).

From the tracing experiments to detect preferential flow at test site Wagna follow-
ing conclusions can be done:

specimens should be frozen rather than o
was not always possible to process the specimens right after the excavations some
of them showed degradation of the dye and therefore were not of any use for further
treatment.
ft aside is the requirement of hardware and
Although the final images need very little
juire a lot of memory and computing time.
east 200 MB per image which leads t0 9.6 GB
e processed.

— Nevertheless the information acquired is very precise and can be used for further
analysis. As mentioned before, one pixel in the image corresponds to one square milli-
meter m nature.

— Thevery high correlation between the concentrations of Brilliant Blue FCF and lithium
bromide shows that this dye can be used for examining the flow paths of water through
the unsaturated zone. The results of H. M. FLUHLER et al. (1994) are very similar.

— The comparison of the profiles reveals enormous heterogeneity and shows that the
flowpaths vary from profile to profile: even if they are separated by 20 cm only.

— These heterogeneities showed clearly that with this scale of observation it is not pos-
sible to derive directly the existence or quantity of preferential flow from the soil
type, because there are a lot of other parameters that have to be taken into account:
such as the distribution of biomass, root density and agricultural land use, but it is

aeter in less than 24 h, at plot 4 even deeper
t velocity for these soils has been calculated
howrs the importance of preferential flow
zhly toxic substances and their occurrence

to a depth of about one meter or more.

— In this context it is also interesting that different types of fingered flow were ob-
served like mentioned by G. A. DIMENT & K. K. WATSON (1985): some had a sa-
turated core and an unsaturated zone around it whilst others continuously reduce
saturation downwards.
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Fig. 4.15: Fingered flow in a sandy soil (1x1m).

Fingerartiges Flieflen in einem sandigen Boden (1x1m).

Fig. 4.16: Waterflow through wormboles in a loamy soil (1 x1m).
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4.3. Matrix and BYpass—Flow in Quaternary and Tertiary Sediments
of the Agricultural Area of Scheyern, outh Germany
(K.-P. SEILER, S. SCHNEIDER)

4.3.1. Introduction

The unsaturated zone between land and groundwater surface seems to have limited
regulatory functions for water discharges as well as the fate of contamimants on the
way to water resources. The main pool of contaminants is the effective root zone n
arable soils. At the interface atmosphere and lithosphere, precipitation produces over-
land flow and partly evapotranspirates. The infiltrating water is either stored or per-
colates to neighbouring compartments as groundwater recharge or as interflow (sce
fig. 4.17). These discharge components transport pollutants either dissolved or carry
it bound on particles (K.-P. SEILER & C. HELLMAIER, 2000), and may exert adverse im-
pacts on ground- and surface waters.

Porous media often exhibit a variety of natural heterogeneities, such as shrinking
cracks, macropores, interaggregate pores and destruction features from humans, ani-
mals and plants. All these structures close to the land surface may affect water and so-
Jute movement at the macroscopic level by creating widely different flow velocities,
often referred to as slow matrix (D. HILLEL, 1971, R. A. FEDDES et al., 1988) and fast
preferential or bypass-flow (D. R. SCOTTER, 1978, K. BEVEN & P. F. GERMANN, 1982,
P. F. GERMANN, 1990, M. Th. VAN GENUCHTEN, 1994). These phenomena have been
studied in structured (K. BEVEN & P. F. GERMANN, 1982) and seemingly homogeneous

infiltration

] o

\

saturated zone :
|

Fig. 4.17: Block diagram of a landscape with the four most important discharge components (evapo-
ration, overland flow, interflow, groundwater recharge).
Blockdiagramm einer Landschaft mit den vier Hauptabflusskomponenten ( Verdunstung,
Oberflichenabfluss, Zwischenabfluss und Grundwassernenbildung).
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Bypass-flow interacts with matrix flow by means of diffusion and incorporation into
the matrix, or produces interflow in hilly terrains. However, it is not well understood:

— how much of the infiltrating water consists of bypass-flow,

— what is its penetration depth according to the type of sediment, its weathering hi-
story, its bioturbation, shrinking and swelling and the intensity of the infiltration
process itself and,

In order to answer some of these questions, several deuterium tracer experiments
were conducted at natural lysimeter installations to analyse and assess different flow
components.

4.3.2. Method of Determination of Bypass-Flow

2I_I/ll_lsample - 2I_I/ll_Ivstd
ZH/ 1Hvstd

whereby negative §-values indicate lower concentrations than the standard and vice
versa.

§H = - 1000 [%o], (4.1)
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Fig. 4.18: Design of a natural lysimeter with suction cups, which were located 3m awary from the shaft
wall in the unsaturated zone. At each depth three suction cups at horizontal distances of
50 cm have been installed in the 30 cm freestanding end of a tubed horizontal borehole.
Skizze eines Naturlysimeters mit Saugkerzen, welche 3 m von der Schachtwand entfernt
in der ungesdttigten Zone situiert sind. In den jeweiligen Messtiefen wurden drei Saugkerzen
im Horizontalabstand von 50 cm am 30 om langen freiliegenden Ende einer verrobrten waag-
rechten Bobrung installiert.

4.3.3. Results on Bypass-Flow and Interflow

Tracer experiments have been performed once at eight sites in Scheyern during the
years 1995 to 1998. These tracer experiments have been observed throughout 34y in
three replicates each depth. Tracing instantaneously the melting snow of areas of
50-100 m? over Loess, sand and gravely sand produced for percolation water a DIRAC
signal along a hydraulic potential plane. Applying the well known advection disper-
sion theory (R. A. FREEZE & J. A. CHERRY, 1979) homogeneous flow transforms the
DIRAC signal into a GAUSSian distribution of the concentrations at defined time steps
throughout the extent of the profile; this, however, has never been observed (Fig. 4.19)
in eight experiments performed in the study area.

The evaluation of tracer breakthrough curves clearly indicates, that flow in the un-
saturated zone is not homogeneous; contrary, a detailed evaluation showed that it is
dominated by different forms of slow matrix flow, and superimposed at the beginning
of the tracer experiments by positive and thereafter by negative peaks in the break-
through curve (Fig. 4.20), which all must be attributed to bypass-flow occurring du-
ring storm events. The observation (Fig. 4.20) and interpretation of deuterium break-
through (W. KAss, 1998) at similar or different depths clearly documents this lack of
homogeneity in the flow.

It becomes evident from breakthrough curves of deuterium experiments that ma-
trix flow ranges at 0.7-1.2 m/y in Loess and Tertiary sands/gravels, respectively. In-
fileration ranged from 150 mm/y in the Loess and at 200 mm/y in the Tertiary sand/gra-
vel site. Contrary to matrix flow, bypass-flow has been evaluated to range between
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Fig. 4.19:
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Fig. 4.20: Breakthrough curves of deuterium, observed by extracting water from the same sampling
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depth through three suction cups 50 cm distant from one another, documenting slow matrix

and fast bypass-flow in Loess.
Durchgangskurven fiir Deuterinm in den von drei in 50 cm Abstinden angelegten Sang-

kerzen gewonnenen Wasserproben; sie zeigen einen langsamen Matrix- und raschen Bypass

Flow im Lofs.



0.7 m/d and 2 m/d in all studied sediments and may approach flow velocities of over-
land flow; it was observed till depths of 1 m in Loess, 1.5 m in Tertiary sands and deeper
than 3 m in Quaternary gravels.

Standard calculations of seepage velocities based on tensiometer- and TDR-obser-
vations from respective installations 5 m distant from water sampling installations do
not allow to differentiate between slow and quick flow. Such a differentiation, how-
ever, was possible through ZH-experiments, if tracer concentrations in the breakthrough
exceed the mean of natural annual 2H-concentrations by at least two orders of mag-

aly minimally to matrix flow at each indi-

of interflow to overland discharge having similar flow velocities and contributing both
to direct runoff.

K.-P. SEILER & D. BAKER (1985) have shown that permeability changes along inter-
faces may favour lateral flow of seepage according to the inclination of the interface
and the differing hydraulic conductivities along it (capillary barrier concept). A tracer
result from the unsaturated zone as compared to the saturated zone is shown in fig. 4.21.

ransform fast seepage flow into fast lateral
iance direct runoff. Most of these interfaces
the environment of formerly glaciated areas,
logy.
1strated on the catchment scale of the study
o o ut 21 % of direct and 75 % of indirect runoff.
Analysing direct discharge using environmental stable isotopes leads to less than 7 %
of flow with weak contact to solid surfaces or stored water and thus equalling to the
environmental isotope or chemical signature of precipitation (overland flow), and more
than 14 % of quick flow was in close contact with solids and reservoirs exceeding by
its water contents the infiltration (interflow); in areas without baseflow this discharge
component equals to the environmental isotope or chemical signature of matrix flow.
The missing 4 % of runoff are within the error bare or may be interpreted as bypass-
flow that joint matrix flow.

The mean annual interflow of more than 14 % varied in between none and over 60 %
of individual infiltration events, and depen
surface as well as on the intensity, duratic
the analysis of a time period of 8 y, only p
overland and interflow, and interflow was
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Fig. 421: Comparison of results of a tracer experiment executed over a river cone through the unsa-
turated zone (hatches area) with a tracer input into groundwater (arrow),
Ergebnisse eines Markierungsversuchs in der ungesittigten Zone (schraffiert) und einem
Tracerinput in das Grundwasser (Pfeil).



which represents in areas without groundwater outflow the mean residence time, was
shorter in the vegetation period (30 d) than during winter season (60 d).

As compared to crops in the study area, mean residence times of interflow were found
to be lowest in grasslands, medium in arable lands and highest in forest areas, and in
all the above mentioned areas seasonal variations were observed.

4.3.4. Conclusions

Since matrix flow is too slow to recognize changes of land use on the groundwater
quality in short times, the analysis of export processes in the effective root zone
(K.-P. SEILER & C. HELLMAIER, 2000) or in the direct runoff deliver quick informa-
tion on both small and large scales of a catchment as compared to respective changes
in the groundwater quality.
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4.4. Experimental Field Site Sinji Vrh (M. VesgLic, B. CENCUR CURK, B. TRCEK)

4.4.1. Introduction

The main goal of the in situ-experimental studies at experimental field site Sinji Vrh
(EFS Sinji Vrh) was the study of flow and solute (pollutant) transport in fractured and
karstified rocks, particularly m the unsaturated zone and its epikarstic zone. These results
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Fig. 4.22: Location of the experimental field site Sinji Vrh (EFS Sinji Vrh).
Lage des Testgebietes Sinji Vrb (TG Sinji Vrh).

were compared with monitoring of the karst aquifer outflow 600 m below the expe-
rimental field site in Hubelj spring. Regionalization of study results could enable us to
determine vulnerability, which is a prerequisite for sustainable groundwater manage-
ment.

4.4.2. Site Description

(NW-SE).
The area was divided according to permeability of their lithological characteristics
7, 1997). Well permeable aquifers with frac-

astimated at about 50 km?.

4.4.3. Field Research Studies

The specific characteristics of fractured and karst aquifers can be understood only
on the basis of integrated results of different research methods. Therefore several rescarch
methods were used at the experimental field site Sinji Vrh and are listed in tab. 4.4.
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Fig. 423: Geologiocal cross-section of Trnovo platean (. JANEZ, 1997).
Geologischer Schnitt durch das Trnovo Platean (J. JANEZ, 1997).

4.4.4. Experimental Design

The experimental field site in the unsaturated zone of fractured and karstified rock
presents a 340 m long artificial research tunnel, 5-25 m below the surface (Fig. 4.24).
The tunnel direction 1s nearly constant running SW-NE (N66°E). The surface is co-
vered with grassland and small beech forests which usually cover outcrops. The un-
saturated fractured and karstified limestone has a negligible matrix porosity and very
high fracture density with some greater conduits (B. CENCUR CURK & M. VESELIC,
1999).

Tracer experiments were performed at the north-western part of the research tunnel,
where the distance to the surface is 10-15 m (Fig. 4.24). An agrometeorological station
(Fig. 