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PREFACE

Life on continents depends on the availability of fresh-water. Hence, preferred sites
for human settlements were situated close to springs, rivers, or shallow groundwater
resources, and it was accepted at the dawn of mankind that the local social and
economic development was limited by the natural available water resources in a
quantity and quality sense; any shortage in the availability of water stimulated
people to migrate.

With the growing earth population and during the industrial age, water availability
reached a new dimension: By technical means, water became everywhere available
by drilling and piping and in more recent times also by low cost desalination
methods. This seemingly ubiquitous water availability let in many areas of the
world to an overexploitation of water resources often with the consequence of a
deterioration of fresh-water quality by salt water intrusions from deep aquifers and
in coastal areas from the sea, or by subsidence, which changed hydraulic properties
of aquifer systems. These adverse developments have always a transient character;
this means the hydraulic system responds with a more or less long delay time till
reaching new steady-state conditions and often create new situations that—when
ever—can only be managed with high costs.

In humid areas of the world, the limiting factor for groundwater development
became mostly water quality, in semi-arid and arid areas, it is both water quantity
and quality. To overcome these problems, safe-yield concepts in terms of water
quantity and water quality have been developed. Simplistically,
• The quantity safe-yield concept is based on the replenishment of

surface/subsurface systems either by natural or artificial (groundwater) recharge;
this concept has not only to consider average inputs and outputs, but also the year
to year meteorological fluctuations, droughts, floods and socio-economic facts.

• The quality concept is based either on the natural, good water quality or on
threshold concentrations to protect health and life of beings and ecosystems.
It is often overlooked that the amount of water extraction, according to the needs

of the urban and industrial, agricultural and recreational development of a region,
changes not only the local water cycle, but can also introduce new boundary condi-
tions for recharge and discharge pathways. This is often also accompanied by a
deterioration of water quality, which cannot be completely governed by respective
water treatment measures. Finally, the local water demand has often been satisfied
by water imports without considering seriously, if such measures exceed the water
drainage and natural attenuation capacity of the respective region and aquifer
system.
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vi PREFACE

A new challenge raises with climate changes, in particular a change in the
precipitation amount and pattern, which will modify the water cycle, specially the
water availability on continents. The groundwater response to such climate changes
will not be instantaneous, but transient; therefore, any prediction on respective
changes in the fresh-water resources will not persuade at present water users,
because negative effects do not appear instantaneously, but it will in a remote time,
when deterioration of water resources already proceeded so far that it may have
become irreversible.

This book focuses on the present global and local water cycle, especially how
precipitation changes water fluxes at the interface atmosphere/lithosphere/biosphere,
within the weathering zone of sediments/rocks and in the subsurface. The detailed
understanding of these processes allow a better estimate and assessment of the
components of the water cycle and a better prediction of the impact of men’s
activities on the water cycle. These facts are documented by some examples from
the main climate zones of the globe. In contrast, this book does not consider the
wide field of fresh-water quality.

Klaus-Peter Seiler
Joel R. Gat
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ABBREVIATIONS AND DIMENSIONS

A Area m2 or km2

BBM Black-box models –
b.g.s. Below ground surface –
C Concentration mg/L or g/m3

dpm Decays per minute –
D′ Dispersion coefficient m2/s
D′

L Longitudinal dispersion
coefficient (x-direction)

m2/s

D′
T Transverse dispersion coefficient

(z- or y-direction)
m2/s

D Specific run-off mm/year or L/(s km2); 1
L/(s km2) = 31,536 mm/a

DG Specific groundwater run-off mm/year or L/(s km2)
DI Specific inter-flow run-off mm/year or L/(s km2)
DM Molecular dispersion m2/s
DO Specific overland-run-off mm/year or L/(s km2)
DT Specific discharge transfer mm/year or L/(s km2)
DSF Specific surface run-off mm/year or L/(s km2)
DM Dispersion Model –
e Vapor pressure mbar
eq. Equation –
EM Exponential Model –
EP Evaporation mm/year or L/(s km2)
ET Evapo-transpiration mm/year or L/(s km2)
g Gravity acceleration m/s2

GMWL Global Meteoric Water Line –
h Height m
h′ Relative humidity – or %
H Hydraulic head at water

saturation
Volumetric related Pa
Weight related m
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x ABBREVIATIONS AND DIMENSIONS

Hc Capillary head m
Hg Gravity head m
Ho Osmotic head m
I Activity concentration Bq/L
IN Infiltration mm/year or L/(s km2)
K Hydraulic conductivity m/s
LAI Leave area index –
LMWL Local Meteoric Water Line –
m Empirical parameter –
M Mass kg
MTT Mean-turn-over-time, day, year

Mean-transit-time
Mean residence time

MTTW Mean-turn-over-time of the water day, year
n Empirical parameter –
N mol/m3

p Pressure mbar
p′ Porosity – or %
pmc Percent modern 14C %
P Precipitation mm/year or L/(s km2)
Pa Pascal kgm−1s−2

PFM Piston Flow Model –
q Specific flow rate m3/(s m2)
Q Discharge/flux m3/s
r Capillary equivalent radius cm
R′ Groundwater recharge mm/year or L/(s km2)
R Isotope ratio, e.g., 2H/1H –
S Storage % or mm/year
S′ Water saturation – or %
Sc Storage coefficient –
Se Effective saturation %
T Time second, hour, day, year
T ′ Thickness m
T0�5 Half live year
T Temperature �C
TBT Tracer break through curve –
TP Transpiration mm/year or L/(s km2)
TU Tritium unit –
WMO World Meteorological –

Organization
vf Filter velocity m3/(m2 year) or m/year
va Apparent flow velocity m/year
VT Total volume m3

VV Void volume m3



ABBREVIATIONS AND DIMENSIONS xi

VW Water volume m3

x, y, z Distances and Cartesian co-ordinates m
� Separation factor –
�∗ Thermodynamic separation factor –
�′ Dispersivity m
� Water-solid contact angle degrees
� Constant parameter –
� Deviation of stable isotope contents

from a standard
%

� (1−�) –
�∗ (1−�∗) –
�′ Tortuosity –
� Decay constant time−1

	 Water content %
	s Water content at saturation %
	fc Water content at field capacity %
	r Residual water content %
	w Water content at wilting point %

 Surface tension g/s2

�W Density of water g/cm3

� Suction
volumetric related hPa
weight related mm

 Hydraulic head as the Sum of
(� +H)
volumetric related Pa
weight related m



DEFINITIONS

Active groundwater recharge zone: Aquifer zone, which hosts groundwater
recharge with mean turnover times of <100years. Groundwater in this zone is also
named shallow groundwater (section 2.4, Fig. 2.10).

Base-flow: Surface discharge fed by groundwater (section 2.3, Fig. 4.3). Under
dry weather conditions, groundwater is the only discharge component in rivers.

Capillary fringe: The capillary fringe is the transition zone from water unsaturated
to water saturated conditions in the subsurface. In it, capillary forces still play a
role, but gravity forces increasingly dominate, when approaching the groundwater
table/surface (section 2.3).

Connate water: Water entrapped in sediments, which was not in contact with the
biosphere since sedimentation time (section 2.4, Fig. 2.11).

Deep groundwater: Groundwater in the passive groundwater recharge zone with
mean turnover times exceeding 100 years (section 2.4), but being by far younger
than connate water (Fig. 2.11).

Direct run-off: Surface run-off, which immediately responds to rain events. Direct
run-off consists of the components overland- and inter-flow (section 2.3).

Discharge: Discharge is made up of the residuals, produced by precipitation in
excess to evapo-transpiration and to water retention in the unsaturated zone. It can
take the form of base-flow, inter-flow or overland-flow (Fig. 4.3).

DOC: Organic carbon in water with particle sizes <0.45 �m (Dissolved Organic
Carbon). In contrast, the sum of all organic matter in water is called Total Organic
Carbon (TOC).

Epizone of consolidated rocks: Zone of decompression and weathering upon
consolidated rocks. The epizone collects infiltration, may create perched ground-
water and distributes the infiltration flux between the flow paths of inter-flow and
groundwater recharge (section 2.3, Fig. 2.7).

Groundwater recharge: Component of infiltration into the subsurface that joins
groundwater through the unsaturated zone, the river bed or lake ground.

Groundwater: Underground water that completely fills the pores of an aquifer,
following only gravity forces. Groundwater discharges to rivers, lakes or directly
to the ocean.

xiii
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Indirect run-off: Surface run-off, which responds delayed to rain events. Base-
flow or groundwater discharge to rivers is synonymous with indirect discharge
(section 2.3, Fig. 4.3).

Infiltration: Infiltration is the process of transition of precipitation or surface
water into the lithosphere; strictly spoken, it describes the process of how the
dimensions of unsaturated flux and storage are influenced by the entry of water
into the lithosphere. Infiltration contributes to inter-flow and groundwater recharge
(section 3.3, Fig. 4.2).

Infiltration capacity: Maximum amount of water that can infiltrate into the
subsurface. Water in excess of the infiltration capacity produces either overland-
flow or excessive ponding at the infiltration surface. Infiltration capacities depend
on actual fabrics and water contents of the sediment.

Inter-flow: Run-off component that follows in the subsurface approximately the
morphology of the landscape (Fig. 4.2) and was in exchange with stored water of
the unsaturated zone, but not necessarily with groundwater (section 3.3). Inter-flow
joins on its flow path surface run-off either directly or mixed with overland-flow.

Overland-flow: Run-off component that did not infiltrate (Fig. 4.2) or infiltration
excess discharge. It follows flow paths along the land surface and joins surface
run-off in rivers (section 3.3).

Passive groundwater recharge zone: Aquifer zone, which hosts groundwater
recharge with mean turnover times of >100 years. Groundwater in this zone is
also named deep groundwater (section 2.4, Fig. 2.11).

Perched groundwater: Local groundwater accumulation upon low hydraulic
conductivity interfaces within the vadose zone; perched groundwater is over- and
underlain by unsaturated zones (section 2.3, Fig. 2.7).

Percolation: Flow in the unsaturated zone. In contrast to groundwater flow,
percolation can follow all directions, even against gravity, because it is driven by
both gravity and capillary gradients (section 2.3).

Regional groundwater: Groundwater of large extent, forming a hydraulic
continuum and discharging close to the water table to local and at depth to distant
receiving rivers (section 2.3).

Run-off: Components of discharge like direct (overland- + inter-flow) and
indirect run-off (base-flow or groundwater discharge), overland-flow, inter-flow,
groundwater recharge (Fig. 4.3).

Saturated zone: Groundwater zone.

Shallow groundwater: Groundwater of the active groundwater recharge zone with
mean turnover times of <100 years (section 2.4, Fig. 2.11).

Surface discharge: Discharge in a river, representing one or a mix of different
run-off components (section 2.3, Fig. 4.3).



DEFINITIONS xv

Unsaturated zone: The unsaturated zone contains water and air with sharp
interfaces, in which flow is governed by both capillary and gravitation forces and
in which most of the time capillary forces are dominant (section 2.3).

Vadose zone: The vadose zone stretches from the ground surface to the regional
groundwater table/surface and consists of maximum three distinguishable elements:
the unsaturated zone, perched groundwater and capillary fringes (section 2.3).



CHAPTER 1

INTRODUCTION

Fresh-water on continents is made up by two-third of ice and one-third of non-
solid water. Groundwater accounts for 96.3% of all non-solid fresh-water resources
(8,000,000 km3), followed by lake water (2.7%), soil water (0.8%), and river water
(0.01%); the rest belongs to atmospheric water vapor. Most lakes are interrelated
with groundwater; more than 45% of the surface discharge of rivers in humid and
semi-arid climates originates from groundwater, whereas in arid (dry-land) and
cold climates surface discharge contributes to groundwater. Hence, this subsurface
resource is associated with altogether 8,300,000 km3 of water. Less than 50% of
this water was recharged within the last 100 years through the present water cycle,
the rest was renewed in the historic and geological past under climate conditions,
which are not precisely known; hence, groundwater hydrology is faced with various
water storage forms and run-off systems, changing with time.

At present, groundwater is the major resource of water supply for about half of
the nations. Approximately 40% of the world’s population uses groundwater and
about 50% of the world’s food production depends on irrigated agriculture linked to
groundwater. During the 20th century, the water demand of human beings increased
6 times while population tripled; it is expected that this trend will continue into the
21st century.

Apart from human needs, water plays an important role in distributing energy and
matter over the globe, in the functioning of ecosystems and in natural attenuation
processes. Fortunately and in contrast to other geological deposits of economic
value, the water cycle results in the renewal of water resources and triggers
together with local or regional, orographic, tectonic, and ocean level settings ground-
water flow. In humid temperate and tropical climates, natural groundwater flow is
mostly at steady-state, in permafrost and arid (dry-land) areas (Lloyd 1980) often
transient. Groundwater management and land use, however, often add a man-made
transient behavior to groundwater flow, which, however, is usually not immediately
discernible.

It is evident from the data on water withdrawal and consumption (Table 1.1)
and water availability (Table 2.2) that in some areas of the globe, water demand
is close to or already exceeds the availability of the present rechargeable water.
Thus, the social and economic welfare depends today and even more in the future

1



2 CHAPTER 1

Table 1.1. Water withdrawal and consumption in the 20th century and the extrapolated
development to the beginning of the 21st century

Withdrawal
(km3)

Consumption
(km3)

Agriculture
(%)

Industry
(%)

Private
sector (%)

Others
(%)

1900 579 331 88.6 7.5 3.7 0.2
1950 1,382 768 78.1 14.8 6.3 0.8
1980 3,174 1,686 66.5 22.5 6.9 4.1
2000 3,975 2,182 65.6 19.5 9.7 5.2
2025 5,236 2,764 60.9 22.3 11.6 5.2

Water consumption is detailed according to the main sectors of water use (UNESCO, 1999).

on rechargeable, treated, and imported water. But all options of water import, if
realized, may have various economic and environmental consequences, which have
not yet been studied in sufficient detail.

In recent years, the possible diminution of water resources as a consequence of
man-made global climate changes is drawing additional attention of the scientific
community. Although the extent of such changes is still difficult to predict, new
strategic approaches have to be developed to provide more flexible answers to both
new and existing challenges.

Groundwater resource development is based on the concept of groundwater
yield, which turns out to be difficult; it has to meet a set of hydrologic, social,
and economic objectives and may be defined as the balance between the benefits
of maximum allowed extraction rates and undesired changes by pumping and
pollution. In this concept groundwater recharge is one important component, which
is mostly determined under special steady-state initial and boundary conditions;
however, groundwater development may change these conditions throughout the
recharge–discharge regime with time. Therefore, the development of sustainable
groundwater management strategies cannot refer to single numbers but needs an
integrated concept within a specific timeframe.

The management of groundwater resources involves, among others, the following
subjects:
• Determination of the range of groundwater recharge with appropriate methods,
• Manipulation of groundwater recharge according to local needs and possibilities,
• Protection of the recharge pathways to safeguard natural attenuation,
• Monitoring aquifer exploitation,
• The development of special control (early warning) systems to recognize, assess,

and prevent groundwater degradation in time.
The paramount importance of the recharge process in this scheme is clear.

Therefore, this book is devoted to groundwater recharge.
Groundwater recharge in humid temperate and tropical climates typically

accounts for more than 10% and in arid (dry-land) areas for less than 5% of
the precipitation; in semi-arid and cold climates the values lie in between these
numbers.
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There are six general approaches to determine groundwater recharge:
• Bulk mass balance methods,
• Methods based on outflow characteristics,
• Mixing approaches,
• Numerical/hydraulic,
• Tracer flux, and
• Mean-transit-time methods.

The precision in determining groundwater recharge depends significantly on
• The conceptual model, based on which percolation has been evaluated,
• The precision in determining the source (precipitation, snowmelt, dew formation,

and infiltration) and loss functions (evapo-transpiration, overland-flow, inter-
flow),

• The time span, to which groundwater recharge refers to.
According to the precision and the time increment for which groundwater

recharge has to be determined, lots of modifications of these six basic approaches
have been established.

The results of these various methods to determine groundwater recharge have
different scale relations. Flux methods, are based on artificial tracing, refer to the
smallest, bulk mass balance methods to the largest scale and inverse calculations as
well as many discharge analysis often deal with an intermediate scale of groundwater
recharge.

In contrast to infiltration, percolation is a rather slow process and both change
with boundary conditions mostly in a non-linear way: therefore, only average values
of groundwater recharge result from most studies. Nowadays, however, there is also
a strong interest to obtain short-term information on infiltration, discharge, and the
storage of subsurface water for agriculture and irrigation planning as well as for
early-warning systems to improve flood control.

Long-term information on the water balance refers mostly to precipitation and
discharge measurements on a catchment scale; this needs a minimum of 10 years
to more than 25 years of observation in humid temperate, respectively tropical and
arid (dry-land) climates. Such long-term observations
• smoothen the short-term variability of precipitation and evapo-transpiration,

which govern the input function of discharge and
• reduce errors related to delayed responses of the subsurface system in connection

with water storage and release and slow percolation velocities.
In developed countries, such long-term observations on discharge and ground-

water level fluctuation exist continuously since the end of the 19th and beginning
of the 20th century and are still operating. In many developing countries and areas
with a small population, such measurements mostly started in the second half of
the 20th century by the initiative of the WMO; however, these observations often
stopped after some years or decades, because of logistic problems. Because of these
circumstances it is important to apply complementary methods, which also act in
support of the long-term observations, that deliver time- and space-integrated infor-
mation on groundwater recharge. For the last 60 years, this was step by step realized
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with artificial and environmental tracer techniques that have been developed since
the 1940s using chlorides (Schoeller, 1941) and environmental isotopes (Münnich,
1968) or analyzing in rivers the hydraulic (Natermann, 1951) or environmental
tracer response (Sklash et al., 1976) to storm events.

Groundwater recharge on continents has an uneven horizontal and vertical
distribution;
• Horizontally, it depends

– on climate and weather trajectories (section 2.2.2),
– transformations of precipitation and air humidity at the interface atmosphere/

biosphere/lithosphere (section 3.2),
– topographic factors and lithology (section 3.3),
– hydraulic interfaces in the effective root zone (section 3.5);

• Vertically, it depends on the depth-related sequence of hydraulic parameters and
the thickness of aquifer systems (section 2.4).
In all climate zones, old (>100 years) and fossil groundwater (>10,000 years)

are more abundant than the presently recharged groundwater (<100 years old);
these old (historic) and fossil groundwater should not be wasted, in order to keep
operational a buffer system for variable natural, man-made recharge, the many
ecological functions of water and emergency situations (Vrba & Verhagen, 2006).

Groundwater recharge can be manipulated by selecting an appropriate vegetation
cover, by forced gradient river-infiltration (section 3.6) and by artificial recharge
through basins, ponds, artificial lakes, and wells (section 3.7).

Both the quality and the quantity of the recharged waters are significantly influ-
enced by the plant cover and land use, especially by irrigation practice, urbanization,
industrialization, traffic, and in more recent times also by the import of blue water
from distant areas.

Considering the above-mentioned general facts, this book intends to
• describe the factors that influence groundwater recharge,
• describe methods to measure groundwater recharge,
• draw attention to possibilities and limitations of manipulation of groundwater

recharge.



CHAPTER 2

THE WATER CYCLE

The lithosphere, oceans and the atmosphere form the largest reservoirs on earth.
The main link between these reservoirs is the hydrological cycle, which provides
fresh-water for humans, continental ecosystem functions, weathering, and sediment
transport and is co-responsible for the temperature equilibration on earth. The
driving force of the water cycle is solar radiation, contributing with an average
of 1024 J/year to water evaporation; for comparison, the European Community
consumes about 7×1019 J/year of energy.

Annually, about 1 km3 of water enters the water cycle from both the earth’s
interior and the space. The escape of water into the space and the return of water
either to the earth’s interior through plate-tectonics or by binding water through the
weathering of feldspars and others (about 0.7 km3/year) are estimated to be of the
same order of magnitude. As compared to the yearly turn over of 577,000 km3 of
water through the water cycle on continents and oceans (Fig. 2.1), uncertainties in
determining this 1 km3 are negligible on a long and short run of time.

2.1. DISTRIBUTION OF WATER ON EARTH

Water on earth accounts for about 1�386 × 109 km3: most of it is liquid, some
occurs as ice and very little is in the form of vapor (about 13,000 km3). Ocean
water constitutes about 97.5 vol.% and fresh-water the remaining 2.5 vol.%. The
distribution pattern of solid, liquid and vapor water is temperature dependent and
accounts for the difference between conditions on earth as compared with other
known planets within the solar system.

Except for sea-ice at the North Pole, all fresh-water is found on the continents:
• 68.9 vol.% is fixed in ice shields, glaciers (27,000,000 km3) and permafrost

(about 300,000 km3, Shiklomanov, 1990); glaciers and perennial snow cover an
area of about 680,000 km2);

• 29.9 vol.% belongs to groundwater,
• 0.9 vol.% to soil moisture and atmospheric water vapor and
• 0.3 vol.% appears as surface water.

5
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< ENDORHEIC > EXORHEIC >
< CONTINENTS < OCEANS >

P 9,000 110,000 44,800 458,000
⇓ ⇓ ⇓
⇓ ⇓ ⇓

⇑ ⇑ ⇑

⇑⇑⇑ ⇑⇑⇑ ⇑⇑⇑ ⇑⇑⇑

⇑ ⇑ ⇑
ET 9,000 65,200 502,800

D 0 44,800

>
<

⇑⇑ ⇑⇑
Figure 2.1. The global water cycle. All numbers in km3 (UNESCO, 1999)

Groundwater represents the most important resource for continental ecosystems.
This is especially not only true for semi-arid and arid areas but also for all rock
formations in other climates with unlimited infiltration capacities (karst, gravels).

On the time scale of a century, the hydrologic water cycle is to a first approxi-
mation balanced; however, on different time scales it appears imbalanced according
to the reservoirs through-flown by the different run-off components. To better
understand the importance of such reservoirs for the fresh-water balance, mean-
turn-over-times (MTT) are considered (Table 2.1). From these it becomes evident
that connate water represents a non-renewable resource within geologic time scales
(section 2.4); in contrast, atmospheric water vapor, shallow groundwater, lakes and
rivers are significantly recharged by the present water cycle. In between renewable
and non-renewable groundwater occurs an intermediate zone, named deep ground-
water by Seiler and Lindner (1995), which received its groundwater recharge in
geologic or historical times and is little fed by the present groundwater recharge.

All glaciers and perennial snow represent these days a long-term water reserve,
contributing to water supply; ice shields do not in the same extent, because they are
too remote from consumers. With global warming they are expected to reduce in

Table 2.1. Average mean-turn-over-times for waters in
different reservoirs

Ocean ∼2,500 years

Cold glaciers >100,000 years
Temperate glaciers <500 years

Connate water >1,000,000 years
Deep groundwater >>100 years
Shallow groundwater <100 years
Lakes ∼15 years

Rivers ∼16 days

Atmospheric water vapor ∼10 days
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volume, which may hide for a long period the real consequences of climate changes
on fresh-water availability in the respective areas (section 6.3).

Continental water resources have an unequal latitude distribution. This is due to
the uneven distribution of solar radiation on earth, the global atmospheric circulation
pattern and its modifications by heat capacities and albedo, the size and topography
of continental masses and interactions between the atmosphere and warm or cold
ocean currents (section 2.2.1).

According to the most recent world water balance (UNESCO, 1999), the yearly
discharge from all continents amounts to 44,800 km3 (Fig. 2.1), and the distribution
of average discharge from the different continents to the oceans is summarized in
Table 2.2. In the time span 1921–1985, discharges did not show a marked tendency
of increase or decrease (UNESCO, 1999); this may either be interpreted in terms of
• Steady-state conditions in the water cycle over this run of time or
• Changes in temperatures, precipitation and evapo-transpiration do not show up

instantaneously, because of long mean residence times in the respective reser-
voirs, hence, of a transient character of discharge.
Based on world population census in 1985, discharges are related in Table 2.2

to the capita of the respective area. These numbers should be assessed relative to
the demand per capita, which approaches
• an average of 1,000–1,500 m3/year (maximum 2,500 m3/year in the USA); this

quantity includes
• about 50 m3/year for the private sector and
• about 5–10 m3/year for survival.

The numbers in Table 2.2, however, do not consider that any use of blue
water produces gray water; empirically, 1 m3 of untreated gray water needs for the
restoration of natural attenuation before reaching the ocean in exorheic or terminal
areas in endorheic systems (Fig. 2.2)
• About 9 m3 of blue water if rejected untreated and
• About 3 m3 of blue water if rejected after physical, chemical and biological

treatment.
The numbers in Table 2.2 show on the average that

Table 2.2. Relative distribution of renewable water resources in world
regions (1921–1985) as related to a discharge of 44,800 km3 and the
availability of rechargeable water in m3 per capita and year (UNESCO,
1999)

Continent Percentage
of discharge

Rechargeable water in
m3/(capita and year)

Asia 31.5 3,920
Europe 6.7 4,200
Africa 9.8 5,720
North America 18.4 17,400
South America 28.0 38,200
Australia and Oceania 5.6 83,700
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Figure 2.2. The influence of morphologic and geologic factors on discharge. 1 = endorheic areas, 2 = ice
melt areas, 3 = permafrost, 4 = mountains, 5 = ice sheets (Starkel, 1995)

• Australia, Oceania and the American continent have a significant excess of fresh-
water,

• Europe, parts of Asia and Africa might soon or already do reach limits in using
rechargeable water of the present water cycle.

• The Near East and North Africa are so short in water recharge that most of
the nations in this area are already over-exploiting their water resources; as an
example Kuwait has only 0.2 m3/(capita and year).
Shortening of available water by means of a non-adapted management or an

excessive demand becomes evident in many parts of the world; the Aral Lake and
the Dead Sea are shrinking in size; since 1972, the Yellow River (China) runs dry
over increasing periods of time a year (Fig. 2.3); water follies are known in North
America (Glennon, 2002) and in many areas of India groundwater levels decline
continuously. Under these circumstances, renewable fresh-water resources can no
longer be considered as a free-of-charge-gift of nature.

2.2. THE CONTINENTAL WATER CYCLE

By means of water quantities, the main present source and sink area of the water
cycle are oceans. No doubt, on a long time scale, the naturally waxing and waning
ice shields and permafrost areas, which exist on earth since the Miocene period,
also act as a significant source and sink term of the water cycle, producing ocean
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Figure 2.3. Days without surface discharge (blanking days) in the Yellow river in the period 1972–2000

level fluctuation of 150–200 m compared with the present ocean level; however,
on a short time scale, this sources or sinks are not too appreciable.

One can distinguish between a continental and an oceanic branch of the water
cycle (Table 2.3, Fig. 2.1), which are interconnected. Most of the water evaporates
over oceans and falls back as precipitation to the ocean; however, 9% (44,800 of
502,800 km3) of the water vapor of the oceanic evaporation joins air humidity
of continental evaporation, precipitates on continents and returns as surface or
subsurface run-off to the oceans (exorheic areas). There is also an endorheic water
cycle branch on continents, which has no outflow to the oceans (endorheic areas,
Fig. 2.2), but operates an intra-continental run-off evaporation mechanisms (such
as the catchments of the Aral Lake, Baikal Lake and Dead Sea).

Strictly speaking, any safe water use in quasi-equilibrium with the present water
cycle is limited to the present run-off, discharging from the continents to the ocean
either as river water or as groundwater. Any potential use of ancient water, stored
in deep aquifers, beneath permafrost or in glaciers as well as of waters, which are

Table 2.3. World water balance (UNESCO, 1999) and the distribution of exorheic
discharge to the oceans

Oceans Exor. areas Endor. areas �

Evapo-transpiration mm/a 1,393 548 300
km3 502,800 65,200 9,000 577,000

Precipitation mm/a 1,269 924 300
km3 458,000 110, 000 9,000 577,000

Discharge mm/a 124 0
km3 – 44,800 0

44,800

Discharge in % of 44,800 km3 into the
Atlantic 46.9
Pacific 29.9
Arctic 11.4
Indic 11.2
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unproductively consumed by evaporation in endorheic areas, must be approached
with caution to ensure that no negative feedback is produced, affecting delicately
balanced ecosystem functions and, hence, may lead to severe supply and ecological
problems on a long run of time.

2.2.1 The Components of the Water Cycle

The motors of the water cycle are evaporation and gravity; evaporation occurs
along ocean and continental surfaces (Fig. 2.4) and is enhanced by the transpiration
of continental plants.

This EP-/ET-flux amounts to:
• Oceans (502,800 km3/year or 1,393 mm/year),
• Exorheic areas of the continents (65,200 km3/year or 548 mm/year),
• Endorheic areas of the continents (9,000 km3/year or 300 mm/year).

Ocean areas with an excess of evaporation are the central and south Atlantic, the
south Indic and the central and south Pacific oceans, all at low latitudes (Fig. 2.4).
Depending on the distribution of land and ocean surfaces, these regions of prefer-
ential evaporation reach up to 40� in the south-hemisphere and to 30–35� in the
north-hemisphere (Fig. 2.4).

The limited availability of water at continental surfaces is the one reason that
the evaporation rate on continents is less than 40% of that on oceans. The other
factor is the low net solar radiation received by the land surface compared with
the ocean surface; this is mainly caused by the albedo—the reflection of solar
radiation – which is only 3–10% for oceans and ranges on continents from 7%

Figure 2.4. Precipitation/evaporation ratios exceeding (+) or remaining below (−) mean global ratio.
Stippled areas: precipitation excess >100 mm/year; dashed areas: evaporation excess >100 mm/year
(Lisitzin, 1971)
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Table 2.4. Albedo of different surfaces without and with vegetation covers (List, 1951)

Surface Albedo in % Surface Albedo in %

Fresh-water lake 6–10 Humic soil, dry 14
Forest, green 3–10 Humic soil, wet 8
Forest, snow covered 10–25 Wheat field 7
Sand, dry 18 Grassland, dry 15–25
Sand, wet 8 Grassland, wet 11–33
Death Valley desert 25 Snow, fresh 80–90
Bare soil 10–20 Snow, old 70

Glacier with few snow 46

The albedo is the ratio of reflected/incoming short wave radiation.

(tropical rain forests) to about 25% (dry, white sands). Some albedo values are
indicated in Table 2.4.

The evaporation (EP) from an open water surface under given environmental
conditions is termed ‘the potential evaporation’ and is a measure of the to-be-
expected EP-flux. The magnitude depends inter-alias on the surface temperature,
which determines together with the saturated vapor pressure at the water surface
the energy supply that balances the cooling of the surface because of a loss of the
latent heat, the humidity gradient across the atmospheric boundary layer and the
turbulent air exchange, related to the wind speed (section 4.1.1).

Evaporation from a land surface is enhanced by transpiration of plants that
pump water from beneath the evaporating front in the subsurface (Fig. 4.30) to be
evaporated at the plant surface. As a result, the ET depends on a combination of
• the energy and moisture balance at a specific surface,
• the aerodynamic conditions, which involve considerations of the effect of the

surface roughness and
• physiological parameters related to the plants.

The best-known energy balance/aerodynamic method to calculate EP
(section 4.1.1) was developed by Penman (1948). Haude (1954) simplified and
Monteith (1965) modified Penman’s formula so as to make it applicable to
vegetation surfaces, by introducing monthly constants for different types of vegeta-
tions (Haude, 1955) (Table 4.5) or by introducing biological and plant aerodynamic
resistance factors, expressing development and respective physiology characteristics
of the vegetation cover (Monteith, 1965). With the Haude (1955) method an ET
close to the present one originates, but reliable data can only be achieved for periods
of months or longer although calculated on the base of daily data. On the contrary,
Monteith (1965) refers predominantly to a potential ET and with some restrictions
can be applied on a daily, better on a weekly base.

On green areas of continents, TP amounts in the vegetation period to more than
65% and evaporation to less than 35% of the total ET; during the cold seasons of
mid- and high latitudes, evaporation accounts more or less only for water losses;
in this cold season also some sublimation from the snow covers can play a role
(Moser & Stichler, 1975; Stichler et al., 2001), albeit very little.
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Precipitation: The average annual vapor content in the atmosphere reaches about
50 mm of water equivalent in-low latitude regions and decreases to less than 5 mm
over high-latitude areas; air humidity generally travels from the warm, low latitudes
to the cold, high latitudes, and precipitates out along this trajectory.

Precipitation is caused by condensation of water vapor when air is cooled below
its dew point. This cooling is caused by the interaction of air masses, by adiabatic
expansion of uplifted air, because of the decrease in atmospheric pressure with
elevation. This process releases heat, which can provide additional energy for a further
rise of air masses, resulting occasionally in convective thunderstorms (section 3.1).

The rising air along the equatorial convergence zone produces the high rainfall
of the tropical areas, whereas the high pressure belt in mid latitudes with its heating
of the descending air by compression lacks relative humidity and is responsible for
the desert areas of North Africa. In contrast, the low relative humidity of the inner
Asian deserts results from continental and topographic effects (Fig. 2.2) on rain-out
of air moisture.

On the continents, annual rainfall exceeds continental ET in exorheic areas,
because ocean evaporation contributes 44,800 km3 to continental precipitation; this
contribution is in equilibrium with the present run-off of fresh-waters to the ocean.

According to the main source areas of excessive marine evaporation (Fig. 2.4)
as well as the mechanisms and influencing factors on rain-out of air humidity
(section 3.1), precipitation is very unevenly distributed on the continents (Fig. 2.5);
this results together with the uneven heat distribution on earth in cold, temperate,
tropical, subtropical and arid (dry-land) climate zones (section 2.2.2); these climate
zones are further subdivided according to the local conditions.

<200 mm 500 - 1000 1000 - 2000 2000 - 3000 >3000 mm200 - 500

Figure 2.5. The global pattern of annual precipitation
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An average of 5% of all precipitation falls as snow and covers over 60–70% of the
surface of the North American and Eurasian landmasses during the winter season;
it melts from end of winter till the early summer, depending on temperatures, the
latitude and the altitude (section 3.1).

Discharge appears in rivers (Fig. 2.6) either as overland-flow, inter-flow or base-
flow or a mix of these components. Continental discharge into the oceans happens
in exorheic areas to more than 90% through rivers and less than 10% by direct
groundwater discharge to the ocean; in endorheic areas discharge is entrapped in
the catchment, vaporizes to the atmosphere and re-precipitates.

Global discharge in exorheic areas amounts to 44.800 km3; in most climate
zones an average of >45% of the annual discharge belongs to the indirect run-off
(groundwater or base-flow), <55% to the direct run-off (section 4.1.2, Table 4.6). In
areas with low infiltration capacities (e.g. crystalline areas) as well as in permafrost
and arid (dry-land) areas, direct run-off recharges groundwater only in special
infiltration sectors.

In many areas of the world run-off exhibits some seasonality. This is caused by
• precipitation variations and intensities,
• changing interception capacities and water contents at the interface

atmosphere/lithosphere/biosphere,
• changing consumption of water by ET,
• temperature-driven melting of snow and ice,
• The duration of wet and dry seasons in low latitudes.

Figure 2.6. The global pattern of annual discharge in cm (Barry, 1969)
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These factors may produce perennial (humid tropical and temperate climates),
seasonal (subtropical, boreal and nival climates) or episodic run-off (arid climates).

It becomes clear from Fig. 2.6 that Australia, Africa, central North America, the
south of South America and large areas of Eurasia belong to low discharge areas
(<20 cm) with an episodic surface run-off.

In some areas of the world, however, there exist poly-zonal rivers with a source
area in wet or cold climates and a downstream sink area in dry-lands. Examples of
such rivers are the Nile, the Yenissey, the Punjab rivers, the Yellow River and others.

2.2.2 Characteristics of Different Climate Zones

There is no unanimous definition of climate, because it comprises different meteo-
rological (climate elements) and land surface characteristics (climate factors);
therefore, climatology has also been named regional meteorology, describing the
annual weather conditions of a macro-area of the globe.

Climate elements are solar radiation, temperature, air pressure, air humidity,
precipitation, wind and evapo-transpiration, which all undergo daily and seasonal
variations. Climate factor enhances or diminishes the expression of climate elements
according to latitudes, altitudes, land-ocean distribution, ocean currents and any
vegetation influence. Both climate elements and factors, however, are only semi-
quantitatively correlated, which makes systematic in climatology crucial.

Climate has a scale relation; one distinguishes between micro- (m2; e.g. room
climate), meso- (small regions; urban climate, canopy climate) and macro-climate
(large region; e.g. equatorial climate). Because hydrology is much more a macro-
and meso-scale science, both meso- and macro-climates are of special interest.

Climatology is a field of geography and meteorology as well. Therefore, many
attempts have been made from both sides to propose a systematic approach. Penck
(1910) based it on water balances, Köppen (1931) on climatologic elements and
geographic factors and Thornthwaite (1943) on the precipitation–evaporation ratio.
Till today, the Köppen (1931) scheme on climate zones seems to be a good approach
although it does not satisfy everywhere.

If the earth was a flat, uniform ball with no differences in albedo, heat storage or
heat conductivity, a very regular distribution of climate belts would have resulted,
which can be characterized by temperatures:
1. Wet tropics with mean annual temperatures exceeding 20�C in the equatorial

zone (0–10�N),
2. Dry-lands with mean annual temperatures exceeding 20�C (11–35�N),
3. Temperate zone with temperatures of 10–20�C over a run of 4 months (36–70�N),
4. Cold climates with mean annual temperatures lower than 10�C (71–80�N) and
5. Polar climates with mean annual temperatures below the freezing point

(81–90�N).
However, because of the different albedo (Table 2.3), as well as heat

storage/conductivity properties of oceans, vegetation covers and land masses,
one further has to distinguish between continental and maritime sub-zones of
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the above-mentioned climate zones. Seasonal temperature amplitudes are low in
maritime and high in continental climates and precipitation is high at coastal areas
and diminishes along weather trajectories with the distance from the coast.

Topography further differentiates these zones into mountain and flat-land sub-
zones, depending on the temperature drop with altitudes (on an average −0�5�C/+
100 m) and the exposition of the area of concern to the incoming solar radiation
and to weather trajectories as well.

In other schemes, only precipitation and rain fall variability is taken as a base of
classification, which results in eight climate zones
1. Equatorial zones with rain all the year round (P/ET >> 1)
2. Tropical zones with dry winters and significant rains in summer (P/ET > 1)
3. Semi-arid zones with dry winter and some rain in summer (P = 250–500 mm/a,

P/ET < 0.5, Table 2.5)
4. Arid zones with sporadic rains in some years (P < 250 mm/a, P/ET < 0.5,

Table 2.5),
5. Dry Mediterranean zones with little precipitation in winter and dry summer

(P/ET < 1),
6. Mediterranean zones with precipitation in winter and dry summers (P/ET ≈ 1).
7. Temperate zones with precipitation all the year round but lower than in equatorial

zones (P/ET > 1)
8. Polar zones with little precipitation, mostly snow all the year long.
In this scheme, zones 1–6 have high rain fall variabilities and with respect to
existing temperatures, the isohyet of 250 mm/a (dry line) is supposed to separate
the semi-arid from the arid climate zone.

As temperature and precipitation characterize directions and kinetics of rock
weathering, and hence, soil formation, climate also expresses in a respective
vegetation cover; therefore, there exists also a climate ecological subdivision, which
seems to be the most comprehensive definition, because it qualitatively includes
temperature, precipitation/humidity and plant cover. From this classification, there
result five climate zones:
1. Tropical climate with rain forests and savannas,
2. Dry climates, in which an extended closed vegetation cover is missing,
3. Warm-temperate climates with leaf and needle forests,
4. Cold climate with a moss and lichen vegetation and
5. Polar climate without vegetation.

Table 2.5. Classification of different forms of aridity
according to a proposal of UNEP (1992)

P/ET ratio Rainfall variability
in % of the average

Hyper-arid <0.05 100
Arid 0.05–0.02 50–100
Semi-arid 0.02–0.5 25–50
Sub-humid 0.5–0.65 <25
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As compared to humid temperate or tropical zones, groundwater recharge in
arid (dry-land) and cold climate zones is sporadic in time and space; in tropical
climates, groundwater recharge is low because of old and very thick weathering
crusts (>>10 m, Fig. 5.1), which reduce infiltration of rain; in contrast, in warm-
or cold-temperate climates, groundwater recharge is significant in unconsolidated
sediments, because of the existence of young and thin soil layers (<1 m); finally,
in polar climates, groundwater recharge is missing or only sporadic, because of
deep-reaching permafrost conditions.

2.3. THE VADOSE ZONE AND ITS WATER BALANCE
FOR DIFFERENT CLIMATE ZONES

The vadose zone stretches from the ground surface to the regional groundwater
table/surface and has up to three different elements (Fig. 2.7):
• The unsaturated zone, in which flow is governed by both capillary and gravitation

forces (section 4.3) and in which most of the time capillary forces are dominant;
• Perched groundwater, which accumulates on very low hydraulic conductivity

interfaces within the vadose zone; it is over- and underlain by an unsaturated zone;
• The capillary fringe on top of groundwater tables.

The flow motor for perched and regional groundwater is gravity; however,
perched groundwater
• follows flow directions of the inclined low permeable interface;
• occurs only locally;
• is thin and feeds in outcrop areas only small springs or wetlands.

In many small catchment areas (<5 km2), surface and subsurface run-off areas
often differ in size and extent and perched groundwater admits groundwater
exchange with neighboring orographic catchments. This makes the establishment

Figure 2.7. Schematic presentation of the structure of the percolation zone in unconsolidated and
consolidated rocks
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of water balances for small catchments crucial, although discharge levels of rivers
in both catchments were at the same altitude (Fig. 4.1, left side).

Above both the perched and the regional groundwater table (Hc = 0 and Hg =
atmospheric, eq. 4.27) a capillary fringe occurs, forming a transition from the
unsaturated to the saturated zone. The capillary fringe is thick in fine and thin in
coarse-grained sediments (Fig. 4.6, section 4.3). After drying out, perched ground-
water does not immediately lose the water content of the capillary fringe; therefore,
it is often observed that water contents in the unsaturated zone do not only differ
according to soil/sediment fabrics but may also express a memory of recently dried
out, perched groundwater.

Drying out of perched groundwater occurs frequently in the epi-zones of consoli-
dated rocks; this epi-zone parallels more or less the ground surface and coincides with
the physical and chemical weathering zone on top of consolidated rocks; it facilitates
and accumulates infiltration and drains perched groundwater laterally according to the
inclination and morphology of its base and vertically if fissures reach into it (Fig. 2.7).

The word seepage is sometimes used for all kinds of subsurface flow, sometimes
for the infiltration process at the atmosphere/lithosphere interface and sometimes
for flow in the unsaturated zone. To avoid any confusion, in this book, flow in the
unsaturated zone is called percolation; it links infiltration with the perched/regional
groundwater table and, hence, generates groundwater recharge and directs inter-flow
to overland-flow or directly to surface discharge. In contrast to groundwater flow,
percolation can follow all directions, even against gravity, because it is driven much
more by capillary gradients than by gravity. This makes percolation different from
groundwater flow; however, both can be quantified applying the same hydraulic
laws of filter flow (section 4.3).

Percolation is initiated by infiltration (section 3.3) and directed by intrinsic
parameters of the unsaturated soils/sediments; such intrinsic parameters are the
hydraulic functions, but also discontinuities of hydraulic conductivities in the vadose
zone, which may both result from geologic, biotic and anthropogenic processes
(section 3.5). As gravity, capillarity and intrinsic parameters modify the speed and
direction of percolation, infiltration often exceeds groundwater recharge, because it
is partially lost by ET or inter-flow.

In the pores of the unsaturated zone, there is a sharp interface between
• Pore-water and air and
• Pore water and solid surfaces.

The ratio surface area of pore water and water volume is in the unsaturated zone
always greater than in the saturated zone; this high ratio favors at the water-air-side
gas exchanges (e.g., with O2 and CO2) and thus enhances chemical reactions or
must be considered in determining water ages through gas tracers (He, 39Ar, 85Kr).
Only the water/solid contact area of an aquifer is the same in the percolation and
groundwater zones.

On the one hand, the slow-down of infiltration to percolation speeds favors
the quantitative development of physical or chemical processes with slow kinetics
much more in the percolation zone than in groundwater. On the other hand, dilution
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of solute matter is less important in the unsaturated than in the saturated zone.
Finally, microbial activities are supposed to be low in the unsaturated zone beneath
soils, because water films provide only thin habitats and organic matter in perco-
lation water is rare, because of mechanical filtering within the percolation zone
(section 5.1.1); in contrast, high Corg contents in rocks stimulate microbial activities
in the vadose zone: thus, geometries of the percolation zone are considered to be
mostly unfavorable for dilution processes and an efficient microbial incubation, but
favorable for any oxidation and slow kinetic sorption processes of solute matters.

From a flux point of view soils, the epi- and unsaturated zone
• determine quantitatively and qualitatively the discharge processes,
• produce different forms and reaches of subsurface run-off (section 3.5),
• influence together with the prevailing climate and morphologic conditions the

physical, chemical and microbial weathering of sediments and the design of
landscapes,

• have a high physical and chemical reaction potential, but very often low microbial
reactivity,

• are responsible for the long-term stability of land surfaces and of constructions.
Hence, the vadose zone beneath soils has a specific regulation function for run-

off generation and water quality, but often limited functions for natural attenuation
processes.

In contrast to groundwater flow, percolation is generally directed perpendicular
to bedding planes, along which significant changes in the hydraulic properties
may occur. As a consequence, flow vectors undergo in the unsaturated zone much
more reflections and refractions along beddings than in the groundwater zone. If
significant changes in hydraulic conductivities also occurred along these interfaces,
percolation may turn from vertical to lateral flow (section 3.5) or in a more advanced
stage produces transient or permanent perched groundwater and thus contributes
to the generation of different subsurface run-off components. Such interfaces may
be of sedimentary origin and then mostly occur without any relation to present
morphologies of a landscape. Others have been produced in the recent geologic past
by weathering, rock dilatation, permafrost, aeolian sedimentation or originate from
anthropogenic activities (section 3.5); all these interfaces parallel morphology.

The generation of run-off components throughout the unsaturated zone depends on
• the hydraulic functions, which change with seasons and even during infiltration

events, and
• the geometry of the above-mentioned interfaces.

Hydraulic functions vary in space and time, because of seasonality of plant
activity, soil cultivation and soil animal activities, and hence, produce together with
changing capillarities and temperature/water interactions unstable sediment fabrics.

In the past, the unsaturated zone was mostly of individual interest for different
disciplines (soil sciences, agriculture, soil mechanics and hydro-geology). Therefore,
processes in it have predominantly been studied from singular scales, rather than
in scale steps. This has improved in recent research efforts. Essential tools to
achieve this change to a more integrated evaluation have been interdisciplinary
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and combined investigations relating to different scales in one studied area; in
this attempt, outstanding tools have been tracer methods and the transfer of tracer
results to hydraulic parameters and mathematical models on flow and transport in
the vadose zone. This combination of hydraulic, tracer and mathematical techniques
enabled to
• cross-check results on water balances, flow and transport in the vadose

zone through independent methods and thus to better adjust conceptual
models,

• receive better quantitative results on homogeneity and heterogeneity of the studied
unsaturated zone,

• better approach groundwater recharge and
• highlight the origin, genesis and the transport potential of run-off components

for solute and particulate matter in the subsurface.
In general, surface run-off triggered by rain events is composed of an immediate,

short-lasting (direct run-off; O-F and I-F in Fig. 4.3) and a delayed, long-lasting
response (indirect run-off; B-F in Fig. 4.3); the latter prevents surface discharge
from drying out over long periods of time.

Both direct and indirect run-off relate to reservoirs with small respectively signif-
icant storage capacities: slow discharge relates to flow velocities of less than meters
per day or year, whereas quick discharge refers to flow velocities of meters per
second or hour. These slow/rapid run-off components are commonly separated
with hydrograph (Naterman, 1951) (section 4.1.2) or tracer techniques (Sklash &
Farvolden, 1979) (section 4.4.2.3). A comparison of the results of both methods,
however, makes evident that both are not equivalent, because
• the hydrograph method analyzes slow and quick run-off responses on rain events

or direct (inter-flow and overland-flow) and indirect run-off (base-flow), and
• tracer methods refer to event and prevent tracer signals.

As inter-flow equals a chemical and isotopic mix of prevent and event water,
tracer methods mostly overestimate the indirect run-off. The combination of both
methodologies, however, allowed approaching a differentiation of the direct run-off
into inter-flow and overland-flow (sections 4.1.2 and 5.1.2).

Both these methods of discharge analysis refer to intermediate scales of catch-
ments and allow elaborating strategies to
• manipulate flow processes in the unsaturated zone,
• improve and protect natural attenuation functions of ecosystems and
• thus contribute to groundwater protection.

In humid temperate and tropical climates, groundwater recharge mostly happens
through areal infiltration (section 3.3). In dry-lands, recharge occurs preferentially
as line infiltration through river beds and as local infiltration through ponds. In all
climates, most efficient recharge takes place through snow and ice melt of temperate
glaciers (section 3.1).

The water balance in the unsaturated zone is triggered by infiltration and becomes
modified by water storage and consumption and the role of hydraulic interfaces
paralleling morphology. In this interaction, water storage close to the surface, e.g.
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within the effective root zone (0.5–1.5 m b.g.s.), plays an important broker role. It
refers (eq. 2.1) to (Fig. 3.2).

IN = �DG +DI�+�S+ �TP +EP� (2.1)

As an average of the year,
• In humid temperate and tropical climates

DG +DI > TP +EP (2.2)

�S < IN

�w << � ≤ �fc

• In semi-arid and arid climates

DG +DI < TP +EP (2.3)

�S ≥ IN

�w = � << �fc�

This classification is based on annual means and becomes modified by randomly
high-intensity rains or by wet seasons of short duration in arid (dry-land) areas as
well as by the way of land use.
• As compared with arable land, forests reduce groundwater recharge and inter-

flow,
• Deforestation in semi-arid areas increases effective precipitation, thus enhancing

infiltration, erosion and groundwater salinization,
• Constructed drainage pattern of urban areas can enhance or completely impede

groundwater recharge,
• Any change of evergreen areas into arable land transforms the effective root

zone from a reducing into an oxidizing chemical environment and enhances the
mobility of nutrients (S, N, P, DOC) and heavy metals, which were both prior
fixed on solid surfaces,

• Reduction of the water content may lead to shrinking of soils and sediments,
with local (compaction) or regional (subsidence) consequences.
In cold climates (section 5.4), water in the unsaturated zone is frozen all or most

of the years, thus forming permafrost conditions at mean annual temperatures of
less than 0�C. Present permafrost covers an area of about 22,000,000 km2 and
occurs predominantly in the north-hemisphere between 60 and 90�, and all of this
permafrost is a relict of ice ages.

During summer, permafrost may partly thaw (wet permafrost) or not (dry
permafrost). Freezing of water in the unsaturated zone generates either a closed
subsurface ice cover or results in the formation of ground-ice (ice pillows) with a
respective drying out of soils around the ground-ice; under favorable conditions, the
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formation of ground-ice becomes visible through structured soil surfaces and
ice wedges.

In the subsurface, seasonal air temperature variations are smoothened progres-
sively with depth (Fig. 3.16) and reach a mean annual subsurface temperature,
which equals the mean annual air temperatures in 1 m above the ground plus 1
or 2�C; at the so-called neutral zone or depth, which is about 15–20 m b.g.s., this
subsurface temperature has zero annual temperature variation. If minus tempera-
tures reach beneath this depth, all percolation water will freeze on the way down
and thus keep the permafrost ice cover closed all the year round. This mechanism
in mind, it becomes difficult to generalize a water balance under permafrost condi-
tions. Independent from any percolation, however, all permafrost areas produce
most of or even all the year round a significant direct discharge, hence,

DDIRECT >> IN� (2.4)

2.4. RECHARGEABLE AND FOSSIL GROUNDWATER
AND WATER EXPLOITATION

Groundwater recharge occurs in all climate zones, albeit at different rates;
• In desert regions there is little groundwater recharge (<5 mm/a), which occurs

very irregularly (Verhagen et al., 1979),
• In semi-arid regions it is <50 mm/a and undergoes large annual fluctuations,
• In humid tropical regions <100 mm and again varies considerable by years,
• In humid temperate regions groundwater recharge is up to 300 mm/a.
• Recent investigations have shown that groundwater recharge occurs also through

permafrost (Michel & Fritz, 1978), but at very low amounts.
Supposing that the measured continental discharge of 44,800 km3 recharged

groundwater resources homogeneously throughout the profile, then a minimum of
mean residence time of 178 years would ensue (8,000,000 km3:44,800 km3); the
smaller the recharge the longer was the mean residence time. This bulk calculation
and assumption is in disagreement with all field observations on hydrochemistry,
isotopes and the occurrence of pollution, in groundwater and thus indicate that flow
in the subsurface cannot be homogeneous throughout the vertical profile.

Groundwater flows in aquifer systems, having particular hydraulic properties. In
unconsolidated aquifers, the hydraulic conductivity and porosity generally decrease
with depth; statistically, hydraulic conductivities of fissured rocks also decrease
with depth. Therefore, groundwater recharge cannot be distributed equally among
all aquifers; to investigate this assumption numerical modeling was performed
(Fig. 2.8):
• With aquifer sequences of different hydraulic conductivities,
• A groundwater movement between an underground water divide (left in Fig. 2.8)

and a stream, which collects all subsurface discharge (right in Fig. 2.8),
• Model dimensions of z = 400m� x = 15� 000 m and y = � m, and
• A groundwater recharge over the entire catchment of 150 mm/year.
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Figure 2.8. The modeling plane for representing the influence of hydraulic conductivity distributions in
rocks upon the distribution of groundwater recharge with depth. A groundwater recharge of 150 mm/a
and no underflow of the receiving stream was assumed. Depth of the model 400 m, length in flow
direction 14,000 m, length perpedicular to flow direction infinite

Results of some hundreds of such numerical scenario simulations, representing
well-known and typical geologic sequences, refer to
• Specifichydraulicconductivity/depthdistributions(Figs.2.9, 2.10 leftcolumn),and
• Lead to turnover quantities of groundwater in the individual layers in percent of

groundwater recharge (Figs. 2.9, 2.10 right columns).
It turns out from this modeling exercise that generally more than 85% of the

recharged groundwater discharges through near-surface layers (active groundwater
recharge zone) and less than 15% of the groundwater recharge reaches deep-lying
aquifers (passive groundwater recharge zone) (Seiler & Lindner, 1995). Related
to this, groundwater in near-surface aquifers is young (<100years) and in deep
aquifers always old (>>100 years) (Fig. 2.10). Both of these zones have been
found to occur worldwide in humid tropical, humid temperate and semi-arid climate
zones. In dry and hyper-dry areas with extended catchments, groundwater recharge
is often of a patchy type and, therefore, it becomes difficult to differentiate between
the active and passive groundwater recharge zone (Fig. 2.11).

In semi-arid regions, the active groundwater recharge zone has a thickness of a
few meters, in humid tropical climates the thickness is typically decameters, and
in humid temperate climates up to 100 m; the thickness depends upon effective
groundwater recharge and the storage and drainage properties of the aquifer system.

The groundwater within the active and passive groundwater recharge zones is
always of meteoric origin. In the active groundwater recharge zone, hydraulic
transient conditions do not play a significant role but in the passive groundwater
recharge zone they often do, when this system is stressed by human, tectonic, or
climate impacts.

The low flow velocities in the passive groundwater recharge zone (<10 m/year)
result in slower leaching speeds than in the active groundwater recharge zone.
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Figure 2.9. Selected examples of hydraulic conductivity series, as frequently occuring in nature (left
columns) and the distribution of the groundwater recharge (in percent of infiltration) upon the individual
layers. G = infiltration, Q = discharge to rivers

Therefore, the chemical composition and concentration of deep groundwater often
differs from shallow groundwater (Richter & Lillich, 1975).

The interface between the active and passive groundwater recharge zone can be
identified by very sudden changes:
• In water ages, hence, in the concentrations of 3H, 39Ar, 14C (Fig. 2.12), as well as
• The chemical composition of groundwater (Fig. 2.12).

Bearing these facts in mind, one can define the boundary between shallow and
deep groundwater with the radioactive, environmental tracer 3H (section 4.4.2.2),
which reaches subsurface water only through infiltration. A tritium naught line
(TNL) can be defined below which the 3H concentrations have fallen to values under
the usual, analytic detection limit (Seiler & Lindner, 1995) of ±0.7 TU. Because
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Figure 2.10. Flow lines (arrows), apparent flow velocities of the groundwater (m/day) and age distribution
(years) in the groundwater (dotted lines) at a certain hydraulic conductivity distribution (m/s) in the aquifer
systems. A. Without, B. with 35% of groundwater exploitation from the passive groundwater recharge zone

3H occurs worldwide in precipitation (Fig. 4.17), the TNL stands for about 50–100
years of water age, is based on a half-life of 3H of 12.34 years and the natural
3H-input. With this approach, groundwater of the active groundwater recharge zone
stands for water younger than 100 years and deep groundwater for groundwater
much older than this.
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As only a shallow portion of the continental groundwater is actively affected by
the present recharge process, the majority of the groundwater belongs to a long-term
reserve (Toth, 1963; Freeze & Witherspoon, 1967; Seiler & Lindner, 1995; Toth,
1995; Alvarado et al., 1996).

The passive groundwater recharge zone is usually several 100 m thick; below
it, occurs the connate or formation water (Engelhardt, 1960) (Fig. 2.11), which
is mostly of non-meteoric origin, generated with the origin of sediments and was
since that time no more in contact with the biosphere. Connate groundwater can
be found at shallow depth below desert areas and several hundred meters below
ground in tropical and humid temperate areas. Hydrocarbon resources entrapped in
special sediment structures are always associated with connate waters.

In contrast to shallow and deep groundwater, which are driven by gravity forces,
flow of connate water is driven by sediment compaction, pressure changes because
of tectonic deformations, thermal and geochemical convection, molecular diffusion,
and osmotic processes. The interaction of connate waters with the rechargeable part
of the hydrological cycle occurs by slow upward flow and mostly as an admixture
to thermal and mineral springs in areas with tectonically deep-reaching dilatation
elements like in the bordering zones of tectonic blocks, horsts and grabens; it
manifests itself in salinization and temperature increase in fresh-water.

This recharge-related stratification of the subsurface water into an active, passive,
and connate water zone dictates the susceptibility of subsurface water for contami-
nants, entering the system with the groundwater recharge. Pollution has
• easy access to the active groundwater recharge zone,
• little access to the passive groundwater recharge zone within sustainable intervals

of time, and
• no access to connate water except by molecular diffusion.

As a consequence of the above considerations, which have been confirmed by
field investigations (Andres & Egger, 1985; Seiler & Lindner, 1995; Alvarado
et al., 1996; Ghergut et al., 2001; H. Raanan, Ben Gurion University – personal
communication), effective groundwater recharge diminishes with depth. If this
depth-related distribution of groundwater recharge is not considered in deep ground-
water exploitation, then significant and on a long run transient changes in the
groundwater flow field appear (Seiler & Lindner, 1995; Vrba & Verhagen, 2006).

The development of water supply in the last 150 years went from springs over
shallow wells to deep wells (>100 m), penetrating into the passive groundwater
recharge zone. Deepening of wells provides large dilution volumes but does not
solve water pollution problems on a long run of time. On the contrary, missing
groundwater protection measures will end after years or centuries in a discernible
pollution situation of the passive groundwater recharge zone, according to the depths
and quantities of exploitation (Ghergut et al., 2001).

As a consequence of these findings, drilling of wells should not only consider the
hydraulic conductivities of aquifers but also recognize differences in the immediate
groundwater availability within the active and passive groundwater recharge zone.
Very often groundwater abstraction from the passive groundwater recharge zone
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is not based on the low, depth-related groundwater recharge (<15%), but on the
calculated all-over groundwater recharge for the entire catchment. The consequence
of such groundwater exploitation from deep layers was also calculated in scenarios
(Fig. 2.10). Thereby, it was shown that such exploitation would lead to hydraulic
short cuts between the different aquifers, if the groundwater abstraction is higher
than the aquifer or depth-related groundwater recharge; hence, the resulting ground-
water deficit must be compensated (Einsele et al., 1987) by flux contributions from
adjacent aquifers. This compensation process reaches equilibrium only after years
to decades or centuries, thus keeping the hydrodynamic system for a long run of
time under transient conditions.

In most desert areas of the world, former exorheic discharge systems from
pluvial times changed to endorheic systems under present climate conditions. This
transformation diminished the thickness of the active groundwater recharge zone
and leads to a change from small to large catchment areas. Today, in many semiarid
and arid zones, an overexploitation of groundwater resources overshadows the
natural transformations of catchment sizes and extent.

2.5. THE PLACE OF RECHARGE IN THE WATER CYCLE

The earth crust is composed of 95 vol.% of crystalline and 5 vol.% of sedimentary
rocks; in contrast, at the continental surface 75% sedimentary and 25% crystalline
rocks crop out. As sediments favor groundwater recharge and storage much more than
crystalline rocks, there isaprettyhighaveragepotentialof infiltrationon thecontinents.

As a golden rule in water management, the availability of water resources for
human beings and ecosystems should not exceed the excess water (P-ET) in the
continental water cycle, draining to oceans; in the special case of groundwater
exploitation for water supply, it should not exceed the average groundwater recharge
or unproductive water losses in dry-lands by evaporation. All continuous water use
in excess of groundwater recharge or unproductive groundwater losses are called
water mining or overexploitation and leads on a long run of time to
• a regional water table decline,
• ecological,
• soil fertility,
• hygienic and
• soil/rock mechanic problems.

To avoid groundwater mining, which is often met in dry-lands and urbanized
areas, the following options exist:
• Store surface run-off,
• Enhance groundwater recharge by forced infiltration,
• Transfer water over long distances to water scarce areas,
• Desalinate ocean or brackish water, or
• Recycle treated gray water.

The latter two methods produce soluble wastes and are energy consuming. All
these methods may locally contribute to changes of the
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• Natural water storage in the subsurface and
• Water availability for ecosystem functions;
although many facets of the consequences of such actions are well known from
special areas of the world (e.g., Punjab, Lake Maracaybo, China, India, and Mexico
City), they have not yet been studied in an integrative way.

Both groundwater recharge and orographic, tectonic, and sea-level settings
are driving forces of groundwater flow. However, there exists an outstanding
difference between groundwater run-off in humid temperate/tropical and semi-
arid/arid, permafrost climates:
• Areas with high groundwater recharge (>50 mm/a) are essentially split into

small-sized sub-catchments; natural discharge is mostly of the exorheic type and
at steady-state;

• On the contrary, cold, semi-arid, and arid areas with low groundwater recharge
(<50 mm/a) have catchment areas of >1,000 km2, which are not subdivided into
sub-catchments and discharge often ends in terminal areas (endorheic discharge)
and may have a high percentage of transient components.
Small recharge rates in dry and cold areas, however, sum up to high groundwater

discharges at the outlet of extended catchment areas; to assess such discharges
reliably, it is very important for dry-lands to elaborate a good estimate of ground-
water recharge.

River discharge on continents does not always reflect the amount of present,
average groundwater recharge; in most arid and some semi-arid areas, it often
includes a transient component, dating back to groundwater recharge from historic
(100 < t < 10� 000 years) or geologic times (>10,000 years). Because only
renewable water resources contribute on a long run of time to sustainability of
health and life in ecosystems, it is important to determine the present and past
recharge with high precision (section 4.1.2, 4.1.3, 4.2, 4.4.2, and 4.4.3) as well as on
different scales and to asses these results with observed discharges of catchments.

Flow in the active recharge zone is slow in porous and to a specific percentage
(60–70%) also in fissured and karst media. Apparent flow velocities are in the
range of
• few centimeters to meters per year in the unsaturated zone (section 4.4.3),
• less than decameters per day in near surface groundwater (Fig. 2.10), and
• less than few meters per year in deep groundwater (Fig. 2.10).
Hence, they always produce in the subsurface a delay time before re-appearing
at the surface. This delay time smoothens yearly variations of the intensity of
groundwater recharge because of variations in precipitation and, to a minor extent,
also to evapo-transpiration; this makes groundwater more continuously available
for exploitation than the collection and surface storage of rain-fall, provided wells
are appropriate positioned, constructed, and managed.

The delayed run-off of groundwater recharge enhances natural attenuation
processes in the subsurface and thus contributes significantly to subsurface water
quality.
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• Surface run-off offers easy access to contaminants; it has an abundant biomass
and bioactivity of all animal and plant sizes; here, phototropic processes dominate
and oxygen is abundantly available for oxidation processes, because O2 can easily
be replaced by gas exchanges between water surfaces and the air or becomes
enhanced when surface flow turns from laminar into turbulent. However, in
rivers, mean residence times (Table 2.1) are short and dilution is not strong
because of a weak transverse dispersion.

• In contrast, ground- and percolation water have low biomasses and bioactivities
by habitat reasons (small pore and fissure sizes), low water contents and flow
velocities and hence, low potential nutrient exchange between water and biofilms.
As the physical solubility of O2 in water is limited (about 10 mg/L at 10�C and
decreasing with increasing temperature), chemotropic processes dominate in the
subsurface. Furthermore, strong transverse dilution, high residence times, and the
ratio of sediment surface/water volume favor in the subsurface metabolisation
processes. Such attenuation processes are supposed to be quite efficient in the
subsurface, but still are not yet well understood.
In between rivers and groundwater, lakes play an intermediate ecologic role.

They are mostly interrelated with groundwater, are often simultaneously through-
flown by rivers, and have a significant biomass and bioactivity coupled with long
turnover times (Table 2.1).
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MECHANISMS AND PROCESSES OF RECHARGE

The groundwater recharge flux is the residuum of the infiltration flux after
accounting for water storage, losses by evapo-transpiration and of inter-flow in
the percolation zone; it enters groundwater through the capillary fringe and the
groundwater table.

Precipitation, run-off, and evaporation are the main characteristics of the water
cycle all over the world; on continents transpiration, surface and subsurface run-
off as well as storage appear as additional elements. The transformation from the
input (precipitation) to the output quantities (evapo-transpiration, overland-flow,
inter-flow, and groundwater recharge) on continents is schematically shown in
Fig. 3.1 and is detailed in the following paragraphs of this chapter. This scheme is
a simplification of reality, because it represents only main processes and neglects
all interferences, which modify real fluxes.

The transformation scheme in Fig. 3.1 has a special climate association shown
by the broken, horizontal line. In arid and cold climates the run-off is characterized
by quick discharge (direct run-off) and in semi-arid, humid tropical and temperate
climates mostly by slow discharge (indirect run-off).

As precipitation falls to the ground and produces run-off, discharge passage
through the terrestrial environment depends on
• Characteristics of the precipitation event, like specific rain amounts and durations,
• Properties of the atmosphere/biosphere/lithosphere interface,
• Size and antecedent moisture contents of the reservoirs, reached by precipitation.

All these factors affect the widely different residence time of the run-off compo-
nents in the respective reservoirs.

Quality changes of water occur from the formation of precipitation in clouds to
the outflow of a terrestrial reservoir. Main factors of these quality changes are
• rain-out, wash-out, and re-evaporation in the atmosphere,
• transformations at the interface atmosphere/lithosphere/biosphere by interception,

evaporation, and biological processes and
• Water/rock interactions.

31
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Figure 3.1. Transformations of the input (dark grey) to the output (medium grey) in the continental
water cycle. Transformation paths above the broken line are dominant in arid and cold climates. Light
grey: main transformation compartments

3.1. THE INPUT: PRECIPITATION AND SNOWMELT

The main input to the continental water cycle comes from rain (about 95%), followed
by snow (about 4%) and the melting of glaciers. Compared to these components,
the contribution of dew to the input is small, except perhaps during the transition
periods in areas above the regional condensation altitude (section 3.2) or in desert
regions under clear winter sky.

Precipitation is generated when warm and humid air masses
• slide up onto cold air masses as frontal or depressional precipitation,
• up-drift vertically, cooling adiabatically and condensing rapidly, forming heavy

rain or hail (convective precipitation),
• ascend along high-altitude landscapes, thus cooling and forming the so-called

advective or orographic precipitation.
During the fall of raindrops from the cloud base to the ground precipitation

undergoes some evaporation, which under low air humidity conditions can result in
the loss of all or most rain by evaporation. Such a process explains the occurrence
of steppe vegetation of low-altitude valley floors in the midst of the Himalaya or
the evaporative signature in the stable isotope composition of groundwater in North
African deserts (Gonfiantini et al., 1974; Fontes et al., 1986; Guendouz et al., 2003).

Depressional or frontal rainfall occurs widespread and generally is of weak or
medium intensity; orographic rainfalls are often medium in low altitudes and less
intensive in high altitudes. In contrast, convective rainfall tends to be local, strong,
and of short duration; it occurs frequently in tropical and arid (dry-land) zones, less
frequent in other climates.
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Rain events are classified according to their intensities as
• weak with <2.5 mm/h,
• medium with 2.6–7.5 mm/h, and
• strong with >7.6 mm/h.

Strong rain showers contribute often more to overland-flow than to infiltration; in
contrast, medium and in particular weak but continuous rainfalls favor infiltration.
During many rain events, rain intensities often change from weak at the beginning
of the shower to medium in the middle, petering out to weak ones toward the
end of the rain event. This is reflected in stable isotope (Fig. 4.25) and solute
concentrations in rains.

Rain intensities, frequencies, and spatial distributions are rather variable in arid,
semi-arid areas, and to some extent also in the tropics. They are less variable under
polar, cold, and temperate climates; therefore, in tropical, arid, and semi-arid areas,
it is more difficult than in other climates to quantify the yearly average hydrological
input to determining mean regional groundwater recharge. One finds that in temperate
and polar regions averaging of inputs can be made over a period of 10 years, whereas
as much as 20 years may be necessary in arid, semi-arid, and tropical climates; hence,
it is evident that the transformation of local precipitation data to the catchment scale is
easier to perform in polar and temperate than in all other climates.

Precipitation has an uneven global distribution, depending on wind systems,
transporting water vapor up and down through the atmosphere, and regional factors
such as mountains, heating and cooling areas, influencing condensation of water
vapor. High precipitation rates on continents occur only in humid temperate and
tropical zones; in all other warm and cold climates precipitation is scarce.

Local enhanced fluxes or local changes in the roughness parameters of the land
surface can increase the updraft of even relatively stable air masses, resulting in
cloud formation and precipitation. The so-called urban heat-island effect is one
such manifestation. Cloud seeding by industrial emissions is another way to change
precipitation locally.

Usually, precipitation is measured at a given point by rain samplers and in special
cases in an integrated form over large areas by means of calibrated weather radar.
The precision of such radar measurements for rain and snow is at best 15%.

In arid, semi-arid, and tropical climates as well as in areas characterized by
high relief energy, lots of measurement points are needed to evaluate the temporal
and areal variability of the precipitation cluster and thus to get a representative
catchment input from local measurements.

To transfer point precipitation measurements into the catchment scale, a net of
precipitation samplers of the same recipient surface (mostly 200 cm2) and instal-
lation mode (1 m above floor in a homogeneous open aerodynamic field) are
imperative. From an orographic point of view, it can be stated that
• if a sufficient number of precipitation samplers exists in hilly catchments, the

arithmetic mean of all measurements can be considered as representative,
• if the number of samplers is limited, the polygon method is practiced (Thiessen,

1911; Horton, 1923), and
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• if the catchment is mountainous, the isohyet integration method applies
(UNESCO-WMO, 1977).
Rains of less than 4 mm/day are mostly completely absorbed by dry biologic

and soil/sediment receptors. Rains exceeding 4 mm/day generally contribute to a
discharge response in rivers and creeks, but no overall proportionality exists between
inputs and outputs. For example, it has been reported from temperate climates that
summer rains produce higher discharge peaks with short discharge duration than
winter rains do (section 4.12).

All observations on non-linearity and low correlation coefficients in
rain/discharge approaches can be related to the preconditioned hydraulic properties
of the receptor surfaces and intrinsic sediment fabrics:
• Dry surfaces oppose matrix infiltration and favor overland and preferential flow,

because of high surface tensions, which, however disappear after a sufficient
wetting of the solid surfaces.

• Soil/sediment surfaces are often reduced in infiltration capacities by capillary
compaction or shrinking, fine dust, chemical and microbial crusts, which must
first be widened, respectively removed, to enhance infiltration.
Thus, infiltration varies often in space and time during one single rain event.
All these transient influences make the detailed input/output analysis difficult;

the averaged long-term behavior of discharge systems can be well approached with
bulk assumptions and the short behavior with stochastic tools.

In humid areas the top soil is wet most of the year, in arid (dry-land) areas it
is bone dry, because of intensive evaporation over a long run of time. The depth
to which the evaporation reaches down depends on the pore size distribution and
the time span lapsed since last wetting; the evaporating front or wet/dry interface
(Fig. 4.30) descends at rates of <0.2 m/day under dry and less under humid climates.
In sand dunes of hyper-arid areas desiccation depth can reach down some meters,
in clays without shrinking cracks some decimeters and with shrinking cracks some
meters down too. Drying of soils/sediments by evaporation is significantly enhanced
by the transpiration activity of plants (Table 3.1). One percent of water taken up by
plant roots are incorporated by plant cells, 99% pass through the plant and evade
to the atmosphere. One hectare of growing vegetation can transpire as much as
90,000 L/day or 9 mm/day

On continents, snow and glaciers constitute extended reservoirs (Kotlyakov,
1997), which undergo only little sublimation losses at temperatures below the
melting point. Snowmelt depends ultimately on the radiation balance of the cover
itself or on heat gains and losses. The snow cover acts as an isolation during both
the cold and snowmelt season and also acts as a mixing reservoir, because the
out-melt follows a process of repeated melting and freezing within the same snow
cover. Thus, any snow cover keeps infiltration capacities high and slows down
infiltration velocities.

According to low or high altitudes and the increasing horizontal and vertical
warming of the atmosphere from the cold to the warm season snowmelt discharge
appears with a short or long delay time a year. As mountain areas with snow
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Table 3.1. Transpiration of plants in liters
to produce 1kg of dry mass

Plant L/kg dry mass

Oak 340
Birch 320
Spruce 300
Larch 260
Pine 230
Beech 170
Douglas fir 170
Soja >700
Pumpkien >700
Pea, beans 700
Rice 680
Potatoes 640
Rye 630
Sunflower 600
Wheat 540
Barley 520
Millet 250

and glaciers are presently the most important water towers of continents, they
are important components for the groundwater recharge in the non-rainy or high-
evaporation period of the year. A compilation of altitudes on earth is shown in
Fig. 3.2.

Diminished by water retention on receptors and storage in the subsurface, rain
events generate much direct run-off; in contrast, melting snow covers contribute
preferentially to indirect run-off. Furthermore, snow covers act as a filter for air
pollution, thus creating a contamination source for groundwater (section 3.2), which
can lead to acid spills in spring times, when rain and snowmelt occur simultaneously.
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Figure 3.2. Summed up altitudes on continents
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Melting of glaciers and snow produces a temperature-driven discharge, delaying
winter discharge according to the altitude of the snow and ice cover; therefore,
mountain areas often act as natural water reservoirs, favoring the availability of
water in the dry or ET-excess season. Mountain discharges play an important role
for groundwater recharge in about 80% of all semi-arid and arid areas (e.g., Punjab,
North Africa, west coast of the Americas, and many Inner Asian deserts) and in
about 45% of all humid areas of the world; all the big rivers of the world receive
more or less significant amounts of this temperature governed run-off. The delay
and time span of mountain water run-off, contributing to the foreland, depends on
the amount of snow, extent of glaciers, the altitude range of the mountains, and
the potential of river bed infiltration within the mountain area and its immediate
foreland; discharge delay of winter precipitation may last from beginning of spring
till the early summer (Fig. 3.3).

During low groundwater recharge seasons, temperature-driven discharges enhance
river fan and river-infiltration respectively point and linear groundwater recharge. The
river discharge during the dry season can also be used favorably to increase ground-
water recharge by forced river-infiltration or artificial water ponding.

In continuous discharge registrations, snowmelt produces close to the melting
source
• a regular daily up and down of discharge with a time shift related to the mean

flow velocity of water and the distance of the gauge station from the melting
snow plot, and

• daily amplitudes according to the duration and intensity of solar insolation to the
snow cover.
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Figure 3.3. Time series of �18O for the Danube at Ulm (upper reach without the influence of Alpine
discharges) and Vienna (central reach with an Alpine discharge influence) and trend curves for �18O,
calculated using 12-month moving average (Rank et al., 1998)
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Because the input function of natural tracers into discharge is less variable from
melting snow covers than from rain events and because discharge is proportional
to the melt intensity, the tracer input signal of snowmelt has often been used for
tracer-based discharge and recharge analysis (section 4.4.2.3).

During the second half of the 20th century, many dams have been constructed
world wide to govern the discharge characteristic of individual catchment areas
according to the local water demand in the low reach of the dam; today about
one-third of continental discharge (about 15,000 km3) is regulated by dams. Water
stored by dams suffers 3–4 times more evaporation than water stored in snow
and glaciers; therefore, melting snow and glaciers are from efficiency, not from
a management point of view, so valuable for water availability in water-scarce
areas. However, the more glacier melt intervenes, the less the present discharge
process reflects the present precipitation-discharge balance, because ice masses of
temperate glaciers are several hundred and ice masses of cold glaciers even many
thousand years old; as compared to these ages, traditional water balances refer only
to input–output relations of at least 10–30 years.

3.2. WET AND DRY DEPOSITION AT THE INTERFACE
ATMOSPHERE/LITHOSPHERE/BIOSPHERE

The role of plants for groundwater recharge is important from a quantity (Table 3.1)
and quality point of view (this chapter).
• Plants influence the albedo, hence, ET through the heat balance. Forests have a

lower reflectivity of solar radiation (albedo) than grass lands; it has been reported
that grass lands reflect 26%, oak woods 15%, and pine forests 10–15% of incident
radiation. The lower the albedo the higher is the energy available for evaporation.

• Both the roughness of the canopy surface and the leaf area index (LAI) influence
– the stored amount of precipitation by interception, which re-evaporates, hence,

reduces effective precipitation for infiltration,
– the deposition of air moisture on plant surfaces, which can precondition canopy

discharge, and
– favors the deposition of chemicals, which remain as residuals of evaporation

or which sediment from fall-out on receptors and later become leached by
rains.

• Plant metabolism makes plant surfaces, especially leaves, to sink and source
areas of chemicals. Plants take transpiration water in humid and semi-arid areas
from the effective root zone (0.5–1.5 m b.g.s.), in desert areas typically from 4
to 6 m b.g.s. and most trees are deeper rooted than other forms of vegetation,
hence, transpire much more percolation water than shallow rooting plants do.

• Forests decrease much more than crops stream peak flow, the discharge volume
as well as the amount of infiltration, because of the higher specific receptor
surface than crops.
Thus, plant covers trigger the heat balance, increase or decrease discharge

(Table 3.2), retard run-off, and diminish the energy impact of rain drops on
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Table 3.2. Annual means of discharge and evapo-transpiration from a forested
and deforested area in mid-latitudes (Baumgartner & Reichel, 1975)

Forested Deforested

Precipitation 100 100
Evapotranspiration 52 42
Discharge 48 58

Evapotranspiration 100 100
Surface evaporation 29 62
Interception evaporation 26 15
Transpiration 45 23

All data in percent of precipitation (upper three lines), respectively of evapo-
transpiration (lower four lines).

soils/sediments, so reducing the erosion potential of direct run-off, especially
overland flow. From these facts, it becomes very clear that land use impacts signif-
icantly run-off processes.

There was a debate as to how much forests increase the amount of precipitation.
Although forest may affect precipitation distribution, there is no clear evidence
that they alter the total amount of precipitation in a region. There exists, however,
a substantial increase of precipitation in forests by fog drip in areas above the
regional condensation level. In Central Europe, this condensation level rises from
the coast to the continental interior from about 500 m a.s.l. to more than 700 m a.s.l.
and areas with a regional condensation level above 700 m a.s.l. may receive at an
altitude of 900 m a.s.l. in summer 8% and in fall even 30% of dew as compared
with the open area precipitation (Grunow, 1965).

In some areas of the world the replacement of the native tree vegetation by
pasture, crop land (e.g., Australia, South Africa, and North America) or bare land
(Mediterranean areas) increased groundwater recharge by one to two orders of
magnitude and simultaneously enhanced both water (e.g., Mediterranean) and wind
erosion (e.g., Middle West of North America). Because of the low percolation
velocities (section 3.4), such changes have often been noticed late, hence, initiation
of appropriate protection and remediation measures started too late.

The interface atmosphere/lithosphere/biosphere plays an important role on water,
particulate as well as solute matter fluxes; here, the atmospheric input becomes
• selectively distributed on separated surface and subsurface pathways (Fig. 3.1),
• retarded and stored,
• The signals of isotopes of the water molecule get sometimes lost by total evapo-

ration of intercepted water,
• Chemical enrichment of solute matter by evaporation is typical, and
• Chemical reactions occur along this interface.

Thus, after the atmospheric pathway of precipitation (section 3.1), discharge is
labeled at this interface with specific chemical, isotope, and microbial fingerprints.
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With day/night, seasonal cycles, and plant growth, the intensity of the interaction
between plants and the atmosphere has a pronounced seasonal character. The larger
the specific surface of the plant cover, the stronger is this transformation process
and seasonality.

The transformation process at the atmosphere/lithosphere interface on water and
matter fluxes is significant, but not as pronounced as on plant surfaces; however,
more important are water/rock interactions in the subsurface, the intensity of which
is depending on
• the reactivity of the water,
• pedologic, mineral, and physical properties of soils and sediments,
• the seasonality of climates,
• land use,
• the activities of plants, soil animals and micro-organism, and
• the thickness of the root zone.

The total wet and dry, air-borne input to the atmosphere/biosphere/lithosphere
interface is called total deposition, which subdivides into the liquid/solid/solute
matter deposition by precipitation and interception (Fig. 3.4).

Emissions from
• combustion of hydrocarbons and coal,
• the intensification of land use (native or crop vegetation, fallow and vegetation

periods, urbanization, resource exploitation and traffic), and
• industry
underlie seasonality, and as emissions increased during the past 50 years signifi-
cantly, qualities of precipitation and interception changed with seasons and increased
during all industrial time. Therefore, today’s water qualities and quantities of
discharge differ from geogenic. This is expected to change further, if the existing
prognoses on climate and land-use changes are taken into account.

Plants make the atmospheric input to the lithosphere acceptor-dependent. These
acceptors may act constantly throughout the year (e.g., evergreen plants) or are
seasonally different according to the biorhythm and the plant development during

TOTAL
DEPOSITION 

PRECIPITATION
DEPOSITION

(rain, snow, hail)   

INTERCEPTION
DEPOSITION  

DRY DEPOSITION
(dust, gases) 

WET DEPOSITION
(air humidity)  

Figure 3.4. Different forms of atmospheric depositions at the interface atmosphere/lithosphere/biosphere



40 CHAPTER 3

the vegetation period (e.g., leaf, needle trees, or crops). Through these influencing
factors different interception efficiencies result, depending on
• the specific physical and geometric properties of the acceptors,
• the orientation of the vegetation acceptors to weather trajectories (wind-side,

lee-side), and
• the altitude, in which they interact with the atmosphere.

Among all plant covers, evergreen pine forests develop the highest specific
surface and therefore, the year around dry and wet depositions from the atmosphere
are stronger in here than in fallow or agricultural crop areas. This led to the statement
that forests act as the lungs of nature.

The air contains aerosols, particles, gases, and solute matter, which deposit on
interceptors by fall-out and rain/washout. As a rule, rain/wash-out concentrations
reach 10–1% of the respective concentrations in the air. The true chemical air
composition precipitates with the interception of dew and accumulates in snow and
rime covers on plants as well as on wet and rough barks by sorption and evaporation
to a level, which may even exceed concentrations in the air.

Interception in forests of temperate climates reduces precipitation to about 70
and 80% of open air precipitation (Fig. 3.5), for crop areas no reliable data are
known; it is greatest at the beginning of rain events and slows down according to
a decreasing interception capacity of the vegetation cover.

Plant-stand precipitation consists of
• through-falling precipitation,
• canopy discharge, and
• stem flow.

In forests
• through-fall rain amounts to less than 50–60% of the open area precipitation,
• interception of precipitation may reduce the open area precipitation by about

25% in tropical rain forests, by 14–20% in deciduous and coniferous forests,
respectively, in the Appalachians (Kendall, 1993), by 25% in spruce forests of
Central Europe.

Figure 3.5. Monthly open area (prairie, black columns) and stand precipitation (pine forest, white
columns) in the Bavarian forest. Months beginning with November and ending with October
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• Stem flow from leaf trees is smaller in the summer than in the winter season and
achieves an average of 15–25% of open area precipitation; for pines it amounts
all the year around to only 5% of open area precipitation.
In some areas of the world, re-evaporation through forests allows air humidity to

migrate deep into the continent. Villa Nova et al. (1976) showed for the Amazon
area that about one-half of the precipitation originates there from ET of the jungle;
hence, the Atlantic weather fronts reach also the north of Argentina; this has been
confirmed by isotope studies from Salati et al. (1979). Deforestation of the Amazon
area would significantly change this present rain-fall cluster
• by a decrease of TP and
• a moisture reduction down-wind the present weather trajectory, which would not

satisfy any more the water demand of the jungle in remote areas from the ocean.
The wet interception deposition is favored by the exposition and by the transition

from laminar to turbulent airflow, which occurs mostly along the canopy. As an
example, the wet deposition at the wind-side of a forest yields about 3 times more
dew than within the tree-stand or at the lee-side.

Wiedey & Gehrmann (1985) report that in north Germany the acid and heavy
metal deposition (H+, NH+

4 , Al3+, Fe3+, Mn2+) on the wind-side of a tree stand was
3.23 kmol/(ha year), on the lee-side 1.88 kmol/(ha year), and in the open area only
0.65 kmol/(ha year). As shown by Georgii et al. (1984) the pH in fog, dew, and
rime may carry 10 times more protons than precipitation does. Furthermore, wet
and rough biologic and geologic surfaces and the snow cover favor the retention of
protons, thus increasing the chemical reactivity of water before infiltrating into the
lithosphere.

The acceptors also contribute by dry/wet interception in eliminating from air
masses the acids of carbon, sulfur and nitrogen, and of heavy metals, all from the
combustion of organics, and in forwarding it with the canopy and stem discharge to
soils and sediments. In Central Europe, in 1982, the acid deposition had increased
100 times and the heavy metal deposition 10 times the normal value (Ulrich &
Matzner, 1982/1983). As a consequence, the pH in precipitation declined to 4.1
[0.8 kg protons/(ha year)] as compared with pH of 5.6–6.5 in pre-industrial precip-
itation (Schnoor et al. 1983). With the longitudinal and transverse distance from
Central Europe, a main emission center of acids, the pH in precipitation increases
presently to 5 in north Scandinavia.

Soil moisture measurement from MPI in Hannover (Prof. C. Blumenberg) in the
Negev (Table 3.3) showed that daily wetting and drying in a bare loess, resulting
from water condensation respectively evaporation, reached a depth of about 20 mm;
beneath this depth the water content kept constant at 2.3 vol.%. Moisture variations
at the soil surface went from 2 vol.% in the evening (18 00 h) to 4.4 vol.% in the
early morning (06 00 h).

In general, the intensity of dew formation per year depends on the
• orographic elevation,
• exposition of plant receptors to air mass trajectories,
• density, roughness, and size of the receptors,
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Table 3.3. Soil moisture, generated by dew during 1800 h and 600 h in bare loess of the Negev in 0 to
20 mm below the surface (measured by Prof. Dr. C. Blumberg, MPI, Hannover)

September 1978 11./12. 12./13. 13./14. 14./15. 15./16. 16./17. 17./18.

mm/night of condensation 0.077 0.048 0.068 – 0.079 0.1 0.085

• the extent of day/night temperature variations and
• the throughput of air masses at the interceptors, as well as
• the distance from the wet source.

Dew in arid to semi-arid areas is important for the survival of ecosystems; its
supply is mostly regular although small and more pronounced in spring and autumn
(the transient seasons) than in summer and winter. It acts as a water source for
soil animals, plants, and biological crusts (Waisel, 1958; Broza 1979). In humid
temperate and tropical climates, it may be a precondition for or even increase
groundwater recharge.

It was also found that desert-seeding distribution was greatest close to stones, and
it is supposed that stones act both as a dew collector and funnel for dew formation.
In the Gobi desert, it can be seen that on the lee-side of lakes there is less sporadic
vegetation on the hills than on the wind-side.

Arid and semi-arid sediment surfaces are often covered by biotic crusts composed
of cyan bacteria, mosses, lichens, and algae (Lange et al., 1992). This crust formation
and conservation depends on rain and dew; it stabilizes sand dunes (Danin et al.,
1989), forms a nutrient base for soil animals (e.g., snails), inhibits evaporation,
but also reduces the initial infiltration capacity. It seems that river sediments in
arid (dry-land) areas have less-permeable crusts than aeolian sediments; hence, rain
infiltration in dunes was more efficient than in river sediments. These differences
in the crust formation may be attributed to the pore size distribution and the natural
water contents of both types of sediments; river sediments achieve higher natural
water contents than sand dunes and thus favor the crust formation. Therefore, one
observes after rain events in arid (dry-land) zones much more water ponding in
areas with river sediments than in dune areas.

In low altitudes (see below) of the humid temperate zones, dew contributes to the
plant and lithosphere surface by about 0.05–0.3 mm/day during cold summer and
more during cold winter nights, when rime forms; in mid-Europe dew formation
accounts to about 30 mm/year and in tropical West Africa dew formation of
3 mm/night is known. Dew formation in hyper-arid areas accounts to 10–30 mm/year
(Evenari et al., 1971; Shiklomanov et al., 2004). However, most of this dew is re-
evaporated next day, only little reaches the root zone of plants, which are specially
adapted to this mode of water supply.

The plant surface acts not only as a receptor but also as a sink and source for
matter fluxes.
• Source elements are Mg2+, Ca2+, Fe3+, NO−

3 , and SO2−
4 from altering leaves,

the metabolism of micro-organisms on the plant surface, and the residuals from
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evaporation, which all influence the chemical concentration of stem and canopy
discharge and may increase the solute matter fluxes to the lithosphere by about
3–5% as compared with regular precipitation.

• The plant surface also acts as a sink for nitrogen and protons by exchange of H+

against Ca2+ or Mg2+ and the uptake of nitrogen by leaves; this proton buffering
may reduce the acid input during the vegetation period by about 70 and 50%
in pine and oak/beech forests, respectively (Horntvedt et al., 1980; Greenfelt &
Hultberg, 1985; Ulrich & Büttner, 1985) and varies with the biorhythm of plants.
Wiedey and Gehrmann (1985) found that during summer in beech forests the pH
of the effective precipitation beneath the plant cover was 5.2 as compared with
4.3 above it, and in pine forests it was 6.0 beneath the plant cover as compared
with 5 above the canopy.
The interface atmosphere/lithosphere contributes only little to water qualities

by interception, however significantly to the generation of run-off components,
because of infiltration capacities, which divert water fluxes into a quickly moving
branch (overland-flow) with random liquid/solid and liquid/liquid interactions and a
slowly moving branch (groundwater recharge) with long reaction times respectively
a close contact of the water with the soil/sediment surface. An intermediate behavior
has the inter-flow, moving quickly and having some liquid/liquid but usually little
liquid/solid contacts.

A very pronounced effect on groundwater recharge is executed by plant roots.
Phreatophyts as well as deep-rooting plants consume a lot of water from the
unsaturated zone through transpiration, which may reach from normal to abundant
and is then also called luxury consumption. A very good example of the role of
water consumption by plants is known from Tunisia. According to the decreasing
amounts of precipitation from North to South Tunisia, the distance of the olive
trees increases. This is known since ancient times and respects the fact that
increasing aridity reduces infiltration, hence, subsurface water storage per unit
area is available for olive trees. Similar in Australia, native forests have been
cut down to increase the area of crop-lands; as these forest trees were deep-
rooting and have been replaced by shallow rooting plants, water consumption from
the percolation zone decreased and groundwater recharge increased respectively,
resulting in groundwater logging. As forests keep evaporation from soil/sediment
surfaces lower than crops, also salinization in the unsaturated zone increased, thus
enhanced groundwater salinization. It is also known that trees may harm construc-
tions by root growth or by extracting too much water from the unsaturated zone,
which causes shrinking of fine grained clay/silt sediments and thus damages to
constructions.

3.3. OVERLAND-FLOW AND INFILTRATION

There exists a relation between precipitation and run-off; however, the explicit
focus of run-off generation to precipitation was an oversimplification. Many factors
redistribute precipitation before hitting run-off; among these
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• kind, duration and intensity of precipitation,
• pre-event climate,
• land use (Fig. 3.6),
• types of sediments and soils, and
• topography

play important roles.
The surface discharge in a river (Fig. 4.3) comprises the sum-total of various

discharge components; under natural conditions the river run-off consists of one or
all of the following
• Groundwater run-off discharging into the river, also called base-flow,
• Inter-flow,
• Overland-flow.

Inter-flow and overland-flow are often named direct run-off, because they appear
as an immediate response to precipitation events, hence, reach the river with a
minimum delay. In contrast, groundwater run-off is often named indirect run-off,
because it appears with a considerable delay time, thus smoothing out the episodical
nature of precipitation inputs and constitutes the base-flow in river discharge; it
prevents most rivers in humid and some rivers in semi-arid areas from drying out
during extended rainless periods.

Figure 3.6. The role of land use for flood and base-flow (Geiger, 2004). Generalized for the Ruhr area
in Germany
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Surface discharge as a direct or indirect response to present rain events plays a
very different role in arid and humid areas;
• In arid (dry-land) areas overland-flow is a dominant run-off component,

recharging groundwater along the river course and through ponds; long ago it has
been pointed out by Schoeller (1959) that floods are the preferential mechanism
of groundwater recharge in the arid North Africa, which has since been evidenced
by the evaporation signature of stable water isotopes of groundwater (section 3.1)
for many arid areas.

• Under humid climates, rain preferentially infiltrates areal, hence, reducing
overland-flow and increasing subsurface flow.
Overland-flow is generated by precipitation, ice, or snowmelt in excess of infil-

tration capacities of sediments/soils; it does not enter the subsurface and discharges
immediately along hill slopes to a river. According to this definition, overland-flow
is missing in flatlands; hence, water in excess of infiltration capacity contributes in
flat lands to ponding and enhances both infiltration, transpiration, and evaporation.

Forests diminish overland-flow more than crop- and bare-lands or different forms
of constructed surfaces (Table 3.4). Supposing the same type of sediments/soils, it
turns out that corn crops favor overland flow more than wheat or potatoes crops
and overland-flow in hilly crop-lands increases with field sizes and land cultivation.
Large-sized fields favor the formation of overland-flow more than small fields and
straight row-ploughed fields more than contour-ploughed fields.

Both overland-flow and inter-flow contribute to areal soil/sediment erosion and,
therefore, may also be named erosive discharge in hilly terrains.

Overland flow is mostly calculated using the CN method (US Soil Conservation
Service, 1975; Kleeberg & Overland, 1989). This empirical method has been gained
by the statistical analysis of discharge events in bare- and agro-lands in the USA,
refers to precipitation and present/potential infiltration, and became a standard
method.

Infiltration is the process of transition of precipitation or surface water into
the subsurface; hence, it describes the process of how infiltration influences the
dimensions of fluxes and storage in the percolation zone.

Table 3.4. Overland-flow ratios as compared to total discharge in urban
areas

Substrate Overland-Flow ratio

Roofs, cement, bitumen and pavement 0.90
Boulder pavement, asphalt and macadam

pavement
0.60

Graded macadam pavement 0.45
Dry-brick and macadam pavement 0.40
Non-lining pavement 0.30
Parks or greenbelts 0.15
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Infiltration may happen locally through ponds, lineal along river courses, or
areally distributed in landscapes. In all topographies, local and lineal infiltration
triggers a two- or three-dimensional percolation flow; in contrast, areal infiltration
produces in flat areas always and in hilly areas often a one-dimensional, vertical
percolation.

Infiltration interfaces with very high or very low water contents favor the gener-
ation of overland-flow much more than soil water contents in between. Whereas
the overland-flow in wet climates results from an excess of moisture along the
infiltration interface, in arid (dry-land) areas it becomes a skin effect, because the
extreme dry surfaces with high surface tensions and biotic and non-biotic crusts
force rain drops at the beginning of discharge events into lateral instead of vertical
directions.

The process of infiltration can be quantified by a short term or a cumulative infil-
tration rate and is limited by the infiltration capacity of the subsurface, increasing
often with the rain duration. According to soil/sediment fabrics and the topographic
conditions, infiltration capacity is higher
• in coarse-grained than in fine-grained soils/sediments,
• in dune than in river sediments,
• in karst than in fissured rocks, and
• in flat lands than in hilly areas.

In riverbeds and ponds and especially under arid climates this ranking is often
modified by biotic and abiotic crusts, which both reduce the initial infiltration
capacity. The absence of a vegetation cover favors crust formation; in contrast, any
vegetation cover maintains hydraulic properties favorable for infiltration into the
subsurface, however also reduces the amount of effective rain reaching the ground.

Similar to percolation, infiltration is governed by the physical interaction between
capillarity, gravity, and the geometry of the water source; additionally, a series of
processes and boundary conditions intervene in infiltration related to precipitation,
specific properties of the interface atmosphere/lithosphere/biosphere, as well as to
fabrics and mineralogy of soils/sediments and hydraulic functions, respectively, to
the water content before infiltration (Gardner, 1967).

Following a specific wetness of the infiltration interface in humid areas, any
excess water can infiltrate in much larger amounts than previous, hence, fills up the
pores in the unsaturated matrix and moves vertical down; however, infiltration and
infiltration capacity (Horton, 1933) are not constant with the change of the seasons
and not even during a single rain event.
• During the seasons they depend on

– soil cultivation and silting,
– the activity of soil organisms and plants in the active root zone,

• During single rain events they depend on
– topography,
– plant cover and plant development,
– swelling of clay minerals,
– the detention of capillary forces,
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– the dissolution of crusts,
– air, entrapped in pores,
– the stability of soil aggregates, and
– the speed of all these changes as compared with rain intensities.
With all these influences

• A catchment area exhibits in time and space quite different responses to
infiltration the year around; therefore, reported numbers on discharge and evapo-
transpiration always refer to an average behavior of a landscape.

• The mode of generation of overland-flow and infiltration has a climate
association:
– In arid (dry-land) and cold regions, direct discharge prevails and groundwater

recharge discharges mostly through local springs;
– In humid and semi-arid regions, groundwater recharge dominates and ground-

water contributes significantly to stream flow or directly to the ocean.
Through a common dependence on the hydraulic conditions of the soil/sediment

surface, infiltration determines overland- and subsurface-flow and the unsatu-
rated zone subdivides subsurface-flow into inter-flow and groundwater recharge
(section 3.5). Hence, the interfaces atmosphere/lithosphere and the unsaturated zone
determine the nature and quantity of run-off on the one, and of stored water, which
is later available for transpiration, on the other hand. Infiltration very often exceeds
groundwater recharge by a factor of 100 to 1.7, because some infiltrate contributes
to water storage in the unsaturated zone, hence, contributes to evapo-transpiration,
and some is transformed into inter-flow (section 3.5).

According to the complexity of the infiltration process, differences in the
mathematically predicted as compared with any observed infiltration are inevitable.
Therefore, modes of infiltration have been classified and mostly refer to a
one-dimensional, vertical flow. On this base, percolation has been studied in consid-
erable detail using tensiometers, TDRs, neutron moisture results in combination
with mathematical models, and tracers experiments (section 4.4.3); all these efforts
have advanced the understanding of an average infiltration process.

At constant infiltration rates as generated from ponds, by repeated flood irrigation
or river-infiltration into the subsurface with a homogeneous pore size distribution,
the infiltration process involves four sub-zones (Fig. 3.7):
• The saturation zone, becoming few millimeters thick on top of the profile with

positive, as well as
• The transition,
• The transport and
• The wetting zone, all with negative soil water potential.

In the case of small and time-limited infiltration rates, the saturation and transition
zones do not develop, and in the case of an inhomogeneous pore size distribution
both matrix- and preferential-flow (section 3.4) issue from infiltration.

Frozen soils and snow cover influence the infiltration process in different ways.
On the one hand, soils with low water contents become more permeable under
frozen conditions, because ground-ice forms, which is simultaneous linked to a
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Figure 3.7. Infiltration beneath soils/sediments with constant head at the surface

soil/sediment drying and shrinking in the vicinity of the ground-ice (section 5.4);
in contrast, soils with high water contents freeze completely, hence, become quasi
impermeable. On the other hand, temperate snow covers act as a heat shield,
protecting soils mostly from freezing and thus conserving soil fabrics and allowing
the establishment of a saturated zone at the interface snow/soil/sediment during
snowmelt, which favors infiltration (Fig. 3.7). Cold snow covers have a continuous
transition to frozen soils and impede infiltration.

Water flow in the unsaturated zone follows Darcy’s law on filter flow; however,
hydraulic conductivities [K(�)] and the capillary potential [�(�)] are functions
of the volumetric water content. The one-dimensional, vertical water flux in the
unsaturated zone is expressed by
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This partial differential equation must be solved for appropriate initial and boundary
conditions using numerical or analytic techniques. However, data acquisition and
scale problems make the numerical description of infiltration and percolation often
difficult, and therefore, approximation solutions have been developed.

Gardner & Widtsoe (1921) describe the infiltration process by an exponential
function

Qt=0 = Qend + �Qt=0 −Qend� e−Et (3.3)

with the infiltration rate Q at the beginning (t = 0) and end of the infiltration process
and E as an empirical constant of the percolation process or E–1 as the MTT;
this MTT relates to the hydraulic functions of the unsaturated zone and varies as
much as they do. As the solution of this equation underlies narrow soil hydraulic
constraints, Philip (1957) developed a solution for a cumulative infiltration

IN = S
√

t +K���t� (3.4)

S expresses the sorptivity or storage of the unsaturated zone, which mostly
dominates at the beginning of the infiltration process and K(�) is the water content-
related hydraulic conductivity, becoming increasingly dominant with the duration
of infiltration or if the water content is at field capacity, then the first term in
eq. 3.4 becomes zero; such conditions occur during winter, snowmelt, river-, pond-
infiltration, and repeated flood-irrigation.

The measurement of infiltration under field conditions is important, because
the transfer of laboratory-determined hydraulic properties to field conditions has
doubtful relevance, because of the role of inhomogeneities in the unsaturated zone
on percolation. The results of infiltration measurements support in validating models
on infiltration processes, as far as they do not relate to daily rain means but on rains
with a short-term resolution; if time discretization of rain is not high, correction
factors must be introduced to mathematically describe the infiltration process.

Four methods are frequently applied to gather field-related infiltration
information:
• Sprinkler methods,
• Ring infiltrometer measurements,
• Monitoring the changes of water contents in the unsaturated zone during infil-

tration events, and
• River-discharge analysis (section 4.1.2).

The sprinkler method provides indirect information about infiltration; it measures
infiltration as the difference between applied rain and run-off from an experimental
plot. Difficulties exist in getting reliable results from drop size distribution and the
kinetic energy of falling rain drops as compared with natural rain fall (Mutchler &
Hermsmeier, 1969).

The measurement with ring infiltrometers is undertaken by ponding water in a
ring infiltrometer driven a few centimeters (<10 cm) into the infiltration interface,
to simulate conditions as shown in Fig. 3.7. The water level is kept constant
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by compensating for water losses, which are recorded. The evaluation of these
experiments is based on eq. 3.4. At the beginning of such experiments data refer
to storability and at the end to hydraulic conductivity under field conditions. As
soils and sediments are very heterogeneous in the small scale, the transfer of
local infiltration results to agriculture plots or the catchment size needs appropriate
experience and respective datasets.

Measurements that are based on profile responses on infiltration refer to results
from neutron moisture probes or TDRs often combined with tensiometer registra-
tions. As homogeneity of soils and sediments in small scales differ widely from
reference elementary volume (REV), fixed installations are preferable to record true
relative changes instead of true and fabric related changes. Evaluations of these
data refer to eq. 3.2 in considering moisture increments over a given vertical depth
interval.

As compared with the before-mentioned, small scale methods (REV), the value
of tracer-based discharge analysis (section 4.4.3) in combination with hydrograph
analysis (section 4.1.2) result in catchment-related data on infiltration, as the sum of
groundwater recharge and inter-flow. In combination with other data acquisitions,
these integrative methods show how the catchment aggregates the local behavior
of infiltration and run-off generation.

Field measurements, however, are also imposed by constraints on initial and
boundary conditions, the heterogeneity of sections smaller than REV, and on the
aggregate stability in the studied medium. Further variations may occur where
hysteresis has to be taken into account (Fig. 4.9). In arid regions salt in the profile
induce fabric modifications, which change hydraulic properties (Slatyr & Mabbut,
1964) during the infiltration process.

3.4. MATRIX-FLOW AND PREFERENTIAL-FLOW

Percolation occurs in the vadose zone and is mostly inhomogeneous. Field obser-
vations show that
• infiltration causes simultaneously rather quick and slow groundwater level

responses,
• solute matter and bacteria (0.2–5 	m in size) may reach rather quickly following

a rain event the groundwater table in unconsolidated coarse grained and in
consolidated fissured rocks, and

• measured and reported flow velocities in the unsaturated zone are always
very slow.
These seemingly contradictory observations can be explained by the following:

• According to the magnitude of binding, capillary water can favor pressure equili-
bration from the ground to the groundwater surface, becoming damped if perched
groundwater occurs in between; this pressure equilibration differs from usual
mass transfer.

• There exists a rather quick mass transfer through large pores or fissures from
the ground to depth, named preferential-, bypass-, or channel flow (Hillel, 1971;



MECHANISMS AND PROCESSES OF RECHARGE 51

Feddes et al., 1988; van Genuchten, 1994); this preferential-flow was already
recognized at the end of the 19th century but has never been systematically
quantified;

• In contrast, tracer experiments document that slow flow in the range of less than
meters per year dominates percolation velocities; it is named matrix-flow.
From systematic tracer experiments in the unsaturated zone (section 4.4.3), it

came out that an instantaneous tracer signal (Dirac signal), starting at the ground
surface, produces (Fig. 3.8)
• always an extended tracer-break-through (TBT) response,
• sometimes a short-term high TBT concentration peak at the beginning of the

tracer exercise, followed by the already mentioned extended TBT, or
• followed repeatedly by short-term low concentration peaks in the extended TBT;

these low concentration peaks always parallel infiltration events.
The single short-term high and the many short-term low concentration peaks in

the extended TBT indicate preferential-flow, increasing or diluting as a flux-pulse
the prevailing tracer concentration in the unsaturated zone.

The observation of TBTs from one tracer exercise in replicate, fixed-sampling
points (Fig. 3.8) shows that short-term high or low concentration peaks appear only
if very high tracer input concentrations have been applied; as compared with the
tracer Deuterium (2H), concentrations should exceed the background concentration
by about 10–20 times; preferential-fluxes are always smaller in amount than matrix-
fluxes (Fig. 3.8), hence, matrix-flow always dominates the mix of matrix- and
preferential-flow.
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Figure 3.8. Quick and slow tracer-break-through (TBT) from a tracer experiment in Quaternary loess
of the Scheyern test site in south Germany. Deuterium (2H) was used as a tracer and sampling was
performed continuously at two points in 0.5 m b.g.s., which have been 50 cm distant from one another.
Preferential-flow is indicated by a positive pulse at the beginning and many negative pulses during the
break through of the tracer test
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Analyzing repeated tracer experiments in one site shows that preferential-flow
may or may not be a reproducible phenomenon, indicating that the flow-path-way
of preferential-flow may or may not be constant in extent, position, and functioning
(see below).

From such tracer experiments in the unsaturated zone also came out that the
quick preferential-flow not only bypasses the slow matrix-flow but also exchanges
with and incorporates into matrix-flow.

Matrix-flow accounts under humid temperate climates to vertical down flow
velocities of 0.5 m/year in loess and 3 m/year in Quaternary gravels (Eichinger &
Schulz, 1984; Eichinger et al., 1984; Seiler et al., 2002); they are lower under
semi-arid to arid climate conditions (Dincer et al. 1974) and may reach zero with
depth in hyper-arid areas. Generally spoken, matrix-flow velocities depend on
• the pre-event water contents in the subsurface,
• the amount of infiltration,
• fabrics of the subsurface soils/sediments, and
• E’T following the infiltration event.

In contrast, preferential-flow depends on special steady-state or transient texture
conditions of soils/sediments (see below), hence, is often not constant, but always
amounts to more than 0.5 m/day (Table 3.5).

Many tracer experiments have been performed using the sorbing tracer brilliant
blue FCF to color percolation flow paths and to visualize any fingering of flow
by excavating the propagation front of this tracer: This fingering has also been
named preferential-flow (Fank & Berg, 2001) but could also be attributed to an
inhomogeneous matrix-flow. Thus, it becomes clear that a reliable distinction of
matrix- and preferential-flow is needed, which is not an easy task.

Table 3.5. Calculated preferential-flow velocities in Tertiary
sediments and Quaternary loess after rain events from the
Scheyern test site in south Germany

Station Geology Preferential-flow
m/day

1997 1998

2-17 Loess, Quaternary 0.5 0.2
2-18 Loess, Quaternary 0.7 <0.5
6-18 Colluvium, Quaternary 1.0 n.d.
9-3 Sand/gravel, Tertiary 1.0 n.d.
9-B Sand/gravel, Tertiary <2 n.d.
12-9 Sand, Tertiary 1.0 0.7
12-R Sand, Tertiary 0.8 0.6
13-16 Sand, Tertiary 0.7 0.5

Flow velocities have been deduced from the response of
tensiometer cups on infiltration events.
n.d. = not determined.
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On the one hand, the hydraulic evaluation of some 50 TBTs from different
experimental sites in south Germany (Behrens et al., 1980; Seiler & Baker, 1985;
Seiler et al., 2002) showed that an extended TBT can often only be interpreted in
terms of percolation velocities and dispersion parameters if more than one flow
velocity differing up to 1.5 orders of magnitude are assumed. Such a multi-flow-
component interpretation of extended TBTs is still attributed to matrix-flow.

On the other hand, any analysis of event-related river discharges in humid climates
by hydrograph methods (section 4.1.2) results in direct- and indirect run-off compo-
nents feeding surface discharge. As inter-flow belongs to direct run-off, issues from
the percolation zone and shows up rather simultaneously with overland flow, it
must be concluded that
• either both flow components move in the same order of flow velocities along the

same extent of flow paths or
• inter-flow moves somewhat slower on short subsurface-flow paths and emerges

to the surface to join overland-flow.
Field observations confirm that the latter interpretation corresponds better to

the real world than the first. It is preferential-flow approaching flow velocities in
the range of meters per day, joining after short flow distances overland-flow with
flow velocities of >100 m/day. Hence, preferential-flow is two to three orders of
magnitude quicker than matrix-flow and fingering of flow in the unsaturated zone
should not automatically be interpreted as preferential-flow. Also, with respect to
the run-off generation (sections 3.3 and 3.5), it seems to be more appropriate to
interpret the usual fingering as inhomogeneous matrix-flow, which is also known
from groundwater tracer experiments. From this view of interpretation, matrix-
and preferential-flow in the unsaturated zone have some similarity with flow in
bi-porous, consolidated rocks (Maloszewski & Zuber, 1990).

Preferential-flow needs special flow paths, in which gravity dominates over
capillary forces. Referring to preferential-flow exceeding apparent flow velocities of
1 m/day and considering an hydraulic gradient of one and a water content of 0.2, the
K(
) in eq. 3.1 was >2.3 10−6 m/s. Comparing this order of unsaturated hydraulic
conductivity with the respective values close to field capacity (Table 4.11), it
becomes evident from the point of view of granulometry that preferential-flow must
be expected from all uniform medium sands and coarse-grained gravels. However,
uniform materials are only characteristic for marine and marine delta-sediments
(Seiler, 2000); in contrast, terrestrial, fluvial sediments have always an uneven pore
size distribution.

Figure 3.9 shows some pore size distributions for fluvial gravel and sand
sediments; a slope of zero of these summed up pore-size-distribution-curves
indicates a very homogeneous pore size range; if this is interrupted by steep slopes,
a bi- or poly-modal pore size distribution exists. In such bi- or poly-modal media
of coarse-grained sediments preferential-flow is common. Although a single-sized
equivalent capillary tube model is not as representative as a bundle of capillary tubes
model of a wide range of capillary diameters or a rigid sponge model, pore size
distributions as shown in Fig. 3.9 can be considered as a good first approximation.
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Figure 3.9. Pore size distribution of typical terrestrial sediments of Tertiary (sand, silt) and Quaternary
age (gravely sand)

Natural pore size distributions can generate preferential-flow, which may change
in velocity and quantity according to the infiltration intensity and the hydraulic
conditions of the sediment before infiltration, but always operate stable in time and
place. It is, however, also known that preferential-flow may change with time/season
and may move from one place to another. This indicates that it depends also on
parameters others than granulometry. In between these
• plant root channels,
• subsurface activities of animals (e.g., worms),
• ploughing activities of farmers, and
• shrinking cracks, because of summer drying or winter freezing of sediments
are outstanding. It seems that fabric destroying human, animal, and plant activities
often exceed the influence of the natural pore size distributions on the generation
of preferential-flow; this becomes very evident shortly before, during, and shortly
after the growing season.

TBTs from tracer experiments prove that preferential-flow is not only bypassing
but also interacting with matrix-flow by an exchange of solute matter and by
an incorporation of preferential into matrix-flow. As a consequence, preferential-
flow in unconsolidated sediments has often a limited depth reach depending on
sediment fabrics, and anthropogenic and biotic activities close to the ground surface.
Evaluated tracer exercises in the unsaturated zone beneath agro-lands in humid
temperate climates suggest that preferential-flow reaches about
• 1 m down in loess,
• 2 m in medium to coarse grained sediments, and
• >3 m in Quaternary fluvial gravels
before becoming incorporated into matrix-flow or being transformed into inter-flow
(section 3.5); in consolidated rocks, depth limitation depends on rock expansion
and weathering and may reach 50–100 m deep (Seiler, 1968). In semi-arid and arid
climates with native vegetation as well as beneath forests, this depth is greater than
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in agro-lands, because most of the plants are deep rooting; in wet permafrost areas
it is shallow again.

Preferential-flow can be approximated in the field by
• a combination of hydrograph and isotope discharge analysis (section 4.1.2,

Fig 4.5),
• isotope analysis in creeks without groundwater contact (see below), and
• studies of stable isotope profiles in the unsaturated zone (see below),

All these methods refer to a quick lateral subsurface run-off (inter-flow), issued
by preferential-flow following morphology; it occurs only during or just after rain
events and mostly extends the discharge event (Fig. 4.3 c); none of these methods
allow determining the whole magnitude of preferential-flow in the infiltration zone.
The last of these three methods is not yet completely validated but was developed
theoretically by the authors. The two other approaches may be considered standard
methods.

The determination of preferential-flow through studying stable isotope profiles
in the unsaturated zone close to the ground surface starts from the observation
that in medium to fine grained sediments the subsurface acts in humid climates
during the summer season mostly as a rain store, and during the winter season
as a through-flow reservoir; in contrast, in permafrost and arid (dry-land) areas,
overland-flow dominates all over the year and the subsurface acts seldom as a
through-flow reservoir.

If no preferential-flow occurred in the unsaturated zone, and when percolation
behaved as piston flow, the isotope profile in the unsaturated zone should reflect all
recharge events during the recharge season, hence, causing a vertical stable isotope
or chloride strip pattern according to the quality of the tracer signal of effective
precipitation and the frequency and intensity of infiltration events. This can be
simulated using a compartment (Belmans et al., 1983) or a discretizing numerical
model. However, if preferential-flow bypassed and exchanged with the matrix-flow,
the isotope profile became smeared according to the isotope exchange between
preferential- and matrix-flow, and therefore, the calculated isotope profile differs
from the measured one. Using, however, an algorithm for flow in bi-porous media
with diffusive tracer exchange, the alteration of the isotope strip pattern from the
exclusively matrix-flow to the interaction of matrix with preferential-flow can be
simulated inversely, starting from
1. the calculation of infiltration during the recharge season,
2. recording the mean isotope concentration in precipitation during the recharge

season,
3. measuring a medium flow velocity for both matrix- and preferential-flow,
4. inserting a diffusion parameter lower than effective molecular diffusion in

water, and
5. applying different mean numbers of quantities of preferential-flow as fit

parameters.
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In practice, an isotope profile at the beginning and end of the recharge season, the
calculation of infiltration and a registration of the isotope composition of precipi-
tation during this time are necessary.

Such a modeling procedure will issue either higher or the same values of
preferential-flow than the combined hydrograph/isotope separation method does.
This profile method delivers a time-integrated average number of preferential-flow
for the studied profile and also for the area, if sufficient profiles have been analyzed,
respectively, transfer functions have been developed.

The evaluation of isotope analysis of discharge in creeks without groundwater
contact (Fig. 4.5) is based on the assumption that overland-flow was not in contact
with pre-event subsurface water and, therefore, reflects only the isotope signature
of precipitation, whereas inter-flow represents a mix of precipitation and pre-event
water in the unsaturated zone. Sampling this mix and precipitation allows calculating
the subsurface/inter-flow contribution to creek discharge. This method integrates
not over time but over scales, hence, refers to single events.

3.5. INTER-FLOW

Inter-flow occurs as saturated and close to saturated flow. It represents a quick
subsurface run-off, which parallels morphology and originates from preferential-
flow; the change from preferential vertical down to lateral flow (inter-flow) produces
along hydraulic discontinuities, paralleling morphology. Such hydraulic discontinu-
ities occur natural and man made.
• Natural discontinuities are related to

– the remnants of permafrost, which changed sediment fabrics and produced
fossil hill slides,

– the decompression of rocks according to a change from a tri-axial state of stress
in depth to a one-axial stress at the land surface, which favors rock/sediment
disintegration, followed by weathering,

– the deposition of eolian sediments, and
– bioactivities in the effective root zone.

• Men add such discontinuities by
– ploughing,
– digging,
– earth movements, and
– the deposition of all kind of materials.
Such interfaces behave under special boundary conditions like capillary barriers

and turn flow from vertical down into lateral. Tracer experiments have documented
this lateral flow (Behrens et al., 1980) and Seiler & Baker (1985) simulated it
numerically.

Figure 3.10 presents the K(�) function for a gravel and a sand, measured in
laboratory experiments, and demonstrates that hydraulic conductivities within a
certain range of suctions reach lower values in gravels than in sands; in the special
case shown in Fig. 3.10, at suctions <100 mm and >600 mm, respectively, there is
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Figure 3.10. Hydraulic functions of an unsaturated gravel and sand, measured under laboratory
conditions

no significant difference in hydraulic conductivities between the unsaturated sand
and gravel; here, the inclined interface between sand and gravel (Fig. 3.11) does not
act as a hydraulic barrier for percolation water, but within the mentioned suction
range significant differences in hydraulic conductivities occur from the investi-
gated sand and gravel (Fig. 3.10); hence, the functioning of the inclined san/gravel
interface as a total or partial barrier depends on the intensity of infiltration. This
explains, why
• preferential-flow in hilly terrains produces inter-flow only according to special

geologic and hydraulic initial and boundary conditions of infiltration (Fig. 3.12),
and

• correlating inter-flow with preferential-flow may underestimate the real amount
of preferential-flow in the unsaturated zone (section 3.4).
From Fig. 3.10 it is concluded that lateral flow is missing, when rain infiltrates

after the unsaturated zone has dried, e.g., after a vegetation or rainless summer
period. It reaches at the beginning of the infiltration period a maximum and at the
end again a minimum. The same appears within the season if rain or snowmelt
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Figure 3.11. The model plan with an inclined interface between sands and gravels

Figure 3.12. Flow vectors showing the role of the interface between sands and gravels at an infiltration
of 50 mm/day. Infiltration is of line type as in the case of river-infiltration
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reaches significant amounts or lasts for a long period of times. So the functioning
of any capillary barrier, producing inter-flow (Seiler & Baker, 1985), cannot be
considered as constant; it varies according to changes in hydraulic functions in the
season, with time and with input conditions.

The discharge analysis to quantify inter-flow in rivers without and with ground-
water contact is best performed using environmental tracers (section 4.4.2.3) in
combination with hydrograph methods (section 4.1.2). By definition, environmental
tracer-based discharge analysis results in the determination of one component
without and one in contact with subsurface water. Among the run-off components,
only overland-flow had – in a first approximation – no contact with subsurface
water; whereas, inter-flow and base-flow had. Therefore, environmental tracers
allow as a good approximation to separate the sum of inter-flow (QI) and base-flow
(QG) from overland-flow (QO).

Q = �QG +QI�+QO (3.5)

In contrast, hydrograph methods differentiate between slow (QG) and quick run-
off components (QI +QO)

Q = QG + �QI +QO� (3.6)

Hence, combining both equations allows approximating inter-flow.

3.6. RIVER-INFILTRATION

Rivers discharge surface water and according to existing differences in water level
elevations between the river and groundwater table, surface water either infiltrates
into the subsurface or groundwater exfiltrates to the surface water (Fig. 3.13).

Unidirectional infiltration from rivers into the subsurface occurs
• in the upper reach of mountain-rivers,
• in wadis/oueds,
• in areas with a steep slope of the river course,
• from artificial lakes, and
• unlined canals.

Such infiltration recharges groundwater either permanently or for a limited period
of time through the unsaturated zone.

In contrast, surface water stands in direct groundwater contact in areas with
• low relief energy and
• in the low reach of rivers.

When surface and groundwater are in direct contact, more than 45% of surface
discharge originates from indirect (groundwater) and less than 55% from direct
run-off (Table 4.6); under these boundary conditions, river-infiltration and river-
exfiltration is linearly related to water level differences between both media. This
allows increasing groundwater recharge through forced river-infiltration by creating
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Figure 3.13. Schematic presentation of the interaction between river water and groundwater. Upper
row left: Dry weather (normal); right: flood discharge, both in humid climates, Lower row left: River-
infiltration in humid areas; right: Wadis/Oueds, mountain river, etc., infiltration

a hydraulic gradient from the river to an unconfined groundwater level. This manip-
ulation is linear as long as hydraulic gradients do not disconnect the surface water
from the groundwater body, e.g., by an unsaturated zone between the river bed and
the groundwater table (Fig. 3.13 right down).

A reasonable investment to profit from forced river-infiltration and, hence,
enhanced groundwater recharge for water-supply by technical means requires that
the thickness of the aquifer close to the river should not be lower than 5 m in
gravels and much more in sands to achieve an economic yield with a reasonable
draw down. Therefore, most of the forced river-infiltration installations are located
along main rivers with a thick quaternary valley fill.

In areas with
• low groundwater recharge, like in many semi-arid and almost all arid areas,
• high relief energy, like in mountains, and
• side-rivers entering grabens or glacial over-deepened valleys,
river water is disconnected from the groundwater table (Fig. 3.13 right low); here,
forced groundwater recharge is no more linearly related to any differences in
surface/groundwater levels, because it is now influenced by
• the saturation stage of the vadose zone and its respective hydraulic functions,
• infiltration capacities of the river bed, which depend on

– chemical and biological crusts and
– external as well as internal sediment clogging.
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Under these conditions, manipulation of groundwater recharge through forced
river-infiltration may become difficult or even inefficient. In the case of external
sediment clogging, fine-grained particles accumulate at the surface of the river
bed, and in the case of internal sediment clogging, fine-grained particles penetrate
into the sediment and reduce the through-flow through pores; external clogging is
reversible, internal clogging not as much.

Riverbeds clogged by sediments or crusts may significantly reduce natural and
forced river-infiltration and sometimes also water quality, if the infiltration process
lasts uninterrupted for too long. Clogging is generally negligible when exfiltration
dominates infiltration or the flow velocities in the river cause permanent or frequent
erosion. Under all other conditions clogging of the river bed by fine-grained
sediments, once occurred, does not disappear any more by natural means. In contrast,
biological clogging is always time-dependent.

In South Germany, systematic field studies on external clogging of river beds in
Quaternary, fluvial gravels have been conducted with respect to the efficiency of
mechanical filtering and the consequences of a reduction of forced river-infiltration;
in these investigations, the mechanical filtering was studied with Escherichia coli
(body sizes 0.5–5 	m, which stands for clay particles) and compared with existing
pore size distributions (Fig. 3.9) and the efficiency of forced river-infiltration was
quantified, using stable environmental isotopes (section 4.4.2.3). For six study sites
came out that pore size distributions of these gravels, allocated beneath the band
in Fig. 3.14 retain completely particles <5 	m and had a little river-infiltration

Figure 3.14. Pore size distribution range in Quaternary gravels of south Germany (95% carbonates),
beneath which particles >1 	m are completely mechanically filtered, hence, producing clogging
(colmatation) of the river bed and reducing the efficiency of river-infiltration into aquifers
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efficiency (Seiler, 1997); in contrast, areas above the band in Fig. 3.14 did not
show up measurable external clogging after a run of several decades of forced
river-infiltration.

Erosion or exfiltration counteracts against river bed clogging; erosion intervenes,
when river flow is undersaturated in sediment load, which occurs, if river flow was
accelerated by canalization for flood protection, by water import from neighboring
catchment areas or if along the river-course dams have been constructed for hydro-
power production, collection of irrigation water, or also for flood protection; under
these circumstances of enhanced erosion, main river water level will decline and
thus aquifers become drained with the consequence of groundwater level decline;
such groundwater level declines and aquifer depletions are known from many areas
of the world.

River-infiltration into the subsurface occurs according to the width of the river
water surface, the water depth in the channel centre, and the hydraulic gradient
from the river to the aquifer. If both the depth and hydraulic gradients are taken as
constant, infiltrations into the subsurface increases from a triangular over a trapezoid
to a rectangular river cross-section. The magnitude of this increase depends on
fabrics of sediments and the clogging or crusting status at the infiltration interface.

Tracer experiments at point and line river-infiltration sites with an unsaturated
zone between the river bed and unconfined groundwater table (Behrens et al., 1980)
showed that percolation is not only vertical down but follows much more than
under saturated conditions a pronounced transverse flow direction according to the
orientation of beddings that percolation has to cross; bedding in the unsaturated
zone generally produces hydraulic discontinuities with reflections and refractions
along this interface. A result of such a tracer experiment in Quaternary gravels is
shown in Fig. 3.15 and has been numerically modeled (Fig. 3.12; Seiler & Baker,
1985).

River-infiltration with and without an unsaturated zone between the river bed and
the groundwater surface domes up the groundwater table of perched and regional
groundwater beneath and in the close vicinity of the river course (Fig. 3.13). This
doming is caused by mass transport and pressure equilibration and represents a
hindrance to natural groundwater flow toward the river. According to hydraulic
and water-quality observations, this doming creates groundwater level fluctuations,
which may reach 400 m distant to both sides of the river; however, in the case
of an infiltration/exfiltration system, only the immediate vicinity of the river bed
really stores infiltrated surface water, which is commonly called bank storage and
which is short after infiltration time again released to the river; further distant to
the river water is only banked up. Hydraulically, low conductive aquifers do not
store significant water volumes in the river-bank, high conductive aquifers do so.
Bank-storage is commonly not considered in both hydrograph analysis or isotope
and chemical techniques to separate flow components and thus introduces an error
bare in overestimating inter-flow and underestimating overland-flow.

River-infiltration with direct contact between river and groundwater has a
transient hydraulic character, when occurring during rain events. This transient
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Figure 3.15. Result of tracer experiments on groundwater flow (upper part, bird view) and percolation
between ground surface and an unconfined groundwater table at 2 m depth (vertical cross section). The
percolation experiment has been performed with an infiltration of 50 mm/day. The hatched area in the lower
part of the figure represents the propagation field and the line AB the flow direction of percolation water

character becomes enhanced when crusts and clogging intervene at the beginning of
infiltration and disappear thereafter. In contrast, exfiltration has generally a steady-
state character. Under saturated conditions (Fig. 3.13 right up and left down) and
without bedding in the aquifer, the transition of surface water into groundwater is
radial close to the river and turns in some distance away from the river into a quasi
horizontal groundwater flow; these two consecutive geometries of the flow field
have to be considered in applying mathematical models (Dachler, 1933) to quantify
river-infiltration.

Contrary, in horizontally bedded aquifers flow starts quasi horizontal through the
sidewalls and only a little flux leaves the bottom of the riverbed perpendicular to
bedding. The latter case corresponds best to the flow of a partly penetrating well into
an aquifer with great filter length and the before-mentioned homogeneous case to
a partly penetrating well with short filter length. There, the mathematical treatment
of the river-infiltration into the saturated zone relates to the same assumptions as
for abstraction or injection wells, however, with the difference that river-infiltration
must be treated as a two dimensional and well hydraulics as a three dimensional
exercise, which expresses in respective integration methods. Consequently, in the
pioneer time of river-infiltration research (1930–1940), the Dupuit-Forchheimer and
the Theis assumptions opened this manipulation to mathematical description. With
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the introduction of electric analogy and later computers, an almost endless array of
aquifer and boundary conditions now applies (Dillon, 1989).

River infiltration with an unsaturated zone between the river and the aquifer
makes mathematical formulation somewhat more complicated, because a leakage
factor has to be introduced, which corresponds in a first approximation to the ratio
of hydraulic conductivity and the thickness of the infiltration layer; Furthermore,
hydraulic functions of unsaturated sediments intervene and must be coupled with
flow in the saturated zone; here
• the determination of a leakage factor and
• of representative hydraulic functions (section 4.3), as well as
• the assessment of heterogeneities, which percolation water has to cross (Behrens

et al., 1980, section 3.5),
often do not allow an appropriate prediction of the consequences of river infiltration
for groundwater resources with a fitted model.

In general, river-infiltration can be quantified using either
• mathematical groundwater models,
• discharge measurements along the river course, or
• environmental tracers (section 4.4.2.3).

The mathematical groundwater model follows a hydro-geologic conceptual
model, approaching and abstracting the real geologic and hydraulic conditions.
Commonly, an inverse procedure is chosen by taking measurements of river and
groundwater levels as the fitting parameters, assuming different amounts of river-
infiltration.

3.7. ARTIFICIAL RECHARGE

Many human activities result in artificial groundwater recharge; from the very
beginning of agriculture terracing of hills, later irrigation contributes to enhanced
recharge; all kind of water storage on dam sites and the construction of unlined
canals leak water to the subsurface and in many urban areas groundwater recharge
intensifies by forced infiltration or by leakages from urban water distribution and
collector systems. From urban areas, losses of 5% to more than 50% from water
supply and waste water collector systems and of 10–20% from septic tanks are
known. In irrigation areas, losses of up to 15–20% of applied irrigation (return
water) or about 10 mm/day have been reported. All these recharges are classified
as incidental artificial recharge. In contrast, forced recharge happens through
• injection wells,
• infiltration basins, charged by floods or harvested rains,
• water ponding, and
• abstraction of river water through groundwater wells (section 3.6);

These measures aim
• to extend natural groundwater recharge and
• to meliorate groundwater quality.
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Taking the depth/extent ratio of aquifers in a catchment, which is in the range of
1:1,000 to more than 1:10,000 and in arid areas much more, it becomes clear that
all kind of artificial groundwater recharge have on a short run of time only local
impacts.

Three important aspects in artificial groundwater recharge are quantities, the
quality of water sources, and the hydraulic properties of the sink area.
• Quantities are responsible for a continuous recharge supply and need an optimal

reservoir design;
• Qualities are of interest if dealing with the chemical compatibility of surface

and groundwater or with the long-term efficiency of basin or well installations.
Especially, suspended matter has often a disastrous influence on well clogging,
which is difficult to clean up, and can be minimized in infiltration basins by
selecting graded sand/gravel packs to keep clogging close to the surface of the
infiltration interface and, hence, to be easily removable.

• Best subsurface reservoirs for artificial groundwater recharge are unconsolidated
sediments with hydraulic conductivities in the range 10−2m/s to 10−5m/s and
a high storage coefficient. These bulk hydraulic data also stand for efficient
groundwater exploitation.
If the nutrient content of water (C, N, P) in infiltration basins or ditches is high,

incoming light develop and favor algal growth, hence,
• clogging of the filter bed or
• increases of the pH of water, which involves precipitation of calcium carbonate,

aggravating clogging problems at the infiltration interface.
In unconfined aquifers, artificial recharge relates mostly to infiltration basins or

ditches, which have large surfaces and are easily accessible for filter cleaning; usual
infiltration rates are in the order of 100–500 mm/day.

Injection wells apply in confined aquifers; however, they are very sensitive to
mechanical filtering, chemical reactions, and air entrapment along the interface
screen/borehole wall. To avoid these skin effects in wells, water needs pre-treatment
to eliminate pathogen bacteria, suspended matter, and toxic substances; the still-
missing attenuation process then happens on the subsurface flow path and becomes
more complete the higher the residence time and the specific surface of the sediment
is. In the special case of injection wells, water should not be aerated and should not
expand when released and before reaching the groundwater in order to avoid air
entrapment in pores and any disturbance of the carbonate/CO2-equilibrium, which
both reduced hydraulic conductivities.

Fissured rocks are often too problematic for artificial groundwater recharge,
because flow velocities in wide fissures exceed mostly a range of deca-meters per
day, and storage capacity is mostly below 2 vol.%. Consequently, the attenuation
potential is not well developed along fissure flow paths, and the percentage of reuse
of infiltrated or injected water is small, except artificial recharge happened within
an extended pumping depression. Opposite to this, bi-porous fissured rocks, which
are typically represented by sandstones, reef lime-stones, and chalk, may develop
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storage capacities in excess of 6 vol.%, and mean residence times are high enough
to approach a significant natural attenuation.

Artificial groundwater recharge is intensively used
• in semi-arid and arid areas (e.g., Arab peninsula, California, Israel),
• in areas with significant mineral resources (e.g., Australia, Germany),
• in crystalline rocks (e.g., Sweden), or
• in areas with a high population density (e.g., Berlin, Netherlands).

A special form of artificial recharge is water ponding or rain harvesting. This
method applies often in arid (dry-land) areas, guarantees a vegetation cover in
restricted areas, and even provides some groundwater recharge. A sporadic rain in
an arid area produces primarily direct discharge, which can be stored in a pond or
depression of limited extent, where it evaporates and infiltrates. In a study in Niger,
Boers (1994) illustrates the efficiency of such pondings (Table 3.6); as can be seen,
the concentration of rain from small areas sampled in one plot of 8 m2 creates
groundwater recharge, which did not exist without rain harvesting. However, this
recharge is small and refers in a wet year for a 20- or 40-m2 plots to 2 mm/year
and 4.5 mm/year respectively.

3.8. WATER VAPOR-FLUXES IN THE SUBSURFACE

Water vapor-fluxes are sometimes supposed to contribute also to groundwater
recharge and soil water displacement. Such vapor-fluxes are driven by air pressure,
vapor pressure, and temperature gradients in the vadose zone.

Air pressure gradients in the percolation zone depend on water level fluctuations,
becoming strong in low porosity rocks, or by wind entering the pore space as far
as porosities are high.

Table 3.6. Efficiency of water harvesting in a wet and a dry year

Without rain
harvesting

Rain harvested from
an area of

20 m2 40 m2

Dry year
P 258 258 258
Rsf 0 78 155
ET 138 205 277
R 0 0 0

Wet year
P 673 673 673
Rsf 0 285 571
ET 481 720 849
R 0 38 185

Predicted run-off (Rsf ), transpiration of a Neem tree and rain harvesting
on a 20m2 and a 40m2 plot (Boers, 1994). All numbers in mm/year.
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The establishment of a vapor pressure gradient depends on bounding of soil
moisture, which is normally an unimportant factor, because vapor pressure does
not change much with soil moisture suction in the water content range from field
capacity to the wilting point; therefore, the suction gradient is always much higher
than the respective vapor pressure gradient.

In contrast, temperature gradients may become important for changes of water
vapor pressures; e.g., a temperature rise from 10–30�C increases the vapor pressure
by a factor of three. Such temperature gradients always provide a flux from high to
low temperature zones, albeit little at high water saturation. These fluxes, however,
are always smaller than the water consumed by transpiration. Such temperature-
driven fluxes may contribute in temperate climates to soil moisture in freezing soils
or in arid (dry-land) areas to the soil surface according to large differences between
day and night temperatures.

Temperatures in the subsurface result from the interference of a constant
geothermal flux, directed conductively vertically up, and a heat import with perco-
lation from the atmosphere vertically down; this downward flux is mainly of
convective and conductive character; hence, seasonal and daily air temperature
variations are transmitted to the subsurface by matrix- and preferential-flow; the
penetration depth of daily temperature variations restricts to a few centimeters,
whereas seasonal temperature variations can still be observed in 15–20m b.g.s.
(Fig. 3.16). The depth in which seasonal temperature variations are no more
measurable is called the neutral depth.

Seasonal variations of the air temperature undergo in the subsurface both a
damping of the amplitude and a phase shift with depth. A respective example from
two sites of Germany is presented in Fig. 3.16.

Vapor-fluxes also depend on the porosity and the tortuosity of the pores of the
sediment. Marshall (1959) reports that under a temperature gradient of 3�8�C/cm and
at porosities of 52 vol.%, fluxes are in the range of 1.1 10−3 m/day, at 25 vol.% of
8.4 10−4 m/day and at 10 vol.% of 6.0 10−4 m/day; such high temperature gradients
exist only at the soil surface, where the daily temperature variations still express. At
depth, such gradients are missing and, therefore, vapor-fluxes are becoming smaller
than matrix-fluxes (<2 m/year or < 5.4 10−3 m/day).

From Fig. 3.16, it can be seen that the amplitude of the yearly temperature
variations close to the land surface is strong and weakens rapidly with depth; till
the neutral depth the phase shift of seasonal temperature variations becomes half
a year.

The liquid (w) and vapor-flux rates (v) in the vadose zone depend on hydraulic
and temperature gradients

Q

A
= �Kw �H�+kv �H�+ �dTw +dTv

dT

dz
= Kw �H� (3.7)

Under arid and semi-arid conditions dTw is negligible as compared with dTv, and
in almost all climate zones, Kv�H� is several orders of magnitude smaller and less
variable than Kw�H�. Taking both these parameters into account, it is evident that
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Figure 3.16. Damping of the amplitude (left) and phase shift of air temperatures (right) in different depth
of the subsurface. Air temperature refers to 1 m above ground. • Kappelmeyer (1961) from Hannover,
� Seiler from Munich area

water contents may become significantly influenced by vapor-fluxes only close to
the land surface (Campbell, 1985), where thermal gradients are highest and in-
depth groundwater recharge increases by vapor-fluxes (Fayer & Gee, 1992) only
by <0.1 mm/year.



CHAPTER 4

RESEARCH TOOLS AND METHODS IN THE STUDY
OF RECHARGE

Depending on the aim of investigation, groundwater recharge studies contribute to
develop long- or short-term strategies on water use.
• In a first step, it must be clarified to which extent the studied hydro-geologic

system discharges under steady-state respectively transient hydraulic conditions;
both conditions occur naturally world wide, because of the always existing global
changes in climates, vegetation, and discharge levels (chapter 1), which became
accelerated through human activities since the beginning of the industrial age.

• In a second step, the scale to which results on groundwater recharge refer has to
be considered, to enable a representative assessment of results.

• Finally, it should be kept in mind that virgin conditions may significantly differ
from managed conditions, because groundwater recharge is not a fixed number,
but may vary with the boundary conditions of the recharged system.
Long-term recharge estimates allow to developing appropriate exploration and

exploitation strategies for water scarce and water excess periods of time. Short-term
information on groundwater recharge is needed, to better assess the impact of floods
and accidental spills on groundwater resources and to optimize irrigation.

There are six general approaches to estimate groundwater recharge:
• Mass balance methods,
• Mixing methods,
• Hydraulic approaches,
• Flux measurements,
• Methods that are based on outflow analysis, and
• Turn-over-methods.

All these methods experienced in the past modifications according to the available
investigation tools, the local or regional climate, plant cover, and hydro-geologic
conditions. Most common are meteorological mass balance studies, issuing bulk
information on run-off, but mostly not on groundwater recharge. Methods of outflow
analysis as well as hydraulic approaches that are based on numerical modeling of
groundwater flow deliver approximate results on groundwater recharge. The results
of all these studies always refer to the catchment scale and depend on observations

69
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of precipitation, the energy balance, land use, river discharge and groundwater level
fluctuations, and must be based on a reliable conceptual hydro-geologic model.
In contrast, lysimeter mass balance studies, soil hydraulic, and tracer-based turn-
over-methods always provide small-scale and instantaneous information, referring
to local singularities, giving to groundwater recharge an often unknown weighing
factor. Hence, both large- and small-scale methods inform about bulk respectively
distinguished recharge; bulk information have to be tested if they refer to a Reference
Elementary Volume (REV) of dedicated or mixed boundary conditions and small-
scale results often hardly refer to any REV. Links between both types of results are
transfer functions, which are, however, mostly missing.

The above-mentioned methods are frequently applied in humid climates and
suffer in arid to semi-arid areas from restrictions, because
• input data for mass balances (meteorological) vary too much in time and space

and are mostly not adequately known over a long run of time and in the large
scale of the dry-land,

• intrinsic hydraulic parameters, the boundary conditions of aquifer systems, and fit
parameters such as groundwater level fluctuations often suffer from non-precision
and are often not representative for the entire catchment,

• infiltration in arid (dry-land) and tropical climates is more punctual than areal, and
• much out-flowing groundwater in dry-lands is old and therefore does not correlate

with present meteorological data sets.

4.1. WATER BALANCE ESTIMATES

Water balance calculations require steady-state conditions and refer to average annual
meansofprecipitationandevapo-transpiration,hence,hidingarealvariationsandtime-
dependent effects; they heavily depend on the precision of the estimate of the actual
evapo-transpiration, which is – no doubt – the most difficult parameter to determine.

Simple input–output relations on precipitation and discharge (eq. 4.1) are
supposed to be linear and refer only to distinguished areas and their discharge; they
obey the general form of

D = ß1�P −ß2�� (4.1)

The betas are fit parameters and represent unweighed system specific constants.
Such an approach, however, neglects all geologic and non-linear plant, soil and climate
influences on infiltration, and run-off; hence, delivers bulk information, which applies
just for the catchment, in which they have been gained. Any significant change
in land use, climate, and the discharge base requires the re-calibration of such a model.

The meteorological water balance for closed basins (eq. 4.2) relates to

P = �DO +DI +DG�+ �EP +TP�±�S (4.2)

and for open basins (eq. 4.2) to

P = �DO +DI +DG�+ �EP +TP�±�S±DT (4.3)
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In both equations, it is assumed that the surface/subsurface run-off areas of DO,
DI, and DG are identical in size and for climates with high amounts of convective
rains also in extent, because convective rains are local events. By experience, in
catchments exceeding 5 km2 in size, the size criterion is mostly fulfilled or negligible
different as fare as the discharge base of neighboring rivers is similar in altitude
(Fig. 4.1, left side); in catchments smaller than 5 km2, perched groundwater could
underflow orographic water divides and thus produces different sizes in surface
and subsurface catchment areas. Finally in neighboring catchments with different
discharge altitudes, the orographic (owd) and the subsurface water divides (sswd)
may also differ in position (Fig. 4.1, right side).

If size differences in the catchments are difficult to assess, only direct run-
off can be exactly determined, whereas groundwater recharge is either over- or
underestimated, because the size of the subsurface catchment was either smaller or
larger than the orographic catchment.

To identify and assess run-off components (eqs. 3.5 and 3.6), hydrograph
analysis (Naterman 1951) (section 4.1.2), analysis of groundwater level fluctua-
tions (section 4.1.3) or environmental (Sklash et al., 1976; Seiler et al., 2002) and
artificial tracer methods have been applied (sections 4.4.2.3 and 4.4.4 respectively).

Changes in subsurface water storage (�S in eqs. 4.2 and 4.3) are negligible
in long-term water balances studies. This simplification, however, applies only in
areas, in which an active groundwater recharge zone occurs all over the catchment
(section 2.4). In arid (dry-land) zones, this is mostly invalid, because the active
and passive groundwater recharge zones contribute in similar orders of magnitude
to groundwater outflow to the oceans (exorhenic areas), or terminal lakes, Salares
or Sabkahs (endorheic areas) or to evaporation in areas with a water table close
to the surface (<2.5 m b.g.s.); hence, in the water balance for such areas, the
consumption of stored water can never be neglected. A very useful support in
quantifying such losses of long-term stored subsurface water is groundwater dating
with environmental isotopes of appropriate half-lifes (3H, 85Kr, 39Ar, 14C, 36Cl) in
the active and passive groundwater recharge zone as well as in the run-off of the

Figure 4.1. Altitudes of discharge base of rivers and the resulting differences in the position of orographic
(owd) and subsurface water divides (sswd)
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catchment (Mook, 2002); with these two components and the mix out of it, the run-
off partitioning of old and young groundwater can be quantified (eqs. 4.59–4.62).

4.1.1 Estimate of Evapo-Transpiration

Precipitation transforms on continents into evapo-transpiration, often called green
water, and surface/subsurface run-off, often called blue water. Green water, basically
consumed by plants, is part of blue water and accounts on an average to about 50%
of the continental water cycle. Falkenmark (2001) reports that in humid tropical
and temperate climates
• 57% of green water evapotranspirates through forests,
• 22% through grassland,
• 10% by agro-lands,
• 2% by wetlands, and
• 9% by other areas.

These numbers and the increasing demand for water to produce food and energy
for a growing word population make clear that ET is significantly open to manip-
ulation through changes of land use (Tables 3.1, 4.2, and 4.3).

The determination of evapo-transiration is the most crucial factor in the mass
balance equation. Evaporation occurs during rain events, however, mostly from
receptor interfaces (biosphere/atmosphere or lithosphere/atmosphere) and open
water surfaces; in contrast, transpiration consumes water from the soil/sediment
store through leaf surfaces and, therefore, the leaf area index (LAI) and plant devel-
opment play an important role in the determination of transpiration. Changes of the
LAI during the vegetation period of crops are shown in Table 4.1.

ET has a climate, seasonal, land use, and human development share of contri-
bution (Tables 4.2 and 4.3): With the shift of human activities from hunting to
agriculture and recently to industrialization, crop rotation and selection, defor-
estation and irrigation and emissions into the atmosphere ET changed and will do
so much more in the near future.

Depth reach of evaporation or vaporization of water below ground is limited to
some decimeters (Fig. 4.30) and becomes increased by shrinking cracks; capillary
raise of percolation water substitutes and thus increases evaporation losses from

Table 4.1. Mean leaf area index (LAI) values (m2/m2) for different crops
(Löpmeier, 1983)

Crop LAIS LAIB LAIMAX

Winter wheat 0.3 0.7 3.8
Summer wheat 0 0.7 3.9
Winter barley 0.3 0.6 3.7
Sugar-beet 0 0.2 4.2

Indices S, MAX, and B refer to the beginning, maximum, and in between
phase of plant development.
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Table 4.2. Relative evaporation/evapo-transpiration in mid-latitudes
(Baumgartner & Reichelt, 1975)

ET/P in % ET/P in %

Wet prairies 100 Ever-green areas 65
Water surfaces 75 Grain areas 40
Needle forests 70 Barre soil 30

Table 4.3. ET from different forests as referred to spruce (100%)

Douglas fir 111 Spruce 100
Birch 109 Beech 90
Larch 109 Pinne 56

the percolation zone. In contrast, transpiration reaches to great depth under deep
rooting trees and only a few meters deep under field crops.

In areas with a closed plant cover, transpiration exceeds evaporation by far in the
vegetation period; in areas with sparse plant cover evaporation dominates. Some
ET data from different surfaces and trees are shown in Tables 4.2 and 4.3.

In water balance studies, the determination of ET with meteorological parameters
is a special challenge. It depends on
1. Incoming and
2. Reflected solar radiation,
3. Air temperature and
4. The temperature of the evaporating surfaces,
5. Relative humidity,
6. Wind speed, and
7. Has to consider the development respectively any changes of physiologic

properties of the plant cover during the vegetation period.
Parameters 1, 3, and 4 can be locally determined and transferred to the catchment

scale, because they do not vary too much in space and short periods of time; all
other parameters should be registered on the scale of the landscape, especially
the reflected radiation, which is quite variable in the catchment scale (Table 2.4).
Therefore, the parameters 4–6 are often determined by remote sensors in aircrafts,
flying at 150–300 m above ground. As far as clouds and rain events do not interfere,
data of one flight a day can be extrapolated to the whole day; in case of weather
changes within a day, several flights are necessary to approach the real ET. As
airborne measurements to determine ET are quite expensive for routine or repeated
measurements, often local meteorological data are used, and calculated ET is then
extrapolated to the catchment scale.

Evaporation (EP) depends on the escape of water molecules from a water surface
to the air; this escape is triggered by the heat energy produced by solar radiation.
Thus, evaporation depends on three processes:
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• The storage of heat in water close to the surface (energy balance),
• The water vapor-flux through the interface water/air (Dalton process), and
• The air motion along the water/air interface (disturbance of an equilibration

process).
As most of these data are in general not available in detail and, if available, results

are often non-representative for the catchment scale, empirical or semi-empirical
methods have been developed.

The energy balance equation (eq. 4.4) for the heat storage (ET) is known and
delivers

ET = �Eti −Etr +Eli −Elr −Ele�−EP − �Esh +Eai −Eao� �Joule/�cm2day�� (4.4)

< Radiation balance > < Heat exchange>

ti = total insolation,
tr = total insolation reflection,
li = long wave insolation,
lr = long wave reflection,
le = long wave emission from the water body,
E = evaporation,
sh = sensible heat,
ai = advective heat income,
ao = advective heat outcome.
In this equation, EP corresponds to the potential evaporation.
The driving forces for water molecules to change from the liquid into the vapor

phase is the vapor pressure gradient from the liquid to the gas phase; the Dalton
equation (eq. 4.5) describes this flux from the liquid to the gas phase as

dQ

dt
= � �ewater − eair�

pair

(4.5)

� = coefficient, which refers to air motion.
This flux tends to decrease the water vapor gradient with time (closed system), if

it was not disturbed by an export of water vapor through air motion (open system).
Even more complicated is the calculation of the transpiration (TP) from plants,

which depends on the available water content in the effective root zone and its
retention by capillary forces, the water take up by roots, the hydraulic conductivity
along the flow path in the plant, the LAI, and the regulation of water escape through
the plant stomata, which depends not only on insolation, plant development, and
plant species but also on the chemical composition of the surrounding atmosphere,
like, for example, the CO2- and ozone-content (section 6.3).

According to the many data needed to quantify evapo-transpiration and the mostly
missing detailed data base in most climate zones, different approaches have been
developed to calculate ET on the base of empirical or semi-empirical constants,
replacing missing data sets by bulk parameters. Among these the following
approaches often apply:
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1. The approach of Turc (1954) (eq. 4.6) refers to long-term annual means of
precipitation (mm/year) and air temperature (�C)

ET = P√
0�9+

(
P

300+25T +0�05T 3

)2
�mm/year� (4.6)

2. The approach of Albrecht (1951) is based on mean monthly or mean daily water
vapor deficits (esaturation − eair) in mbar:

ET = 0�75��esaturation− eair� [mm/month or mm/day]� (4.7)

The wind factor 	 is shown in Table 4.4. These values have been questioned
and some authors emphasis to use always a wind factor of 16 and to refer to
monthly instead of daily means of water vapor deficits (Uhlig, 1954).

3. The Haude (1955, 1959) approach (eq. 4.8) is widely used: it is similar to the
Albrecht (1951) approach, considers the water vapor deficit in mbar of each day,
measured at 2 m above the ground at 2 p.m. and introduces a calibrated factor
(f ), referring to the plant cover

ET =
i−days∑

1

0�75f�esaturation − eair·2p�m�� �mm/i-days� (4.8)

with

esaturation = 6
11 ·10
17�62T

243�12+T if T > 0 (4.9)

or

esaturation = 6�11 ·10
22�46T

272�62+T if T < 0 (4.10)

Table 4.4. Values of 	 (eq. 4.7) in the Albrecht equation according to
wind speed

Wind speed km/h Wind factor 	, referring to

Mean monthly value Mean daily value

0–0.6 4 0.13
0.6–1.2 6 0.20
1.2–1.8 8 0.27
1.8–2.4 10 0.33
2.4–3.0 12 0.40
3.0–3.6 14 0.47
>3.6 16 0.53
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Table 4.5. f-factors (eq. 4.8) in the Haude approach for different crops (from DWD Agriculture Meteo-
rological Service, Braunschweig, Germany)

Jan. Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec.

1 0.26 0.26 0.33 0.39 0.39 0.37 0.35 0.33 0.31 0.26 0.26 0.26
2 0.20 0.20 0.21 0.29 0.29 0.28 0.26 0.25 0.23 0.22 0.20 0.20
3 0.10 0.10 0.20 0.25 0.40 0.40 0.60 0.60 0.40 0.35 0.10 0.10
4 0.18 0.18 0.18 0.26 0.36 0.35 0.30 0.20 0.18 0.18 0.18 0.18
5 0.18 0.18 0.18 0.20 0.25 0.35 0.36 0.25 0.25 0.18 0.18 0.18
6 0.18 0.18 0.18 0.20 0.22 0.30 0.35 0.36 0.30 0.18 0.18 0.18
7 0.14 0.14 0.14 0.14 0.18 0.26 0.26 0.26 0.25 0.23 0.22 0.20
8 0.14 0.14 0.14 0.15 0.23 0.30 0.36 0.32 0.26 0.19 0.14 0.14
9 0.18 0.18 0.18 0.20 0.25 0.32 0.36 0.34 0.25 0.18 0.18 0.18

10 0.18 0.18 0.18 0.32 0.37 0.35 0.26 0.20 0.18 0.18 0.18 0.18
11 0.18 0.18 0.19 0.26 0.34 0.38 0.34 0.22 0.21 0.20 0.18 0.18
12 0.18 0.18 0.20 0.30 0.38 0.36 0.28 0.20 0.18 0.18 0.18 0.18
13 0.18 0.18 0.18 0.25 0.35 0.36 0.34 0.30 0.20 0.18 0.18 0.18
14 0.18 0.18 0.18 0.25 0.32 0.38 0.36 0.30 0.18 0.18 0.18 0.18
15 0.15 0.15 0.18 0.25 0.30 0.36 0.26 0.18 0.18 0.18 0.18 0.18

line 1 = bare land, line 2 = grass land, line 3 = pine forest, line 4 = early potatoes line 5 = potatoes,
line 6 = late potatoes, line 7 = corn, line 8 = sugar-beet, line 9 = sunflower, line 10 = winter rape,
line 11 = winter wheat, line 12 = rye and barley, line 13 = pea, line 14 = bean, line 15 = summer
barley and oat.

Table 4.5 presents the f factors by month for different crops as calibrated for
mid-latitudes. The Haude (1955) approach has also been successfully applied in
arid (dry-land) climates (Haude, 1959).

According to Table 4.5, ET is higher in the vegetation period for forests
than for grass lands with a deep groundwater table; crops evapo-transpire in the
vegetation period water quantities in between forests and grass lands.

ET calculations based on eq. 4.8 always refer to daily data and not to monthly
mean values of the water vapor deficit at 2 p.m. A similar approach referring to
crop parameters is presented by Allen et al. (1998).

4. The Thornthwaite (1948) approach (eq. 4.11) goes back to mean monthly temper-
atures, supposing a 30 days month and daily 12 hours of sunshine.

ET = 1�6
(

10Tmonth
I

)a
�mm/month� (4.11)

with

I =
12∑
1

(
Ti
5

)1�514

(4.12)

and

a= 6�75 ·10−7I3 −7�71 ·10−5I2 +1�792 ·10−2I+0�49239 (4.13)
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5. The Penman (1948) approach (eq. 4.14) refers to the potential evaporation of
an open water surface and was originally expressed as

EP = �E0

�+� + �Eair

�+� �mm/day� (4.14)

with

E0 = 1
�
��1− r�Ein −Eout� �mm/day� (4.15)

Ein = Incoming radiation energy
Eout = emitted energy
r = reflection coefficient
= conversion- from J/(cm2 day) into mm/day
Eair = vapor transport through the water /air interface
� = psychrometer constant = 0.65mbar/�C
�= slope of the saturation vapor curve at temperature T
The conversion-factor  changes with the temperature range and expresses as

� = 59�6−0�0533 T at T > 0�C
� = 59�6 for T = 0�C
� = 67�6−0�05 T at T < 0�C�

6. The traditional long-term water balance (eq. 4.16) in a closed system applies
to determining a difference height (U), if long-term registrations of run-off and
precipitation are available

U = P −D� (4.16)

As far as precipitation was representatively determined for the catchment
(section 3.1), surface and subsurface catchments do not differ in size, and any
groundwater displacement beneath the reference gauge station is negligible, the
difference height in the water balance corresponds well to the actual or real ET.
Calculations of EP or ET according to methods 1–5 always result in the potential

ET and EP and have an error bare of about 20%. Potential ET refers to unlimited
water availability as realized along water surfaces and over wetlands. As water
availability on continents is mostly limited, one is always faced with real or actual
instead of potential ET, which is smaller than the potential one. Therefore, bulk
correction factors have been proposed to better approach real ET or EP; these
correction factors either refer to a mean annual value, which is often supposed to
be 75% of potential ET in humid climates, or orient at threshold values like the
field capacity of the unsaturated zone.

The still existing uncertainties in determining the actual ET for short time slots
makes any short-term hydrological water balance based on meteorological data
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difficult to apply. Comparison of ETs from all mentioned methods on a run of
several years results normally in a quite good agreement. This comparison, however,
reflects on short intervals too many parameter uncertainties contributing to the
calculation of ET.

4.1.2 Hydrograph Analysis

The meteorological water balance (eqs. 4.2 and 4.3) can seldom differentiate
between specific run-off components (Figs. 4.2 and 4.3C). Knowing the geology
of a catchment, however, allows a lumped relation between discharge and specific
run-off components; only indirect run-off is a characteristic of areas with unlimited
infiltration capacities (gravels, developed karst) and only direct run-off typifies
areas with low storage characteristics (crystalline rocks, clays). In almost all other
aquifer geologies both direct and indirect run-off are to be met. The contribution
of these run-off components to surface discharge depends on
• Intensities and durations of rains,
• Catchment geology,
• Land use and plant/crop development,
• Thickness and hydraulic functions of the unsaturated zone, and
• Reservoir geometries and hydraulics.

Under dry weather conditions, the discharge of springs or rivers is fed by perched
respectively regional groundwater (Fig. 2.7), named dry weather discharge, base-
flow or groundwater run-off to surface discharges. As far as perched groundwater
dominates base-flow, any base-flow analysis of river discharge under- or overesti-
mates groundwater recharge rates, because the outflow from perched groundwater
refers to either an excess or a too low portion of the orographic catchment size
(Fig. 4.1); in the case of base-flow from regional groundwater, groundwater recharge
rate is mostly underestimated because base-flow analysis refers to a threshold

Evapotranspiration
precipitation

infiltration

overland flo
w

riverunsaturated zone
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Figure 4.2. Block of a landscape with the respective run-off components
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altitude, which is usually higher than the base of the aquifer or aquifer-system;
hence, subsurface discharge beneath the threshold level is not considered by the
base-flow analysis. Only at gauge stations of extended catchments with a very
small subsurface through-flow section and with the same surface and subsurface
catchment size base-flow analysis approaches well available groundwater recharge.

Any discharge surplus, produced in a limited run of time by rain events, is
attributed to inter-flow and overland-flow and expresses in a characteristic sudden
rise of surface run-off, followed by a slow discharge recession (Fig. 4.3C). Once
all the run-off from the temporary overland and inter-flow reservoirs has gone,
discharge returns to base-flow. This idealized concept on run-off neglects trans-
mission links, which are supposed to exist, but are not well known.

Hydrograph analysis separate direct (overland- plus inter-flow) and indirect
run-off (base-flow), whereas chemical/isotope discharge separation distinguishes
between pre-event and event water; hence, only the combination of both methods
allow a good estimate of main discharge components such as base-flow, inter-flow,
and overland-flow (eqs. 3.5 and 3.6). Furthermore, hydrograph analysis of the base-
flow always refers to the threshold discharge level of the gauge station, in contrast
environmental dating of base-flow refers to a trench of the groundwater flow field,
which penetrates beneath the mentioned threshold altitude. Therefore, both methods
result in somewhat different values for base-flow.

Opposite to base-flow, the inter-flow and overland-flow reservoirs have always
a discharge altitude above the receiving river; hence, both can quantitatively be
determined by tracer and hydrograph-based discharge analysis.

In hydrologic regimes with dry and wet seasons, base-flow can easily be analyzed
and precisely determined with respect to a threshold altitude. In regimes with
frequent precipitation input (e.g., in humid areas) or with snowmelt over long
runs of time in the dry season (in many temperature-driven discharge systems) an
appropriate quantification of the long-term base-flow is often difficult.

The dry weather discharge characteristic of an aquifer can be constructed using
hydrographs from rivers and marking in a first step sectors of dry weather discharge
according to Fig. 4.3A, starting empirically about 3 days after the run-off peak;
following, these curve sectors are composed to the dry weather discharge line
(DWDL) (Fig. 4.3B), which covers the whole range of discharges and generally
represents a trend line; the transfer of this DWDL into a semi-logarithmic scale
usually results in two linear lines, which are attributed to direct and indirect
discharge; often a third line appears in between, which, however, is often considered
to result from the superposition of the two before mentioned lines.

The DWDL is unique in a discharge/time diagram, if porosities and hydraulic
conductivities are high. In the case of low porosity fissured rocks, the DWDL
may move up and down according to the intensity of groundwater recharge; here
a medium DWDL of the aquifer can be determined by defining a maximum and a
minimum DWDL.
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Figure 4.3. Surface discharge of a river as a function of time. (A) Sectors of dry weather discharge
(curve limbs a till f); (B) Sectors of dry weather discharge are composed to a regression line (the dry-
weather-discharge-line or DWDL), which generally follows an exponential function of the type of eq. 4.17;
(C) Surface discharge is composed of O-F = overland-flow, I-F = inter-flow, B-F = base-flow
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The outflow of a reservoir (eq. 4.17) can be characterized by an exponential
function

Qt =Q0e
− t
MTT (4.17)

During rain events activated reservoirs with low mean-turnover-time superimpose
base-flow and add to (Fig. 4.3C) eq. 4.18

Q=QtG +QtI +QtO

Q=Q0Ge
− t
MTTG +Q0Ie

− t
MTTI +Q0Oe

− t
MTTO

(4.18)

G, I, and O refer to groundwater, inter-flow, and overland flow, respectively.
In this equation, the bulk geometries and hydraulic properties of reservoirs G,

I, and O are defined by the mean turn-over time (MTT) (eq. 4.19), which just
corresponds to a one time water replacement in the respective reservoir:

MTT = AT ′p′

AD
= T ′p′

D
(4.19)

Typical MTTs in the active groundwater recharge zone are for
• Base-flow in unconsolidated aquifers 1–75 years,
• Base-flow in consolidated aquifers 1–5 years and an additional >20 years if

matrix porosities come into game (sandstones, chalk, reef carbonates, diagenetic
dolomites) and

• For overland- and inter-flow hours respectively days.
As a rule, groundwater reservoirs have constant MTTs, because in a first approxi-

mation aquifer geometries and hydraulics are constant and hydraulic heads generally
change slowly; only subsidence, triggered by natural or anthropogenic water level
changes, alter geometries, and hydraulics on a long run of time, hence, produce an
increase of MTTs. Such hydraulic changes never recover completely if boundary
conditions return to initial water level stages.

In contrast, bulk hydraulics of the inter-flow and overland-flow reservoirs may
change seasonally according to growth and decay of the vegetation cover as well
as the intensities of soil biologic and agriculture activities. As a consequence, it is
often observed that rain events produce in the summer or dry season less tailing of
direct run-off than in the winter or rainy season; this relates to seasonal changes
of MTTs of inter-flow, because of a seasonality of infiltration and through-flow
capacities in hilly terrains (Fig. 4.4).

Hydrograph evaluations differentiate between quick and slow reservoir responses,
respectively, high and low MTT; no intermediate MTT is distinguished; hence, hydro-
graph methods separate direct (overland-flow + inter-flow) and indirect run-off
(groundwater run-off); any further separation exceeding two or even three compo-
nents is mostly arbitrary, because of interferences of the components. Some examples
for the portion of direct and indirect run-off in river discharge are shown in Table 4.6.

With the meteorological water balance (eqs. 4.2 and 4.3), bulk discharge is
determined, and using hydrograph evaluations, run-off with short MTT can be
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Figure 4.4. Seasonal changes of the mean turn-over time (MTT) of inter-flow in Tertiary sediments of
south Germany (Scheyern). Catchment sizes are similar, but forest cover is changing

subtracted from surface discharge; hence, groundwater recharge in humid and cold
areas is approximated by eq. 4.20

DG = P−ET − �DO +DI�±�S (4.20)

Preconditions to apply this relation are:
• Surface and subsurface catchment areas are known in size,
• Changes in stored water (�S) can be neglected, and
• A long-term average for direct run-off is available.

In arid (dry-land) areas, it is approximated by eq. 4.21

DG = P−EP±�S� (4.21)

To successfully proceed in hydrograph analysis, continuous discharge records
and not daily means must be analyzed to determine direct run-off and its MTT; only

Table 4.6. Ratios of direct (QI+O) and indirect discharge (QG) as
referred to the mean river discharge

River DO+I DG

Colorado/USA 0.40 0.60
Danube/D + A 0.64 0.36
Elbe/CZ + D 0.59 0.41
Mississippi/USA 0.64 0.36
Mosel/D 0.72 0.28
Neckar/D 0.70 0.30
Potomac/USA 0.46 0.54
Rhine/CH + A + D 0.57 0.43
Sacramento/USA 0.35 0.65
Weser/D 0.58 0.42
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for base-flow also daily discharge means lead to representative MTTs. Monthly
means or once a day records are unsuitable for this analysis.

As the knowledge of discharge generation is still limited and has a scale
dimension, other simplified approaches based on discharge records have been
proposed:
• Given the above-mentioned assumptions on base-flow, Wundt (1953, 1958)

proposed to take for each month the lowest daily mean of discharge and to
calculate the arithmetic mean for the summer and winter season. Since during
summer (the vegetation period) present groundwater recharge is lower than
in winter, the summer mean represents a minimum of manageable ground-
water. If applied in arid to semi-arid areas, this method does not result in
any reliable number of groundwater recharge, because discharge also includes
a high portion of transient components from historic or even geologic times,
which can be recognized applying water dating with environmental tracers
(section 4.2.2).

• Natermann (1951) proposed a more optimistic approach to determine manageable
groundwater. He used continuous discharge records, put a wrapping curve at
low discharge points and extrapolate a smoothened curve to the hydrograph
of the rainy or snowmelt season. Determining the mean of the adopted curve
and subtracting it from the mean discharge results in a good approximation of
manageable groundwater quantities. This method is easy to handle and delivers
reliable data for long runs of continuous discharge observations.
Hydrograph analysis based on environmental tracers such as isotopes, silicate,

or DOC are also named “end member mixing methods (EMMM)”, which allow
analyzing surface flow as a composition of two end members. As far as these
end members are non-reactive tracers (section 4.4), their partitioning in surface
run-off is proportional to the respective discharge component (eq. 4.59). A typical
example for such an EMMM is shown in Fig. 4.5 for an area without base-flow; the
example shows that at the beginning of the discharge event, pre-event water does not
measurably contribute to the discharge of both fields, however, after September 29,
2002, it does for each plot in a different manner.

In EMMM, the environmental isotope tracers 18O, 2H, (3H) (sections 4.4.2.3
and 4.4.2.2) and the weathering products Si(OH)4 and DOC are often applied.
• Silicon is considered a geogenic tracer from the weathering zone of sediments

and rocks; its dissolution is rather quick (Kennedy, 1971), dissolution kinetic
is high, and once dissolved, it maintains this concentration (Hendershot
et al., 1992),

• Dissolved organic carbon (DOC) is the part of TOC passing through a filter of
0.45 �m; it is produced in soils by weathering of the organic detritus and underlies
in the effective root zone strong mechanical filtering (White, 1998; Seiler et al.,
2002); therefore, it is abundantly available within the soil zone (>4 mg/L) and
traces lateral flow and decreases rapidly in the unsaturated zone to <2 mg/L,
thus tracing groundwater recharge; typical groundwater concentrations of DOC
are 0.5–1.5 mg/L (section 5.1.1).
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Figure 4.5. Direct run-off from two agro-fields (acre 16 and 18) as produced by a precipitation event
in the area of Scheyern, Germany. The figure shows the variations of 18O in precipitation (grey) and
direct run-off (light grey and black); the response function is at the beginning of the rain event similar
and differs in a more advanced stage of rain

4.1.3 Groundwater Level Fluctuations

Groundwater levels fluctuate according to atmospheric pressures, the compression
of rocks during earth-quakes and tides, and as a response to groundwater
recharge/discharge. Atmospheric pressures and rock compressibility result in
measurable groundwater level fluctuations only if the porosity is low and the ground-
water is confined.

Regional groundwater levels rise if groundwater recharge exceeds groundwater
consumption and decline if evaporation and horizontal fluxes consume stored
groundwater. Given that groundwater fluxes are quite constant, groundwater level
fluctuations, hence, express groundwater recharge. Taking mean groundwater levels
per month over a run of many years results in an average amplitude of ground-
water fluctuations with high groundwater levels following recharge times and low
groundwater levels following dry weather conditions. These average fluctuations
mark the recharge space in an aquifer.

Taking this amplitude and supposing that groundwater fluxes do not change
significantly with water levels, allows to calculate (eq. 4.22) groundwater recharge
if the porosity (p’) of that part of the aquifer is known

R′ = �hp′ (4.22)

Sc is not constant, because it might be reduced by entrapped air in the groundwater
fluctuation zone. Therefore, it is always lower than total and sometimes also than
effective porosity; under-wetting conditions, it is often smaller than under-draining
conditions, because of hysteretic effects. Some values of p’ are listed in Table 4.7.
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Table 4.7. Range of porosities p’ of aquifers, which are relevant to
calculate groundwater recharge from fluctuations of groundwater levels

Material p’ in % Material p’ in %

Fluvial gravels 10–18 Clay sand 10–15
Medium sands 25–30 Clay >10
Fine sands 20–25
Loamy sand 15–20 Karst 1.5–4.5
Loam 13–17 Fissured aquifer 0.5–1.5

The range of data in Table 4.7 is due to both the air entrapment and the degree of
uniformity in grain size distribution in the groundwater fluctuation zone.

As the groundwater table is the first contact of recharge with groundwater, obser-
vations of groundwater fluctuations in this zone are most relevant. To depth, ground-
water recharge distributes uneven (section 2.4), resulting in a first approximation in
an exponential decline of groundwater recharge with depth, and groundwater level
fluctuations are rather caused by a pressure equilibration than a mass transport.

This method of mean groundwater level fluctuations results in an underestimate
of groundwater recharge, because it does not consider natural groundwater fluxes.

4.2. LYSIMETER STUDIES

Lysimeter studies are known since the end of the 17th century. The prime
concept in using this tool was to better estimate actual evapo-transpiration and
through-percolation; through-percolation and precipitation have been volumetrically
measured in lysimeters, and EP or ET was equated by the difference of both. Later,
lysimeter studies have been directed to investigate transport as well as physical,
chemical, and microbial transformation processes of pollutants in the vadose zone.
No doubt, as compared with the bulk determination of groundwater recharge through
water balances or discharge analysis, lysimeter studies give a more detailed insight
in the role of geology, soil, vegetation, and climate factors on recharge mechanisms.

Lysimeter investigations, however, generally suffer from
• high construction and maintenance costs,
• the small scale as compared to inhomogeneities in soil/sediment fabrics,
• the missing transfer functions to reliably apply lysimeter results in the catchment

scale (Blöschl & Sivapalan, 1995), and
• the mostly non-representative vegetation cover.

Therefore, today lysimeter studies mostly aim to investigate transformation
processes, being more complex than in the microcosm or laboratory scale, but still
not as complex as under field conditions.

There exist two basic types of lysimeters:
• Natural and
• Constructed lysimeters.
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Natural lysimeters often refer to springs with a known catchment size, discharging
perched groundwater of a known areal extent. Such springs occur at the outcrop
of inclined low permeable layers, mostly clays or marls, which are supposed to
have negligible leaching losses to the underground and no diffuse groundwater
consumption by evaporation along the outcrop area. The catchment of such springs
is usually high above the valley, small in extent (<1 km2) and often linked to
inselbergs. Such natural lysimeters can only be used to set up input/output relations;
process-oriented studies are difficult to execute.

In recent times, natural lysimeters have been constructed in the field by drilling
horizontal full-tubes with an open end at different depths from a vertical shaft into
the percolation zone (Fig. 4.36) (Seiler et al., 2002; Juren et al., 2003). At the
open end tensiometers, TDRs or suction cups can be inserted to study quality and
flow of water in the vadose zone. These lysimeters do not disturb soil/sediment
fabrics, but influence natural water contents, hence, local percolation do not need
any adaptation time to start investigations, but suffer from not well-known boundary
conditions and intrinsic hydraulic parameters to study input/output relations or to
set up a water or matter balance, but refer to investigation scales exceeding the
reference elementary volume (REV).

In fissured and karst rocks, cave or tunnel studies apply as natural lysimeters
(Veselic & Cencur Curk, 2001; Grasso et al., 2003). Such studies allow quantifying
real processes, without knowing the real hierarchical process structure and boundary
conditions. Linking these observations with discharge, spring, and groundwater
observations allows setting up a reliable conceptual model on recharge, flow, and
transport mechanisms in the percolation zone (Grosso et al., 2003).

The constructed lysimeter consists of a cylindrical pot, mostly 1.5 m long and
1.13 m in diameter, with open surfaces on the cylinder top and base. Either the
cylinder is filled up with sediments, ending on top with a soil cover, or the cylinder
was used to dig out a cylindrical undisturbed monolith. Such lysimeters can be used
to study the influence of small plants on percolation, transport, and transformation.
To investigate the influence of trees on percolation, lysimeters must have surfaces
of several 100 m2 (e.g., Castricum/Netherlands and St. Arnold/Germany), which
are rectangular in size and 3–5m deep; sediments and soils are always filled into
such giant lysimeters.
• Lysimeter lengths are usually selected according to the thickness of the effective

root zone, depth of plant rooting, and the thickness of the closed and open
capillary fringe (Fig. 4.6) in the studied sediment,

• Large lysimeter diameters approach much better the REV of the vadose zone. A
diameter of 1.13 m, corresponding to 1 m2 surface, makes sense for an easy data
comparison but not for the representativeness of results for a landscape,

• Lysimeter cylinders usually surpass the ground floor by some centimeters, hence,
overland-flow (DO in eqs. 4.2 and 4.3) is suppressed and consequently enhances
infiltration in coarse grained and ET in fine-grained soils/sediments.



RESEARCH TOOLS AND METHODS IN THE STUDY OF RECHARGE 87

Figure 4.6. Thickness of the capillary fringe as a function of the hydraulic conductivity of unconsolidated
rocks

• The 1-m2 soil/sediment surface is bare, covered with grass, or used for crops. To
avoid any island or oasis effects, the vicinity of the lysimeter should be cultivated
as the lysimeter itself, which is not easy to realize.

• Within lysimeters, any lateral flow (DI in eqs. 4.2 and 4.3) is suppressed;
therefore, lysimeter results always refer to a forced one-dimensional infiltration
and percolation process, which is characteristic for flat lands but not for any
three-dimensional percolation flow in hilly terrains, where lateral flow comes
into the game (section 3.5).

• The outflow on bottom of lysimeters always happens through a capillary fringe,
which might become thick in fine-grained and thin in coarse grained, uncon-
solidated sediments; this capillary fringe controls the percolation/storage process
within the length of the lysimeters in terms of speeding up fluxes in wet and
suppressing the capillary rise of water (Hc in eq. 4.26) in dry seasons. This
capillary fringe can be broken, but not completely eliminated, introducing a
coarse grained porous drainage (sands and gravels) or suction plates.
Knowing all these influences on water storage and percolation, lysimeters

have respectively been modified in size and equipment according to the investi-
gation goal.
• Groundwater tables and suction plates have been introduced at the lysimeter base

to rule in respectively out the influence of any groundwater table on percolation
and capillary rise of water.

• Some are staffed with tensiometers, TDRs, and suction cups in replicates at
different depth to better assess the role of inhomogeneities on water and matter
fluxes and to better follow dynamic transformation processes.

• More sophisticated lysimeters are mechanically or electronically balanced and
thus refer to changes of storage (�S in eq. 4.2) and further allow a better approach
to dew formation, effective precipitation, and evaporation.
Lysimeters are mostly transported from a place of interest to an experimental side.

These lysimetersareeither filledwithunconsolidatedsediments,whichstill compact at
the beginning of the investigation, or have been digged; in both cases, the water content
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from the side of interest does not fit with the one of the experimental side, because
of non-representative precipitation distributions and quantities. As the unsaturated
hydraulic conductivity changes approximately with the square of the porosity, both the
unstable porosity condition and the not yet adapted water contents express in transient
flow. From this point of view, lysimeter experiments need months or years to achieve
equilibrium conditions in soil/sediment fabrics or water contents, before delivering
reliable local results. As percolation velocities are rather low (section 3.4), it takes in
1.5-mlong lysimeters about1–2years to reachwater contents,whichare representative
for the climate conditions at the lysimeter station

Taking all limitations, manipulations and eqs. 4.2 and 4.3 into account, it can be
stated that
• Constructed lysimeter results refer only to unconsolidated rocks,
• Non-weighable lysimeters without suction plates deliver reliable results only on

a long run of time, when �S can be taken as constant; they apply only for
through-percolation or bulk process studies in areas with a groundwater table
close to the surface;

• Weighable lysimeters provide good results on changes of �S and thus apply also
for short-term water balances; all liquid, solid, and gas gains and losses can be
determined with a precision of 0.1 mm, if equipped with respective probes on
top, base, and within the column of the lysimeter. They contribute to detailed
process studies;

• Lysimeters with a fixed water table deliver similar results like weighable
lysimeters;

• All lysimeter results exaggerate groundwater recharge or under/overestimate
evapo-transpiration according to soil/sediment fabrics;

• Most lysimeters suppress capillary rise in extended dry periods, because it does
not refer to an ‘inexhaustible’ groundwater source and

• The transformation of local lysimeters results to the landscape is semi-
quantitative.

• Natural lysimeters allow a better qualitative coupling with catchment results on
percolation and matter transport than traditional lysimeters do.
Traditional lysimeter studies produce excellent relative values on the water

balance, and results are generally expressed as infiltration/precipitation or
ET/precipitation ratios. The transfer of these data to the landscape leads often to
an overestimation of groundwater recharge and an underestimation of the actual
ET. Nevertheless long-term and relative data from lysimeter studies bring a good
orientation in groundwater recharge studies.

In a non-weighable lysimeter, P and DG is measured volumetrically, and ET is
calculated assuming a constant S; this assumption approaches reality in wet climates
for time series of more than half or one year; for shorter time intervals, results are
questionable. In semi-arid and arid climates S can become so significant that no
percolation occurs; therefore, lysimeters studies apply in arid (dry-land) areas only
for special goals, for example, Wadi infiltration into the subsurface (Issar et al.,
1984).
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From lysimeter studies result a good estimate on groundwater recharge for
different soils/sediments and vegetation covers. As expected, these data have
a high variability, because they neglect REV, special fabrics, preferential-flow,
local climate and soil hydraulic features, inter-flow and overland-flow. Hence, all
numbers reported in Table 4.8 can only be considered as an orientation.

Systematic evaluation of lysimeter studies show that there exists for selected sites
(eq. 4.23) an approximate linear relation between yearly means of precipitation and
groundwater recharge

R′ = m�P − c� (4.23)

In this equation, c and m are constants, and any correlation coefficient becomes
close to one if vegetation is missing, but very low if needle trees grow on lysimeters;
for leaf trees and agriculture crops, this relation stretches in between these extremes.
Shorter time discretisations than one or half a year enlarges significantly the
error bar.

In Table 4.9, the parameters c and m from lysimeter studies in Germany are
listed. From these data, it can be seen that precipitation, geology, and vegetation
are not the only influencing parameters; others intervene such as rain intensities,

Table 4.8. Groundwater recharge (R’) as referred to precipitation (P) in
typical sediments out of a temperate climates (P = 500–700 mm/year)

Sediment R’/P in % Sediment R’/P in %

Fluvial gravel 40–60 Loamy sand 31–40
Dune sand 75 Loam 20–23
Sand 45–55 Loamy clay 8–10

All sediments without vegetation cover.

Table 4.9. Lysimeter constants (eq. 4.23) from groundwater recharge studies in Germany (Matthess &
Ubell, 1983)

Sediment/Place Vegetation m/c Sediment/Place Vegetation m/c

Sand/Senne grass 0.784/−162 Sand/Steyerberg Cereals +
sugar beet

0.784/−220

Sand/Norderney grass 0.859/−108 Sand/Barme III Cereals +
sugar beet

0.623/−182

Sand/St Arnold grass 0.621/−146 Sand/St. Arnold pines 0.858/−443
Loamy sand/Berlin grass 0.734/−386 Sand/Dortmund pines 0.582/−296
Sandy loam/Infeld grass 0.311/−533 Loamy sand/Rauental cereals 0.960/−473
Loess/Senne grass 0.546/−67 Loamy sand/Berlin bare 0.770/−226
Loess/Dortmund grass 0.912/−306 Loess/Bonn Cereals +

sugar beet
0.289/−185

Clay/Senne grass 0.521/−296
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Table 4.10. Monthly ET as referred to the yearly mean in percent (1967–1971) from sand in
Eberswalde/Berlin (Dyck, 1980)

Month Vegetation Sediment

I II III IV V VI VII VIII IX X XI XII

0.8 1.9 8.7 10.5 15.7 17.2 13.4 10.8 10.6 6.9 2.5 1.0 Bare Sand, fine grained
0.6 1.6 4.4 10.1 17.1 19.0 19.6 11.0 8.6 5.1 2.3 0.6 Grass Sand, fine grained
0.7 1.8 6.3 9.2 14.6 16.5 15.5 11.3 10.5 6.8 4.2 2.6 Pine Sandy loam

summer to winter rain ratios, preferential-flow, disturbed fabrics of sediments, and
many more.

Taking the monthly ET as related to the yearly mean for different land use close
to Berlin delivers the data in Table 4.10. From this table, it can be seen that in
comparison to bare soils/sediments grassland both reduces and increases ET in the
non-vegetation, respectively the vegetation period.

4.3. HYDRAULIC METHODS IN THE VADOSE ZONE

There exist sharp water–air and water–solid interfaces in the unsaturated zone. This
is basic to apply the classical equations on filter flow also to percolation. In contrast
to saturated flow in aquifers, however, capillary forces intervene in unsaturated
flow and cause some modifications of Darcy’s law (eq. 3.1).

Flow in the unsaturated zone of unconsolidated and decompressed media is
directed perpendicular to bedding; by contrast, groundwater flow mostly parallels
bedding. This difference in flow orientation toward bedding expresses in a stronger
transverse flow component and hydrodynamic dispersion (Behrens et al., 1980;
Seiler & Baker, 1985) in the percolation zone than in aquifers (Seiler, 1985).

Similar to groundwater flow in bi-porous media, there exists in the unsaturated
zone a quick (preferential-flow) and slow flow (matrix-flow) component, which
usually expresses in the unsaturated zone in greater differences of flow velocities
than in aquifers; this is related to the fact that in the vadose zone hydraulic gradients
can reach from close to zero till one and hydraulic conductivities may differ by
several orders of magnitude; in general, this range of gradients and hydraulic
conductivities is smaller in aquifers. As preferential-flow is not yet well quantifiable
(section 3.4) on the catchment scale and as the vadose zone is hydraulically more
inhomogeneous than the groundwater zone, mathematical or numerical approaches
on percolation are more difficult to achieve than on groundwater movement.

According to climates and soil/sediment fabrics, matrix-flow in the unsaturated
zone ranges from few meters to less than few millimeters per year (section 3.4).
In humid areas, it is dominantly directed vertical down and in semi-arid to arid
climates also vertical up according to the duration of drying and wetting cycles. In all
climate zones, however, percolation can transform along beddings or ground-ice into
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inter-flow or perched groundwater, if high differences in the unsaturated hydraulic
conductivities occur along these interfaces (section 3.5).

Infiltration of precipitation generates in the vadose zone water storage, matrix-
and preferential-flow (Beven & Germann, 1982; Nielsen et al., 1986; Glass et al.,
1989; Kung, 1990a, 1990b; Baker & Hillel, 1991). Preferential-flow interacts with
matrix-flow by mass and ion exchange and often transforms partly or completely
into inter-flow; it typically occurs in the upper part of the vadose zone of uncon-
solidated rocks and can by-pass the barrier function of soils for contaminants.

The volumetric water content (eq. 4.24) in unsaturated sediments refers to the
ratio water volume VW and the sum of soil/sediment and pore volumes (VT)

� = VW
VT

≥ 0� (4.24)

Water saturation (S′) (eq. 4.25) refers to the ratio water volume (VW) and void
volume (VV)

S′ = VW

VV

≤ 1

or (4.25)

� = S′VV

VT

With respect to the water content in the vadose zone two types of flow occur in
the unsaturated zone:
• Gravitational flow vertical down dominates at water contents close to or higher

than field capacity and
• Capillary flow in potentially all directions prevails at water contents below field

capacity.
In the vadose zone, the dominance of gravitation flow is limited in depth

reach (section 3.4) except artificial groundwater recharge through rivers and ponds
intervene; in contrast, capillary-flow occurs all over the unsaturated zone.

In water saturated sediments no capillary forces exist. Expressing the capillary
forces (eq. 4.26) by the capillary head (Hc) and referring it to the potential energy
per water weight results in

Hc = −2�cos�
�Wrg

� (4.26)

� expresses the angle of the water meniscus against the capillary wall (angle of
internal friction). For fresh-water at ambient temperatures (�≈ 1 tm−3) the height
of capillary rise can be approximated by (eq. 4.27)

Hc = 0�15
r

 (4.27)
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because the surface tension of water (�) at 0�C and 30�C (common range of
subsurface water temperatures) is 75�6 × 10−3Nm−1 and 71�2 × 10−3Nm−1 respec-
tively, the specific weight 9�998 × 102kgm−3 and 9�956 × 102kgm−3 respectively,
hence, differ little, and cos � is close to 1. In eq. 4.27, H and r express in cm.

In this approximation, the pore radius (r) represents for sediments and soils a
weighted or equivalent capillary radius. Small pores are characteristic for uniform
fine-grained and little-sorted coarse grained sediments; in contrast, large pores
stand for uniform coarse grained sediments. Small pores pull water with higher
capillary forces and often at higher hydraulic conductivities against gravity than
large pores do; therefore, in many exposures with sands and clays, the fine-grained
clays always appear wetter than sands or gravels and the nomenclature of high and
low conductivity media differ from saturated to unsaturated conditions (Fig. 3.10).

Equation 4.26 can also be used in combination with tensiometer experiments
to approximate the pore size distribution of sediments under wetting or draining
conditions (Figs. 3.9 and 4.9).

The height of the capillary fringe above the groundwater table is negatively corre-
lated to hydraulic conductivities of an aquifer; it approximates some centimeters
to few decimeters in gravels, half to one meter in medium to coarse-grained sands
(Fig. 4.6) and an increasing number of meters from fine-grained sands to silts and
clays. Finally, capillary fluxes (Fig. 4.7), which are co-responsible for crop yields
(Fig. 4.8), diminish with an increase of the distance of the capillary fringe.

Field capacity (�fc) refers to a maximum water content retained in soils/sediments
against gravity forces over the run of 3 days. At water contents exceeding field
capacity, gravity drainage dominates, below it, gravity drainage continuous, but

Figure 4.7. Capillary rise rates as a function of depth of the water table beneath the effective root zone
(Rijtema, 1968)
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Figure 4.8. Crop yields as a function of water table depth (Wesseling, 1958)

becomes less efficient, because capillary forces intervene (eq. 4.26). From this
definition, it becomes clear that the field capacity concept is to some extent vague,
but nevertheless proved a useful tool in unsaturated zone hydrology.

Water content at field capacity refers to an average suction of 100 hPa and covers
the range from 50 (uniform sand) to about 150 hPa (clay). Water contents at field
capacity range from about 5 vol.% in Quaternary gravels, 8 vol.% in uniform coarse,
10 vol.% in uniform medium, 20 vol.% in uniform fine grained sands and rises to
about 45 vol.% in heavy clays. Young organic matter in soils/sediments binds as
much water at field capacities as clays do; montmorillonites develop higher water
contents at field capacities than illites. A discussion on methodologies to determine
field capacities on the field and laboratory scale is presented by Cassel and Nielsen
(1986).

The water content at the permanent wilting point (�w) refers to suctions, at which
plant roots cannot take up any more water; hence, plants wilt and then may die.
This suction is assigned to about 15 bar but may reach somewhat higher or lower
values according to plant physiologic properties.

The residual water content (�r) occurs at a hydraulic conductivity of “zero” or by
another definition, when the slope of the water/soil/sediment tension characteristic
approaches a slope of zero; it often is equated with the water content at the wilting
point.

Classical hydraulic methods to calculate percolation are based on the modified
Darcy law, also known as the Richards equation (eqs. 3.1 and 3.2) with the total
pressure head (eq. 4.28)

�=Hc +Hg +Ho (4.28)
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In eq. 3.1, the hydraulic conductivity depends upon water content [K��)] or water
suction [K��)]; both these functions are difficult to determine in place or representa-
tively by laboratory experiments and undergo a hysteresis under wetting or drainage
conditions (Fig. 4.9); this hysteresis results from pore geometries, which require more
energy for water to withdraw than for water to be replaced. Therefore, an empirical
solution (eqs. 4.29 and 4.30) for an average K��)-function has been proposed by van
Genuchten (1980), which refers to effective water saturation (Se) of the soil or sediment

Se = �−�r

�s −�r

= �1+ ��Hc�
n�

−m (4.29)

KSe
= KSat

�Se�
�
[
1−

(
1−S 1

m
e

)m]2

(4.30)

sat = hydraulic conductivity at Se = 1
� in eq. 4.30 is often taken to be 0.5 (Mualem, 1976), but may rise up to 2;

�, n, and m refer to the shape of the water retention curve and m and n interact
approximately as eq. 4.31:

m= 1− 1
n

(4.31)

Figure 4.9. Hysteresis in hydraulic conductivities in the percolation zone according to wetting or draining
conditions. Quaternary gravels of south Germany
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The van Gnuchten (1980) approach does not consider any hysteresis in unsaturated
hydraulicconductivities (Fig.4.9); it formulatesanaveragewetting/drainagebehavior.

Table 4.11 presents commonly known ranges of hydraulic conductivities at
saturation and at field capacity (Mualem, 1976).

Applying eqs. 3.1 and 3.2 for any numerical calculation of percolation requires
• an appropriate conceptual model on percolation,
• an estimation of the hydraulic functions, and
• measurements of suctions and water contents under field conditions over the run

of minimum 1 year (Figs. 4.10 and 4.11).
These measurements can be performed continuously using fixed point

tensiometers for the registration of capillary suction (Fig. 4.10) and TDRs to
determine water contents (Fig. 4.11).

In hydraulic models on percolation, the real range of porosities, unsaturated
hydraulic conductivities, water contents, and water tensions in an REV can only
be approached; therefore, the real system is generally characterized as a media
with statistically equivalent properties. As a consequence, for the simulation of
percolation and the determination of groundwater recharge, conceptual models
suppose uni-directed fluxes, for example, vertical down and homogeneous equiv-
alent hydraulic properties. This approach leads to compartment or box models
(Belmans et al., 1983), each with equivalents properties.

The hydraulic functions for REVs of the vadose zone are in temperate climates a
good approach, but often do not equivalently apply under semi-arid and arid climates.
In permafrost areas additionally to capillary and gravitation forces, gradients related
to the formation of ground-ices also influence the direction of fluxes; these crystal-
lization induced gradients lead in the neighborhood of ground-ices to a shrinking
of unconsolidated and decompressed sediments by dewatering and above ground-
ices to a respective doming. All these specific boundary conditions in very cold
and warm climates can hardly be controlled by means of statistical evaluations
of suction and water content measurements and therefore, often remain theoretical.

Analytic models on percolation offer first cuts of flow and transport in the unsat-
urated zone; numerical models can provide more real world results but require more
detailed data sets than analytic models need. As such voluminous data sets often

Table 4.11. Ranges of hydraulic conductivities of some uniform soils/sediments
at a water content at field capacity [modified after Mualem (1976)]

Material Hydraulic conductivity in m/s

At saturation Close to field capacity (�fc)

Clay 10−8–10−7 10−8–10−7

Loam 10−7–10−6 10−7–10−6

Fine sand 10−6–10−5 10−7–10−6

Medium sand 10−5–10−4 10−6–10−5

Coarse sand 10−4–10−3 10−6–10−4

Gravel 10−3–10−2 10−5–10−4
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Figure 4.10. Changes of suction in depths between 20 cm (black with great variations) and 180 cm
(black with little variations), measured during one vegetation period, followed by a bare soil period in
gravely sands of Scheyern, South Germany. Measuring period June 1, 1997, to June 6, 1998
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cm (black with little variations), measured during one vegetation period, followed by a bare soil period
in gravely sands of Scheyern, South Germany. Measuring period April 30, 1997, to January 25, 1998
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do not exist, but real world approaches are the choice, Monte Carlo simulations as
a special type of stochastic simulations are applied by re-running a deterministic
model with probabilistic spatially parameter distributions and boundary conditions;
the results of all these runs characterize a range of coincident and excluding
outcomes, which have to be assessed with real world observations.

Typical parameters required for vadose zone numerical models are
• Bulk and particle densities,
• The hydraulic conductivities from saturation till the residual water content,
• Water contents and suctions at field capacity and at the wilting point,
• Effective and total porosities for both saturated and unsaturated conditions,
• Time series of water suctions and water contents at fixed places,
• Climatologic data to determine evapo-transpiration,
• Infiltration and overland-flow.

All these data underlie scale and heterogeneity influences and have to be trans-
ferred into representative data of a representative elementary volume (REV).

Considerable discussion exists as to the validity of many assumptions and theories
to model percolation, and sometimes field measurements do not contribute to a
satisfactory understanding of physical, chemical, and microbial processes in the
unsaturated zone. As a consequence, prediction and forecasting of flow and much
more of transport and transformation in the unsaturated zone is often not trans-
ferable. However, if based on reliable conceptual models, mathematical models
contribute much to control the intrinsic logic and the data set applied, to launch for
further measurements and developments.

As preferential-flow is still difficult to quantify (section 3.4) and, therefore, is
mostly not considered, all hydraulic methods to determine groundwater recharge
or percolation velocities refer only to matrix-flow and often result in an over- or
underestimate of both groundwater recharge and percolation velocities.

To reduce the uncertainty in analytic and numerical modeling, artificial and
environmental tracer methods have been applied to support and improve hydraulic
evaluations (section 4.4).

If percolation velocities have been measured by means of tracer experiments
(section 4.4.4), the apparent flow velocity (va) (eqs. 4.32 and 4.33) refers to the
filter velocity (vf ), groundwater recharge (R′) and the water content (�) by

vf = va� = R′ (4.32)

or

va = R′

�
� (4.33)

This equation implies that no dead end pores or stagnant water occurs; otherwise an
effective water content lower than the measured water content must be introduced.

Knowing �, which can be determined with neutron probes, TDRs or gravity
methods and the specific groundwater recharge of the catchment (eq. 4.33), matrix-
flow velocities can be calculated and then be compared with measured flow veloc-
ities. Table 4.12 shows results of such a comparative study in Quaternary loess,
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Table 4.12. Apparent percolation velocities (va) as calculated through water content (�)
and groundwater recharge (R′) and from tracer experiments of the same test site

Site Lithologic/soil
unit

Depth cm b.g.s. Va in m/year

R′/� Tracer experiment

2–18 Loess 10 0.5 0.09
10 0.80
10 0.31
20 0.5∗ 1.10
90 0.5 0.60
90 0.67

9–3 Tertiary sand
with clay
lenses,

10 0.6 0.44

10 0.44
10 0.49
10 0.88
50 0.4∗ 1.10
50 16.64
180 1.0 1.24

12–9 Tertiary fine
to medium
grained sand

10 0.7 0,34

20 0,78
20 0.6 0,73
20 0,62

13–16 Tertiary fine
to medium
grained sand

10 0.7 1,14

10 0,27
20 0.7 0,24
90 0.4 0,78

For the variations of water contents see Table 4.16.
∗preferential-flow was not recognized by hydraulic calculations, but by tracer experiments.

sand with clays, and Tertiary sands in South Germany. Both the water balance/water
content and the artificial tracer method result in similar flow velocities; tracer
experiments, however, may indicate higher apparent flow velocities than hydraulic
calculations do (Table 4.12), because tracer results are independent from total as
compared to effective water contents and may be influenced by preferential-flow.

4.4. ISOTOPE AND CHEMICAL TRACERS

Water balance and hydraulic methods sometimes fail in determining ground-
water recharge in extreme climates (arid, semi-arid, or cold), because of missing
knowledge on the catchment extent, on reliable input/output and intrinsic data,
hysteretic hydraulic functions, little knowledge on transient hydraulic conditions,
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in-homogeneities, and on transfer functions to overcome scale problems; hence,
they do sometimes not fit the precision required for a good estimate of ground-
water recharge. Under such conditions, tracer methods offer a valuable support for
traditional groundwater recharge studies.

In hydrology, tracer methods are often applied, because they are basically
an independent method from hydraulics on filter flow and, therefore, enable to
complement hydraulic methods on calculations of subsurface flow, groundwater
recharge, or mixing of waters of different origins (e.g., in the case of river-infiltration).

Tracer investigations deliver valuable information on subsurface through-flow
systems, as far as
• A good conceptual model has been adopted,
• The tracer input, transformation, and output functions are known,
• The geochemical behavior of the tracer in the subsurface is quantitatively under-

stood, and
• The tracer amount was balanced from the input to the output.

Tracer evaluations refer to geometries of break-through-curves (TBT) at the
system’s output as a response to the geometry of an input signal. TBTs are
evaluated (eq. 4.63) in terms of fluxes, flow directions, hydrodynamic dispersion,
and contribute together with water fluxes to tracer balances (eq. 4.65).

Most hydraulic exercises provide local and instantaneous information; in contrast,
artificial tracing leads to time integrated and sectorial, and environmental tracers to
time and space integrated information on the catchment scale; however, it should be
kept in mind that environmental tracers often characterize a sequence of different
REVs, hence, do not represent homogeneous answers to any tracer input. Therefore,
a combination of tracer and hydraulic methods is recommended for those ground-
water areas, in which long-term climate and discharge observations are missing or
scarce in number or where scale problems play an important role; such a combination
of methods supports any elaboration and assessment of sustainable groundwater
management and protection strategies much better than one method can do all alone.

Among tracer techniques, one distinguished between artificial and environmental
tracer methods.
• Artificial tracers (in general chemical, dye, particle, and activable tracers)

are applied to receive information along individual subsurface flow paths,
groundwater motion, and hydrodynamic dispersion. Artificial tracing is always
performed parallel to the potential field; therefore, the hydraulic and the traced
flow vectors coincide.

• Tracing by environmental indicators starts all over the catchment, however,
always nearly perpendicular to the potential field; therefore, the hydraulic and
traced flow vectors do not necessarily coincide.
All tracing contributes to the determination of flow vectors (eq. 4.34) according to

−→v t =
ds

dt

 (4.34)
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in contrast, hydraulic evaluations (eq. 4.35) lead to

−→v a = kf

p

dH

ds
� (4.35)

As far as the traced and hydraulic flow vectors do not coincide, flow velocities,
determined by means of isochrones, become in the discharge area too small and are
exaggerated in the recharge area.

In hydrology, environmental indicators receive a characteristic signature in well-
known sections of the water cycle (Fig. 4.12); these sections may be positioned
above the earth’s surface, in the atmosphere (2H, 18O, 3H, 14C, 39Ar, 85Kr, 36Cl) or
in the subsurface (15N, 13C) or potentially everywhere (34S, 3He/4He, Cl). Some of
the environmental tracers are radioactive (3H, 14C, 39Ar, 85Kr, 36C), others stable
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Figure 4.12. The water cycle and sections where some selected environmental tracers receive their
typical signature, which can be interpreted in terms of mixing, MTTs and water origins
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isotopes (2H, 18O, Cl, 15N, 13C, 34S, 3He/4He), and among all these tracers, 2H, 18O,
3H, Cl, 14C (and 36Cl) have often been analyzed; only some of these tracers will
here be discussed with respect to groundwater recharge.

Temperature cannot be considered a conservative tracer, because it is controlled
by various factors; it is, however, often used as a qualitative indicator to differentiate
between overland-/inter-flow and base-flow, shallow and deep groundwater, and
so on.

Any tracer application to determine flow vectors are based on a non-reactive,
ideal, or conservative (conservative with respect to water flow) tracer behavior.
This means, the typical tracer signature, once received, does not change any more
by physical, chemical, or microbial means, hence, underlies only processes, linked
to subsurface water flow and refers to
• A defined magnitude of the tracer input,
• Defined hydraulic initial conditions, and
• Known boundary conditions of the flow field.

To interpret environmental tracer signals from the input to the output
(section 4.4.2.2) in terms of intrinsic parameters of the through-flow system, a
transformation function applies, which refers either to bulk parameters (black-box-
or lump-parameter-models) for the whole system or to compartment parameters
(compartment models) or to a detailed space and time distribution of hydraulic
parameters (discretising models); a common characteristic of all these models is
that they are balancing mass fluxes.

Before processing traditionally monitored and analyzed tracer input/output signals
with mathematical models, special attention has to be paid to
• Processes at the interface atmosphere/biosphere/lithosphere, which may change

the magnitude of the atmospheric input signal (sections 3.1 and 3.2),
• Geochemical particularities within the soil and effective root zone,
• The electric charges of solid surfaces in the subsurface,
• The input season, which may be governed by storage or drainage of infiltration

or be characterized by enhanced or reduced chemical or microbial activities both
in the effective root zone, and

• Plant-uptake, plant-release of tracers as well as any tracer export with biomasses
through harvesting.
All these processes may produce tracer concentration changes aside from mere

hydrodynamic concentration changes.
At the interface between atmosphere/biosphere/lithosphere solute matter

deposition and retention on receptors is enhanced. Solid matter can be deposited
(e.g., dust) both in dry and in wet form, to be later flushed by rain or fog deposition.
As the surface accumulated water then evaporates, the solute matter accumulates
in the residual. In contrast, the heavy stable isotope species initially enrich in the
residual surface water as evaporation proceeds, following the law of the Raleigh
distillation (eq. 4.36), are at later stages of the evaporation conserved; hence, the
evaporate isotope composition equals that of the residual water and then finally is
completely lost, when the surface water pool on receptors is completely drying out
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and leaving behind the residues of accumulated solid matter.

R

R0

=
(
N

N0

)�−1

or · in ·�−notation
�= �+�0�

(
N

N0

)�
−1

(4.36)

In a more general way, evaporation increases the concentration of solute matters in
water more than fractionation of the water isotopes does. Both, however, are related
processes and provide, if correlated, a clear qualitative and often also quantitative
answer on water losses by evaporation.

In the soil/sediment zone, water is preferentially stored by capillary forces and
to some extent by sorption at surfaces of organic matter and clay minerals, and
it becomes charged with C- and N-gases from the microbial decay of litters,
thus increasing the chemical reactivity of percolation water. All these processes
contribute in the effective root zone to preferential sediment weathering, in other
words to the formation of new, stable minerals and the liberation of nutrients for
plants and thus also to the quality characteristic of percolation and groundwater.

The bulk parameter electric surface charge of sediments (zeta potential) is mostly
negative in the whole pH-range of silicate sediments (Fig. 4.13); however, individual
minerals such as carbonates change from negative to positive surface charges when
the pH drops from 11 to 10 (Fig. 4.13). As a bulk consequence for tracing, anionic
indicators are better tracers in sediments than cationic indicators, because of the
prevailing negative charge of most sediments, however, in carbonate and carbonate
containing sediments, which characterize substantially Mesozoic and Cenozoic
sediments, also anionic tracers may undergo some retardation by positively charged,
carbonate islands within the sediment; such positive-charged island do not show
up in the bulk number of the zeta-potential. This makes the decision to apply
appropriate tracers for artificial tracing crucial.

Apart from the electric charge, tracers, applied for the determination of hydro-
dynamic parameters of subsurface flow, should
• not be toxic for life and health,
• have a low natural background concentration, and
• high solubility, and
• should be detectable in very small concentrations with routine analysis.
• applying them in small quantities avoids density induced flow;
• they should not interact with solid inorganic or organic phases,
• not undergo species changes by chemical and microbial processes,
• not be taken up or released by plants, and
• should not change significantly the ion balance in subsurface water as far as

tracer studies are an integrative part of geochemical studies.
The season of artificial tracing is important for any quantitative tracer break-

through interpretation. In temperate and tropical climates, the fluxes to groundwater
are high in the non-vegetation respectively rainy season, because of a dominance of
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Figure 4.13. Zeta-potential of sediments and of some minerals in the pH-range of 1–11 (elaborated by
Dr. H. Lang, GSF-Institute of Hydrology)

vertical down percolation; during the vegetation period, storage of soil water controls
water movement in the root zone beneath the infiltration interface, because of the
transpirative water losses. In semi-arid and arid climates recharge and consumption
by evapo-transpiration occur also in the dry, irrigation season, whereas in the
dry, non-irrigation season, water losses by capillary upraise dominate and recharge
becomes negligible. In cold climates, tracer experiments in the percolation zone
may become hindered during total ground freezing or favored, when ground-ice
produces frost shrinking and frost upheaval in the winter season, which both open
pathways for preferential short cuts between the ground and groundwater surface
(section 5.5).

Plant uptake and release of tracers may restrict the determination of flow veloc-
ities and any tracer balance, if tracing was performed with too low input concen-
trations. Bromide uptake by plants is reported from Kung (1990b).

The isotopes of the water molecule (2H, 3H, 18O), the halogens Br and Cl and some
dye tracers (Berg et al., 2001) proofed to be most appropriate indicators to trace the
percolation zone. If these tracers are used for artificial tracing, it is recommended
that they be preferentially apply in the recharge season, which corresponds
• In temperate climates to the end of the cold and beginning of the snowmelt season

when the ground is no more frozen, water contents at the infiltration interface
are high, evaporation is low and thus infiltration becomes high;
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• In humid tropical and semi-arid climates to the mid of the rainy season, when
water contents are close to field capacity, allowing the infiltrate to move quickly
away from the evaporation interface;

• In cold climates to the summer season.
• Only in arid climates, it is difficult to recommend any special season for tracing,

because recharge depends on rain intensities, line and point infiltration.
The results of such tracer exercises always refer to the season or boundary

condition of main groundwater recharge and lead with respect to any percolation
forecast of the behavior of contaminants to a worst-case assessment. Hence, before
applying such tracing results in groundwater recharge and contaminant studies, a
careful pre-assessment is necessary.

4.4.1 Stable and Radioactive Environmental Isotopes

Isotopes are always analyzed as isotope ratios R (2H/1H, 3H/1H, 18O/16O). With
routine methods, the stable isotope contents are never measured in absolute concen-
trations, but always refer to the per mille deviation of the isotope ratio in the sample
to a standard (delta notation):

�− =
(
Rsample

RStandard
−1

)
1000 �‰� (4.37)

This definition implies that �-values may be positive and negative as well. The
isotope content of a sample may be indicated as 2� or �2H; for all other stable
isotopes, this notation applies respectively.

Often used standards for the stable water isotopes are shown in Table 4.13.
Standard materials can be ordered from the Isotope Hydrology Section of the IAEA
in Vienna.

The natural variability of stable water isotopes is in the range of

−450‰< �2H <+100‰
−50‰ < �18O <+50‰

This range of variation is basically due to isotope fractionation during phase
transitions over large temperature intervals (see Isotope Fractionation in this
chapter).

Table 4.13. Isotope standards commonly used to
analyze stable isotope contents

Reference Material �2H �18O
‰ ‰

VSMOW Water 0.0 0.0
GISP Water −189.7 −24.79
SLAP Water −428.0 −55.50
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Isotope fractionation occurs as a result of physical or chemical phase transitions
and becomes measurable for isotopes with high, but not for isotopes with low
abundance. The greater the mass differences of isotopes the stronger isotope
fractionation can develop; it finally leads to a partial separation of light from heavy
isotopes, accumulating in the high respectively low energy phase and following a
Rayleigh process (eq. 4.36). The greatest mass differences of isotopes exist at the
beginning (hydrogen), the smallest at the end of the periodic system of elements
(uranium). Therefore, and because of the analytic sensitivity of mass spectrometer
analysis, stable isotopes from the beginning of the periodic system of elements are
more frequently analyzed in hydrology than those from the end.

In the water cycle, two kinds of isotope fractionation can be distinguished:
• Transport fractionation, which emanates from irreversible physical processes, and
• Equilibrium or thermodynamic fractionation, which has a reversible component.

Most fractionation processes in nature belong to combinations of these two
processes.

The equilibrium isotope fractionation (eq. 4.38) is quantified by the isotope
fractionation factor �:

�= Rlow·energy·phase

Rhigh·energy·phase

> 1 (4.38)

Fractionation factors as a function of temperatures are shown for the stable
isotopes of the water molecule in Fig. 4.14; as can be seen, the fractionation factor �
is about 10 times higher for 2H than for 18O and inversely related to the temperature;
hence, isotope fractionation increases with the mass difference and decreases with
temperature.

This temperature dependence of isotope fractionation expresses in high and low
isotope contents in precipitation
• During warm respectively cold season (seasonal effect),
• At low respectively high altitudes (altitude effect), and
• On a large scale in low as compared with high latitudes (latitude effect).

All these effects frequently apply in hydrology to obtain information on the origin
of percolation and groundwater by places and seasons.

The stable isotope signatures of the water in the hydrological cycle originate
from phase transitions in the atmosphere before infiltration and follow the world
around a meteoric water line (Fig. 4.15). In the subsurface, this stable isotope
composition is conservative and can only be changed under special, well-known
boundary conditions (Fig. 4.15).
• The 18O content of the groundwater recharge changes at low temperatures

(< 100�C) only by
– mixing of waters from different origins,
– evaporation, and
– excess CO2, bubbling through the water, like in volcanic areas, depleting 18O

in subsurface water.
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Figure 4.14. Equilibrium fractionation factors alpha for the isotope ratios 2H/1H and 18O/16O as a
function of temperature

• In contrast, the oxygen isotopes of the water molecule may exchange in medium
and high enthalpy systems with mineral oxides, which always have higher 18O
contents. Therefore, exchanges with mineral oxides always increase the 18O
content of the subsurface water (water rock exchange in Fig 4.15).

• The 2H content of groundwater does also not change its isotope signature after
infiltration except by
– evaporation and

Figure 4.15. Changes of the stable water isotope signature by special water/rock/gas interactions in the
subsurface
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– any CH4 or H2S, occurring with the disintegration of local organic contami-
nants, in contact with groundwater. Both gases increase the 2H-content of the
water (Fig. 4.15).

• When subsurface boiling of water occurs in geothermal high enthalpy areas,
another fractionation comes into the game.

• All these processes of stable isotope enrichment or depletion follow straight lines
in a 2H/18O-diagram and, therefore, may also include mixing processes. These
straight lines (Fig. 4.15) always start from the meteoric water line; hence, allow
reconstructing the original stable isotope contents of both 2H and 18O.
Radioactive isotopes of hydrologic interest are produced in the outer atmospheric

or in the lithosphere environment; in between these, the atmospheric production is
more efficient and less of local character than the lithosphere production:
• Cosmic radiation represents a wide range of particles (photons, neutrons,

electrons, mesons), reaching the outer earth’s atmosphere. It varies in intensity
according to solar flaves on short and according to changes in the earth magnetic
field on long terms. High energy reactions with atmospheric N, O, and Ar produce
3H, 39Ar, and 36Cl, low-energy reactions with N produce 14C.

• Neutron fluxes from the radioactive decay of U and Th in rocks produce in special
cases 3H, 39Ar, and 14C; this production is, however, only of local importance
and quite variable according to the amount of U and Th, accumulated in rocks.
Dating with environmental radioactive isotopes applies in two different ways.

• If the input concentration varies in well-known ranges, as the stable isotopes of
the water molecule do, the damping (eqs. 4.49 and 4.50, section 4.4.2.2) or the
phase shift of the input as compared to the output signal can be used for dating;
this method, however, covers mostly time spans of less than 5 years or

• According to the radioactive decay law and the element typical half life
(Table 4.14).
Opposite to dating in geochronology, in hydrological studies, the initial concen-

tration of radioactive environmental isotopes cannot be re-calculated by summing
up the still available radioactive substance and a specific decay product to the initial
concentration, because all radioactive environmental isotopes, applied in hydrology,
decay into abundantly occurring isotopes (Table 4.14). Therefore, in hydrology, the
input concentration, to which dating refers, is either supposed to be constant (36Cl,

Table 4.14. Routine measuring methods and half-lifes of radioactive environ-
mental isotopes

Isotope Measuring Method Half-life in years Decay Decay product

36Cl AMS 301,000 �− 36Ar
14C LSC, GPC, AMS 5,730 �− 14N
3H GPC, LSC 12.3 �− 3He

The analytic precision for radioactive isotopes refers to the 2� or 95% confi-
dential interval.
AMS = accelerator mass spectrometry, LSC = liquid scintillation counting,
GPC = gas proportional counting.
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14C) in the earth magnetic Brunhes period, which stands for the late Pleistocene
and the Holocene, or was monitored by or can be extrapolated from results of the
Global Network of Isotopes in Precipitation (GNIP) (IAEA, 1992).

In archeology, dating relates to unique ages, in hydrology always to an age
distribution, expressed as mean-turn-over- or mean-transit-time (MTT). The reason
is that hydrologic systems
• Undergo hydrodynamic dispersion,
• Are traced by environmental markers along an arbitrary plane in the ground-

water flow field instead of along a potential plane as hydraulic tracing does
(section 4.4), and

• Are always sampled in groundwater profiles.
Consequently, the MTT has to refer to an age distribution, representing the mean

time of water exchange (section 4.4.2.2) of
• A whole reservoir, when sampling refers to pumping from fully penetrating

wells, or
• An aquifer sector that has been sampled by operating partly penetrating wells or

at selected well depths.
This time distribution (eq. 4.47) may start from present (exponential age

distribution) or historic times (dispersive age distribution) and always ends—
mathematically spoken—at infinite.

In contrast to the radioactive environmental tracers 3H, 14C, and 36Cl, the
radioactive gas isotopes 85Kr and 39Ar underlie after infiltration a phase partitioning
in the vadose zone according to their molecular diffusion coefficients. According to
this exchange, any radioactive noble gas clock starts when percolation reaches the
groundwater table, whereas the isotope clock of chemical solute radioactive tracers
starts with infiltration. As percolation velocities in unconsolidated rocks and in the
matrix of hard rocks are very low, analyzed ages from radioactive environmental
gases with short half-life (e.g., 85Kr) may differ significantly from 3H ages although
their half-lifes are similar. The same applies for other gas tracers.

With radioactive environmental isotopes, a time span of 25,000 years can be
covered, using routine sampling, preparation, analysis, and interpretation techniques.
Dating of groundwater exceeding 25,000 years refers to 36Cl and needs special
geochemical considerations and AMS techniques. All existing dating methods,
however, do not well overlap; hence, every method in hydrology covers an
individual time slot (Fig. 4.16).

In the late 20th century, man-made produced radioactive isotopes superim-
posed the natural radioactive isotope production: In the north hemisphere, 3H
(Fig. 4.17) and 14C (Fig. 4.18) and 36Cl have been emitted by the many open
air nuclear weapon tests during the years 1955–1965 into the troposphere and
stratosphere as well; following that time, 36Cl, 3H, and 14C were higher than
normal in precipitation over about two decades. Because of a stronger and
more rapid atmospheric mass exchange in west–east than in north–south direc-
tions, these ‘man made environmental isotopes’ played a greater role in the
north or source than in the south hemisphere and appeared delayed in the south
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Figure 4.16. Dating intervals covered by the mostly used radioactive environmental tracers. Dating with
stable environmental tracers see eq. 4.49

Figure 4.17. Average increase of the 3H content in both hemispheres related to the open air nuclear
weapon test in the years 1955–1965. Since the end of the 80th/90th of the last century, tritium approached
again natural concentration levels (Mook, 2001)
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hemisphere (Figs. 4.17 and 4.18); this uneven global distribution pattern by means
of the existing global atmospheric circulation pattern became enhanced by the
uneven ocean/land partitioning in the two hemispheres and the respective differ-
ences in the intensity of atmosphere/ocean exchanges; this exchange acts more
efficient in the south than in the north hemisphere, because of the larger ocean
surfaces.

Concentrations of radioactive environmental isotopes also refer to standards,
except for 3H.
• For 3H, it makes no sense to define a standard, because of its short half-life;

therefore, activity ratios are measured and a tritium unit (TU) has been defined as

1 TU = 10−18 3H/1H ≡ 0�118 Bq/L�

The TU is well known to hydrologists, but little to other scientists.
• The 14C activity ratio (14C/12C) relates to the oxalate standard with 13.56 dpm/g C.

This standard refers to the 14C concentration at the beginning of the industrial age.
14C concentrations are calculated as percent modern carbon-14 (pmc), expressed

as (eq. 4.39)

pmc =

( 14C
12C

)
sample( 14C

12C

)
Standard

100 �%� (4.39)

Figure 4.18. The increase of 14C in the atmosphere because of the open air nuclear weapon test in the
years 1955–1964 in the north (upper curve) and the south hemisphere (lower curve)
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From 1890 to 1950, the pmc decreased from 100% to about 90% because of the
combustion of fossil hydrocarbons and the respective reduction of the 14C/12C ratio
in the atmosphere. Although the nuclear weapon tests (1955–1965) increased the
natural 14C input signal (Fig. 4.18) to some extent, this has no implications for
dating of old groundwater, but can be used under special hydrogeological conditions
for short-term dating.

Most of the radioactive environmental tracers are physically or chemically soluted
in groundwater; they either have its initial concentration already at the infiltration
interface (3H, 36Cl) or receive it in the effective root zone (14C).

Within groundwater the
• 14C/12C signature can change by any admixture of 12C from

– CO2-gas emanations out of magma chambers or coal deposits,
– The microbial supported oxidation of sulfides, thus enhancing the dissolution

of rock carbonates, which is free of 14C or
– By changes of the carbonate species through ion exchange.

• Atmospheric 36Cl input concentrations can change by
– excessive evaporative respectively wind blown Cl accumulations at the infil-

tration interface in arid (dry-land) areas (section 4.4.2.1),
– the application of fertilizers in agriculture,
– the solution of Cl from evaporitic rocks or
– any subsurface 36Cl production.

• 3H can also be produced subsurface in U-Th-bearing sediments or crystalline
rocks.

4.4.1.1 Preparation techniques

Preparation and measuring techniques have been reported in detail by Moser and
Rauert (1980) and Mook (2001, 2002).

In routine analysis, the stable isotopes 18O and 2H are measured by mass
spectrometry in the gas phase, because liquid water imposed serious memory effects
through sorption on metals.
• 2H is measured as H2 gas, and
• 18O becomes coupled with CO2,

To do so
• About 10 �L of 2H1HO is reduced to 2H1H with uranium at 800�C

2H2O+U → UO2 +2H2

or with Zn at 400�C

H2O+Zn → ZnO+H2�

or with metallic catalysts (e.g., Pt) at room temperature

HDO+H2 ↔ H2O+HD



112 CHAPTER 4

• About 10 mL of water is equilibrated in a water bath with CO2 of known isotope
composition for the 18O measurement according to the reaction

C16O2 +H18
2 O ↔ C18O16O+H16

2 O�

This equilibration reaction depends on time, free-O2, pH, and temperature. The
temperature in the water bath should vary by less than 0.2�C; the sample is typically
shacked 4–8 h to reach an optimal equilibration between H2O and CO2. To remove
O2 and other gases before equilibration, the sample is either frozen and gas was
removed by pumping or the water is pumped through a capillary. The pH should
be in the range of 6–7 to have abundant CO2 and HCO3

−.
To reach reliable results on both 2H and 18O contents in water samples, the

water standard and the water sample are always prepared and measured in exactly
the same way; thus, any preparation error becomes non-significant for the mass
spectrometer result.

3H is normally enriched by electrolysis from about 500 mL of water, to increase
the measuring accuracy and thus to improve the detection limit. 3H concentrations
are analyzed by either liquid scintillation counting (LSC) or by proportional gas
counting (PGC). It can also be determined by measuring the decay product 3He at
the beginning and end of storage of the sample over a given period of time; this
method delivers the highest measuring accuracy.

14C is conventionally measured in DIC, which consists of HCO3
−, CO2−

3 , and
CO2. There are two methods to obtain DIC under field conditions from groundwater:
• Sampling groundwater quantities according to the total inorganic carbon (CO2−

3 ,
HCO3

−, CO2) of the water and the analytic requirements (3–5 g C) or
• Precipitating DIC in the field as carbonate after adding NaOH.

Often, precipitation methods are preferred in the field to avoid the transport of
huge volumes of water from the field to the laboratory. With the introduction of the
AMS analysis, sampling of groundwater for 14C analysis simplified, because this
method needs only 1 mg C.

The measurement of the 14C activity ratio is performed applying
• PGC filled with CO2, C2H2, C2H6 or CH4,
• LSC with C6H6, which is condensed by acetylene and mixed with a scintillation

fluid or
• AMS starting from CO2, which is reduced to graphite at 600�C using Fe as a

catalyst.
For the analysis of 36Cl, about 10 mg Cl is needed. The quantitative measurement

of 36Cl by low-level techniques was difficult, because of the very low specific
activity ratio; therefore, it is always measured by AMS and with a detection limit
of 36Cl/Cl = 10−15.

According to the storage, preparation, and measurement techniques, the following
maximum quantities are recommended to sample for analysis:
• 2H and 18O 50 mL, water,
• 3H 500 mL water,
• 14C 5–3 gr C mostly precipitated carbonate in the field, LSC,
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• 500 mL C water for AMS,
• 36Cl 10 mg Cl AMS.

The water volumes to be sampled and treated for environmental C- or Cl-isotope
analysis can be calculated on the base of a chemical analysis of the water of concern.

4.4.1.2 Measuring techniques

The relative abundance of stable isotopes is measured with mass spectrometers
(MS). In the MS, the measured gas is first ionized by ion sources, than the ions
are accelerated by high voltage and enter a magnetic field. The pathway of the
ions in the magnetic filed becomes circular, because of Lorenz forces and the
circle radius depends on the ion mass; light ions follow a pathway with a smaller
radius than heavy ions (Fig. 4.19). The thus separated ions can be collected by
adjusted Faraday collectors, in which the electric charge is proportional to the
number of incoming ions. This measurement is performed alternatively with a
sample and a standard using a double inlet system, to insure a high precision delta
notation.

The measuring accuracy (2�-error) by mass spectrometer is:

�2H<±1�0
�18O<±0�1

Radioactive environmental isotopes of hydrologic interest are all � radiating, hence,
measurement takes place with low-level counting techniques; these measurements
refer to a special shielding of the measuring devices to keep the natural background
of radioactivity as low as possible and to measure the low radiation energy of the
isotopes of concern as precise as possible. As an alternative to low-level counting,
AMS applies; the principle of this measurement is shown in Fig. 4.20.

Figure 4.19. Principle sketch of mass spectrometry measurements
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The upper and lower limit of dating through radioactive isotopes depends on the
sample preparation and the design of the counter; these analytic errors are summed
up as 2�-errors. As the interpretation of such analysis depends from an appropriate
knowledge of the input concentration and a good conceptual model on the fate of
the isotopes from entering to leaving the subsurface, water ages are often named
model-ages, which refers to the applied conceptual model. Uncertainties of the
input concentration of these radioactive isotopes often limit the application over
short periods of times; such uncertainties, however, can be reduced if time series
of analysis are interpreted.

4.4.2 Environmental Tracers for Recharge Determination

4.4.2.1 Environmental chloride

Under natural conditions, chlorides in percolation and groundwater are of
atmospheric origin; other sources intervene under special climate, land use, geologic,
or hydrogeologic conditions.

As compared to many other solute matters, chloride is a non-reactive ion, hence,
underlies no freight changes along the different flow paths within the water cycle,
except if the water came in contact with new Cl-sources. Chloride, however,
undergoes in the water cycle concentration changes, when the water volume reduces
by evaporation along the interface atmosphere/lithosphere/biosphere. This has been
recognized by H. Schoeller (1941), Eriksson (1952) and M. Schoeller (1963), who
studied first chlorides in the water cycle to determining groundwater recharge. In the
following decades, this method was further elaborated (e.g., Edmunds & Walton,
1980) and meanwhile may be considered a standard application.

Evaporation produces distilled water vapor from fresh-water and ocean surfaces,
which both contribute to the air humidity on continents, mixes in the ocean
environment with chlorides from sea spray (aerosols) and gets in contact with
atmospheric dust and gases, emitted into the atmosphere by either natural

Figure 4.20. Principle of AMS measurements
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(volcanism, wind/water or wind/sediment interaction) or man-made processes
(industry, agriculture, urbanization, traffic). These natural and man-made compo-
nents reach the interface atmosphere/lithosphere/biosphere by precipitation or inter-
ception deposition (Fig. 3.4), accumulate at this interface before becoming incorpo-
rated into canopy discharge or infiltration and finally reaches surface and subsurface
flow paths.

Although active volcanoes may add close to the emitting source several 100 mg/L
(known maximum about 500 mg/L) of chloride to precipitation, such emissions
dilute on a global scale to an average of about 0.2 kg/(ha year). Other chlorides
in precipitation and percolation originate from the combustion of coal [about 0.01
kg/(ha year)], industrial/agricultural emissions [about 3 kg/(ha year)] and the alter-
ation of sediments [about 0.04 kg/(ha year)]. All these sources amount to about
3.3 kg/(ha year). With respect to the global mean of continental precipitations of
925 mm/year (section 2.2), this constitutes an average concentration of chlorides
in precipitation on earth of about 0.3 mg Cl/L. As compared to often measured
natural chloride concentrations in precipitations (1 to more than 5 mg Cl/L), it
becomes evident that most chlorides in precipitations are from other sources than
the previously mentioned: They primarily originate from sea spray and dust.

Chloride concentrations in regional, single, and consecutive rain events signifi-
cantly differ according to
• The distance from the source area of chlorides,
• Weather trajectories (see below),
• Re-evaporation,
• The regional condensation altitude (section 3.2), and
• Rain intensities.

Similar to the stable isotopes of the water molecule (section 4.4.2.3), chloride
concentrations show a continental effect, which expresses in an exponential decrease
of mean chloride concentrations in precipitation with the travel distance of the air
humidity from the source area (Fig. 4.21), mostly the coast. In contrast, however, to
stable isotopes in precipitation, chlorides undergo only dilution by re-evaporation
along the continental weather trajectory and stable isotopes of the water molecule
fractionation at phase transitions (evaporation and condensation) and mixing with
re-evaporated fresh-water. Therefore, chloride depletes in precipitations more than
stable isotopes with the distance from the coast.

According to the intensity, rain events often start with high and continue with low
chloride concentrations and consecutive rain events may differ in mean chloride
concentrations by a factor of 50. Therefore, representative chloride input data
(eq. 4.40) should always refer to weighted input concentrations in precipitation over
a long enough period of time (minimum 1 month to 0.5 years).

Clweighted = �CliPi
P

� (4.40)

A precondition in using individual rain events for determining groundwater
recharge was that it follows a linear proportionality between precipitation and



116 CHAPTER 4

Figure 4.21. Mean chloride concentrations, decreasing with the distance from the ocean (modified after
Schoeller, 1963)

infiltration amounts; this linear relation, however, is almost never realized, because
temporary clogging of the infiltration interface, surface tensions of dry or wet
sediments/soils, and the hydraulic functions of the unsaturated zone govern the
beginning and intensity of the infiltration/percolation process during rain events;
only in a more advanced stage of infiltration (e.g., after reaching water contents
close to field capacity at the infiltration front) a proportionality between infil-
tration/percolation and precipitation occurs and accounts its maximum value when
infiltration capacity is reached. As a consequence, concentration variations in
chloride profiles may have many reasons, hence, imposes restrictions in applying
the chloride method to determine groundwater recharge for short periods of time;
in contrast, averaging a Cl-profile of the vadose zone over significant thickness
delivers an excellent approximation on groundwater recharge with only small inter-
ferences from special infiltration conditions.

Seasonality of chloride concentrations in precipitation must also be taken into
account in calculating groundwater recharge through the chloride balance. Eriksson
(1952) found for the meteorological station of Rothamsted the following relation:

Clwinter = 0�5+ 75
P

Clsummer = 2�0+ 75
P

(P measured in mm/half year).

(4.41)

Using only the winter mean of chloride concentrations in precipitation in humid
temperate climates is problematic, although winter is the main recharge season. All
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observations from the unsaturated zone prove that during the vegetation period,
percolation stagnates in the effective root zone, because of significant water losses
by transpiration. Then, after harvesting, in late summer, water storage and evapo-
ration dominate (Fig. 4.29), because plant transpiration stopped with harvesting.
During this period, the soil solution at the evaporative interface enriches chlorides
from summer precipitation, which are later washed out or pulled down with the
groundwater recharge of the winter season. Consequently, there is some summer
chloride, contributing to winter recharge (section 4.4.2.3, Fig. 4.29). Therefore, in
semi-arid and humid climates, it is often observed that discharge from catchments
is higher mineralized at the beginning of the recharge season than in the following
months and in temperate climates stable isotopes of groundwater (2H, 18O) often
group somewhat below the local meteoric water line (Fig. 4.29).

Applying the law of mass conservation (eq. 4.42), the freight of non-reactive
chloride input equals to the chloride output, both in mg/(m2 time).

Clinput = Cloutput

ClP ∗P = ClR ∗R′

ClP ∗P
ClR

= R′
(4.42)

From eq. 4.42, it can be seen that
• Chloride concentrations in groundwater close to the input concentration result in

high and
• High Cl-outputs as compared to the precipitation input in low groundwater

recharge rates.
Equation 4.42 applies, if there are no chloride sources on soils and in sediments,

no dry deposition and no direct run-off occurs. Taking these factors also into
account, a more general application of eq. 4.42 can be recommended (eq. 4.43) by
replacing
• Precipitation through an effective precipitation, contributing to groundwater

recharge

Peffective = P−DO −DI (4.43)

This correction overestimates groundwater recharge to some extent, because DI

may export some Cl to surface run-off, because it exchanged with the stored water
in the percolation zone;
• The output concentration through an effective output concentration of

ClR′ eff =ClR′ +Clplant··uptake −Clplant··disintegration −Clrock··weathering −Clanthropic (4.44)

Accounting on eq. 4.42 and the natural variability of Cl in precipitation, it
becomes evident on the one hand that high chloride concentrations in groundwater,
which are not related to solution processes along the subsurface flow path, deliver
much lower errors in determining groundwater recharge than very low chloride
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concentrations. On the other hand, in humid climates, low groundwater recharge is
often associated with high overland- and inter-flow, which can only be quantified
by a continuous discharge analysis (section 4.1.2, eqs. 4.2 and 4.3). In semi-arid
and arid areas, groundwater recharge can be determined with high accuracy if the
groundwater table is deep (>10 m), and capillary rise of groundwater to the surface
becomes negligible. In the case of a groundwater table at shallow depth, saline
groundwater disturbs any application of the chloride method.

Although the chloride method applies well in determining groundwater recharge
rates in arid (dry-land) zones, special care is recommended, because groundwater
is often from historic times and does not necessarily correlate with the chemistry
of present precipitation. Therefore, groundwater from the last glacial period in
the south German Molasse basin has a lower chloride concentrations (1–2 mg/L)
than present groundwater (5–7 mg/L), because of a lower evaporation rate during
glacial times than today, but probably also because of a low Cl concentration input;
similar results have been reported by Stute et al. (1993) for the Carrizo Aquifer
in Texas.

To differentiate between natural Cl-inputs by precipitation, anthropogenic, or
geogenic emissions, the atmospheric 36Cl/34Cl ratio in precipitation has been used
(Magaritz et al., 1990); this ratio keeps constant in the active groundwater recharge
zone from infiltration till detection times, because of the 36Cl half-life, which
is 301,00 years; all other Cl sources, however, have 36Cl/34Cl ratios differing
from atmospheric; thus anthropogenic or geogenic chlorides dilute the atmospheric
36Cl/34Cl ratio. Hence, evaluating Cl-concentration changes in subsurface water as
compared to precipitation should be first assed by the 36Cl/34Cl ratio before it is
transformed into groundwater recharge calculations.

In the unsaturated zone, chloride profiles proofed a valuable method to study
average recharge and to quantify recharge as a function of climate changes. Cook
et al. (1992) found such recharge histories in thick unsaturated profiles of Senegal
and Cyprus and report that the resolution in such profiles depend on effective
groundwater recharge; climate changes within decades or centuries express very
well even at recharge rates lower than 100 mm/year; in contrast, yearly or even
seasonal recharge changes express only at recharge rates >100 mm/year.

On the one hand, missing chloride data in precipitation for long periods of time
are an often encountered handicap in determining present groundwater recharge
through the chloride-balance method. On the other hand, the advantage of this
method is that it does not depend on sophisticated meteorological or soil hydraulic
measurements to calculate actual evapo-transpiration respectively water fluxes
vertical down.

Chloride based recharge studies have been executed extensively in Australia
(Allison & Hughes, 1978), North and Central Africa (Edmunds et al., 1988, 1992),
France (Schoeller, 1961; Vachier et al., 1987), North America (Wood & Sanford,
1995), Central and South America (Baldison et al., 1995; Alvarado et al., 1996). On
a global scale, the comparison of the chloride with the tritium (Fig. 4.22) method
(section 4.4.2.2) (Prych, 1998) often provides
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• Good agreements when recharge exceeds 25 mm/year,
• In semi-arid areas (5–50 mm/year of recharge) higher recharge rates with tritium

than with the chloride mass balance method, and
• Often too low groundwater recharge rates with the chloride-balance method in

arid areas (recharge rate <5 mm/year).
To interpret these observations, it can be argued that

• The chloride input function is mostly not as well known as the tritium input
function,

• The tritium method provides time information to calculate recharge, but chloride
method delivers process information,

• Excessive evaporative salinization of soils has often more than one source, and
• Apart from precipitation, aeolian dust often imports chlorides to the infiltration

interface.

4.4.2.2 Environmental tritium

Tritium is produced in the upper atmosphere by the interaction of cosmic rays
and 14N

14N +n →12 C+3 H�

According to the earth magnetic field, cosmic radiation is more incident at the
magnetic poles than at the equator; thus, the intensity of the natural 3H production
decreases from the polar to the equatorial zones; this situation prevailed during
most of the present Brunhes magnetic epoch (0–690 000 B.P.). Consequently, the
natural production of environmental tritium is considered constant over historical
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and recent geologic periods of time with some variations parallel to changing
sun activities.

Natural tritium is stored in the stratosphere and reaches in mid latitudes through
a temperature inversion along the tropopause, occurring in both hemispheres in the
respective spring time, the troposphere, becomes mixed and precipitates by wash-
and rain-out. This yearly injections and subsequent rain- and wash-out produces
seasonal variations of 3H in precipitation with high values in most of the vegetation
period and low values in winter (Fig. 4.17).

From natural production mechanisms and the seasonal short cut between tropo-
sphere and stratosphere result mean annual 3H concentrations in precipitation
ranging from 5 TU at the equator to 20 TU in mid-latitude precipitations and
seasonal 3H variations by a factor of 2 to 4. Since production, storage and short
cuts between the stratosphere and the troposphere have the same importance for
14C and 36Cl, they undergo similar seasonal variations (Fig. 4.18).

In the south-hemisphere, average tritium concentrations in precipitation are lower
than in the north-hemisphere, because of the different ocean/land partitioning;
oceans act as a sink for tritium and 14C as well.

The open-air nuclear weapon tests produced during 1955–1963/1964 3H (as well
as 14C and 36Cl), which reached the stratosphere, the store of naturally produced
tritium. Maximum man-made input of 3H occurred in 1963/1964 in the northern
part of the north-hemisphere (Fig. 4.17), followed by the test moratorium, which set
an end to the nuclear weapon input of radioactivity to the atmosphere. This weapon
input appeared dampened and with a delay of about 2 years also in precipitation of
the south-hemisphere; it increased the tritium concentrations in the north-hemisphere
by a factor of hundred to thousand and in the south-hemisphere of fifty. From
the maximum 3H concentrations in precipitation on, it decreased first exponen-
tially, later slower and approached in the late 1980s asymptotically values close
to natural.

Tritium has a half-life of 12.34 years and decays (ß− decay) to 3He; the measuring
accuracy (2�-error) amounts to
• ±0.7 TU with routine LSC,
• ±0.003 TU applying the 3H/3He method, and
• ±0.3 TU with the PGC method.

After three to four half-lifes, the input of naturally produced tritium to ground-
water is no more detectable with the routine LSC. This corresponds to mean
residence times of 40–70 years.

Tritium meets subsurface water through infiltration of precipitation (Fig. 4.12).
As 3H production in the subsurface is restricted, if ever, to areas with radioactive
minerals like in some crystalline rocks and in areas with re-sedimented weathering
products of crystalline rocks, tritium information is quasi always from atmospheric
origin; this and its occurrence in the water molecule makes tritium to a very valuable
hydrologic tracer to determine MTTs and groundwater recharge.

Tritium was used to determine qualitatively and quantitatively groundwater
recharge.
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• In areas with a huge deficit in precipitation as compared to potential ET, it is
often doubtful if groundwater recharge occurred or not. In such areas, however,
heavy rainfall can produce within a short period of time groundwater recharge,
which is qualitatively documented by measurable 3H-concentrations in the perco-
lation zone or in shallow groundwater. The assessment of such 3H evidence
in groundwater of arid (Sinai, Kalahari, Djibouti, Oman, Saudi Arabia, Sahara,
Gobi) and semi-arid areas (Sahel) is generally attributed to exceptional rain events
or to the snowmelt (Gobi), but it does not necessarily prove that a net recharge
over long periods of times comes into game. Similar observations exist from
permafrost areas, where 3H was found in groundwater beneath permafrost (Michel
& Fritz, 1978).

• Following tritium on its flow path from infiltration through the vadose zone to
the groundwater, it can also be used to quantify groundwater recharge by the
peak, mass balance or mean transit time method.
The tritium peak of 1963/1964 (Figs. 4.17) spiked percolation water in the vadose

zone (Fig. 4.23) and was first used by Münnich (1983) to determine groundwater
recharge. The mass balance method compares the variable input with the tritium
profile in the unsaturated zone to calculate in an inverse manner groundwater
recharge using bulk transport models. Later the mean transit time in the active
groundwater recharge zone was also used to quantify groundwater recharge with 3H.

On short distances (1–5 m) percolation can be considered as of piston-flow type
(eq. 4.47, Fig. 4.23). Under these conditions, the 1963/1964 spike was a very good
time marker to calculate groundwater recharge; knowing the water content between
the ground surface and the tritium spike, the groundwater recharge (eq. 4.45) results
from an integration of the water contents (�) above the spike as related to the time
span between 1963/1964 (t1) and the sampling year (t2).

R′ =
h∑
0
�ihi

t2 − t1
(4.45)

With respect to percolation velocities of 2–0.2 m/year, which are quite common
in humid temperate, tropical, and semi-arid areas, the tritium spike of the year
1963/1964—reduced in amount by the radiaoctive decay—was in 2005 at a depth
of maximum 70 m b.g.s. in humid respectively 7 m b.g.s. in semi-arid areas. This
spike was still detectable if
• Flow in the unsaturated zone was homogeneous,
• No preferential-flow occurred, and
• The input was strong enough.

However, if flow in the unsaturated zone is inhomogeneous and preferential-flow
occurs, the 3H information becomes smeared over the profile according to the
• Depth reach of preferential-flow (section 3.4),
• Magnitude of mass exchanges (Fig. 4.5), and
• Molecular diffusion between slow and rapid moving water.
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Figure 4.23. Displacement of the tritium peak in the unsaturated zone of Cretaceous chalks (Foster &
Smith-Carrington, 1980)

When using the tritium peak of the years 1963/1964, no correction for seasonality
of groundwater recharge is necessary, because tritium in precipitation dropped
within the first 1.5 years so much that peak recognition is unambiguous. However,
using tritium profiles to determine groundwater recharge by comparing the input
with the output function and introducing a transformation function on flow and
radioactive decay (eq. 4.46), a weighting factor must be taken into account to assess
low recharge in the warm and high recharge in the cold season.

The environmental 3H-peak method applied well in temperate, tropical, and semi-
arid areas; it was cautiously used in arid (dry-land) zones, because under these
climates precipitation is scarce in time, and not well distributed within the catchment
area. Therefore, and, because of the seasonal variability of tritium in precipitations,
a tritium maximum in the vadose zone may or may not correlate with the 1963/1964
peak in precipitation and the occurrence of tritium in the percolation zone may be
considered a hazard or not.

The tritium mass balance method (eq. 4.46) refers to

Cout =
t∫

0

Cin��t�g�t
′�e−�tdt (4.46)
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(convolution integral) or the transport equation (eq. 4.63).
According to the hydraulic initial and boundary conditions, three basic bulk

approaches (eq. 4.47) exist for the transformation function g(t′) (Maloszewski &
Zuber, 1982);
• The piston-flow model (PFM) assumes that flow paths with different residence

times, hydrodynamic dispersion, and molecular diffusion do not play any role
along the propagation path,

• The exponential model (EM) implies an exponential distribution of travel times,
beginning with zero, but no hydrodynamic dispersion, and

• The dispersion model (DM) accounts an exponential distribution of travel times,
starting with any time and includes hydrodynamic dispersion, thus accounting to
heterogeneities of aquifer systems.

gPFM �t
′�= 1

gEM �t
′�= 1

t′
e− t

t′

gDM �t
′�= 1√

4 
D′

vax

t

t′

1
t′
e

−
[

1− t
t′

4 D′
vax

t
t′

]
(4.47)

From PFM to DM, the number of unknown parameters increases, hence, the
error bar in calculating groundwater recharge too. The same holds, if applying the
transport equation (eq. 4.63) to fit inversely groundwater recharge from known
input and output functions.

Often, model combinations are used by introducing weighing factors of ! and
(1−!). The precision of these approaches increases, if response functions of
different environmental tracers (e.g., 3H, 85Kr, CFC-12) can be analyzed and fitted
with the respective input function. Results, calculated with eq. 4.47, do not differ, if
MTTs are in the range of few years. At higher MTTs, the choice of the model plays
an important role (Maloszewski & Zuber, 1982). A model comparison between
numerical and lump sum parameter models has been presented by Seiler et al.
(1995); it shows no significant differences in results.

EM and DM deliver

MTT = t′


which translates to recharge using the mean water content in the vadose zone
(eq. 4.33) or applying the transport equation (eq. 4.63), recharge is included in the
flow velocity parameter va.

A special situation is given in the percolation zone of bi-porous media, to which
belong reef and dolomitized limestones, the Upper Cretaceous Chalk and many
types of sandstones. Here a slow flow of decimetres or meters per year occurs
in matrix pores and a quick flow in exchange with matrix-flow exists in fissures
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or even solution channels. Knowing only matrix-flow leads to an underestimate
of groundwater recharge. Vachier et al. (1987) determined the recharge in chalk
sediments of the Champagne (France) to be 250 mm/year, which was in good
agreement with hydraulic calculations; this recharge refers to a precipitation of 630
mm/year.

Using the tritium peak method for the determination of groundwater recharge
requires only one sampling campaign some years after the peak concentration perco-
lated to a depth that excludes vertical up return to the land surface; recharge results,
always referring to matrix-flow, are the more representative as the time interval
between the infiltration of the tracer peak and the sampling is long. However, to
also consider preferential-flow, an artificial tracing is required (section 3.4) and an
intensive and repeated sampling must be performed just after the infiltration of the
tracer signal.

Today, the environmental tritium peak and mass-balance methods are of little
use, because no new 3H signal was produced since the years 1963/1964, and the
present tritium input is quasi constant. Therefore, more than environmental tritium,
artificial tritium has been applied in India (Gupta & Sharma, 1984; Sukhija et al.,
1996), Africa and Australia (Sharma, 1989) (Fig. 4.22) (section 4.4.4).

In closed hydrologic aquifers, the 3H method can be combined with 3He measure-
ments; 3He is the decay product of 3H and accumulates in the closed system. When
helium sources other than from the decay of tritium can be quantified and the
system is closed, the 3He content increases with time proportional to the input and
half-life of 3H.

Another application to determine groundwater recharge with 3H, 14C, or poten-
tially with 36Cl refers to the MTT of groundwater in the active as well as passive
groundwater recharge zone (section 2.4). By definition, the MTT is the average time
to exchange once the water volume of an aquifer through groundwater recharge
(Nir & Lewis, 1975; Zuber, 1986) (eq. 4.48).

·MTTW = Vaquifer

R′A
Vaquifer = p′T ′A

(4.48)

R′ = p′T ′

MTTW

When using eq. 4.48, the question of the geometry of the active recharge zone
often arises. Taking the TNL, which separates tritiated from non-tritiated water
and referring to a routine measuring accuracy of ±0.7 TU, water of the active
groundwater recharge zone (section 2.4, Fig. 2.11) relates to a MTT of maximum 40
years at the equator (natural input 5 TU) and maximum 70 years in the mid latitudes
(natural input 20 TU). According to results of numerical simulation (section 2.4),
the TNL expresses the thickness of the active groundwater recharge zone below the
groundwater table. If the porosity of the aquifer is known, groundwater recharge
can be calculated. For example, in the Molasse basin of south Germany with
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unconsolidated sands and gravels the active groundwater recharge zone becomes
50 m thick, porosity is about 0.25, and the natural tritium content stands for an
MTT of 70 years. From these data, groundwater recharge was calculated to amount
0.18 m3/year or 180 mm/year, which is in good agreement with traditional water
balance studies (section 5.1.2).

In 3H recharge studies, based on MTTs, the depth of the TNL should be deter-
mined in extended areas between and not beneath receiving rivers or subsurface
water divides. Another limitation in applying this method may rise, if
• Shallow groundwater is overexploited; then the active groundwater recharge zone

becomes too thin, because of a groundwater level decline and an upconing of
deep groundwater;

• Groundwater is exploited from the passive groundwater recharge zone, and then
the TNL might be determined too deep (Fig. 2.10B).
The determination of groundwater recharge through MTT and the geometry of

the active groundwater recharge zone do not apply in bi-porous aquifers, unless
the relative portion of groundwater recharge of both media is known by discharge
analysis.

MTT can also be determined with the stable isotopes of the water molecule.
These isotopes undergo seasonal variations, which can be used for short-term
dating as far as the input variations have not been dumped in the subsurface to
zero by hydrodynamic dispersion. Supposing a constant yearly mean of 2H or 18O
concentrations and a sinusoidal seasonal variation with a phase of " = 2# the
variation (f) from the input to the output concentration applies to calculate the MTT
(eq. 4.49):

MTTW = 1
"

√
1
f 2

−1

with (4.49)

f = ��18Ooutput

��18Oinput

This method provides MTTs of month to several years according to the measuring
precision and the extent of the existing seasonal variations of the stable isotope
content and implies that age distributions always start from zero.

Often, CFCs have been applied to determine mean residence times (Busenberg &
Plummer, 1992; Oster et al., 1996) instead of tritium, because tritium concentrations
from nuclear weapon tests decreased to the low natural tritium production in the
atmosphere till the end of the 1980s, and CFCs show still rising concentrations.
In between CFCs, CFC-11 and CFC-113, are easy degradable in an anaerobic
environment, only CFC-12 behaves conservative in both aerobic and anaerobic
environment.



126 CHAPTER 4

Mean residence times can also be determined using environmental chloride as a
tracer. If the chloride input function is known over a long run of time, from the
chloride distribution in the unsaturated zone follows:

MTT = 1
PCCl
P

z∫
0

��z�CCl�z�dz (4.50)

If preferential-flow plays an important role in the studied profile, it should be
thick enough (>5 m) to produce reliable results.

4.4.2.3 Environmental 2H and 18O

The gas composition of the atmosphere evolved parallel to life processes, tectonic
activities and the changing ocean/land distribution. Among the minor gases, carbon
dioxide, water vapor, methane, nitrous oxide, and hydrogen are outstanding, because
they significantly co-regulate the production, retention, and transfer of heat as well
as the filtering capacity of the atmosphere for cosmic radiation.

Heating of the earth surface is quite uneven and results in a significant convective
mixing within the troposphere (0–10 km heights, Fig. 4.24), leading for gases with high
MTT to a homogeneous distribution; water vapor, however, is uneven distribution in
the troposphere (Fig. 4.24), because it has an average MTT of only 10 days and, thus,
not sufficient time to become homogeneously mixed.

Processes at the ocean surface, the main source of the water vapor in the water cycle,
and within the atmosphere provide the main signature of the stable water isotopes 2H
and 18O in precipitation. At the interface ocean/atmosphere, evaporation fractionates
the stable isotopes of water according to the prevailing temperature and humidity
gradients across this interface; this process of evaporation leads to distilled water vapor
and fractionation of the isotopes of the water molecule, hence, to a an increase of the
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Figure 4.24. Average water vapour in the atmosphere as a function of altitude (Junge, 1963)
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heavy stable water isotope species in the ocean water (the low energy phase) and the
light isotope species in the water vapor (the high energy phase).

The turbulent troposphere hosts sea spray, gases, particles, organic and inorganic
components of natural and man-made origin; thus, the distilled water vapor
from ocean evaporation becomes physically, chemically, and isotopically charged
according to the exchange intensity between vapors and air, respectively, according
to chemical and photochemical processes. Finally, this mixture undergoes a dynamic
exchange with the ocean water, forming the isotope composition of the atmospheric
water vapor (Craig & Gordon, 1965).

Distilled water has an electric conductivity of about 10 �S/cm (25�C) and air
moisture as well as precipitation range often from 30 to 200 �S/cm; under vegetation
covers with a high LAI or in desert areas, this electric conductivity is even higher,
because of transformation processes at plant surfaces or high dust concentrations
in the atmosphere reacting, for example, with the acids of precipitation.

Following ocean evaporation and atmospheric mixing, the atmospheric water
vapor condenses, hence, fractionates again the stable isotopes of the water molecule
to a degree, depending on the super saturation of vapor in the cloud, geographic, and
elevation boundary conditions for the rain-out process; thus, all individual rain-outs
represent a selective event (Fig. 4.25), but follow on the monthly or yearly average
mean local and regional fractionation intensities.

At the beginning of condensation, cloud droplets are believed to be in a local
isotope equilibrium composition with the moisture in the warm part of the cloud
because of a rapid exchange between the droplets and the air moisture. In the cold
part of the cloud, however, an additional isotope fractionation occurs by diffusion
of the super cooled vapor molecules on solid surfaces (Jouzel & Merlivat, 1984).
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As droplets aggregate and fall through the cloud column, an exchange of isotopes
between the liquid drop and the ambient air takes place, thereby approaching isotopic
equilibrium between the two water phases as long as the air remains saturated with
respect to water vapor at the prevailing temperature.

Below the cloud base, when the rain drops fall through unsaturated air, the
water exchange is accompanied by evaporation from the droplets with the result
that the heavy isotopes become enriched in the remnant drop just as the case for
evaporation from lakes. Such losses of rain between the cloud base and the land
surface are known from, for example, the Himalaya, where precipitation is high in
high altitudes, whereas in the adjacent valleys steppe vegetation stands for low rain
quantities. Under more arid conditions, this may result in complete evaporation of
the droplets before reaching the land surface and the re-cycling of the water vapor
into the cloud system.

The size of the raindrops, which affect the fall velocity, and thus the duration that
exchange or evaporation occurs, will control the degree of achieving equilibrium
conditions by the exchange within the cloud or below the cloud.
• Bolin (1958) calculated that only high intensity showers (>10 mm/h) represent

the relatively unmodified composition of the precipitation at the cloud base, and
• Woodcock & Friedman (1963) observed a correlation between drop sizes and 2H

contents of precipitation.
There are still insufficient data to fully characterize isotope changes during single

precipitation events; such variations span a range of 10‰ in �18O (Fig. 4.25B).
Early studies by Epstein (1956), Bleeker et al. (1966), and Matsuo and Friedman
(1967) indicated also differences between precipitation produced by convective and
frontal precipitation. These studies also showed that at the beginning an enrichment
of most rain showers in the heavy isotopes occurs, because of partial evaporation
during the fall of rain droplets through the air column. Consequently, Leguy et al.
(1983), Rindsberger and Magaritz (1983), Gedzelman et al. (1989), Rindsberger
et al. (1990), Pionke and DeWalle (1992), and McDonnel et al. (1990) report that
these variations reflect the source of moisture and its rain-out history, and only to
a smaller extent the local rain intensity. However, a notable exception to this rule
is given by very strong tropical rains, associated with the ITCZ and its towering
clouds, when precipitation with extremely depleted isotope values is found at the
peak of the downpour (Matsui et al., 1983).

Generally, there is a recurring seasonal pattern (Fig. 4.26), but individual rain
events show large variabilities, as is the case for the evolution of the isotope
composition during a rain shower. Therefore, only averaged variations of stable
isotopes in precipitation can be used to trace the seasonal/geographic origin of
water, provided that no further changes in the isotope composition occur
• Along the interface atmosphere/biosphere/lithosphere and
• During the subsurface transition.

As long as the precipitated water is not subject to long residence times on
the way from continents back to the oceans, equilibrium of stable isotopes of
the water molecule establishes between the ocean and the continental fresh-water.
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Figure 4.26. Seasonal variation of the �18O in precipitation at Groningen and the correlation of the
mean �18O values with the respective mean monthly temperature (from Mook, 1970)

This equilibrium, however, was repeatedly disturbed during Cenozoic glacial and
interglacial periods, because of accumulation in or releases of fresh-water from ice
shields, glaciers, and aquifers. Retention typically occurred
• In ice covers and shields during glacial periods,
• In aquifers at the transition from glacial to interglacial times.

A release happens
• From melting ice shields and
• From aquifers at the transition from interglacial to glacial times.

This storage and release of water of the water cycle on continents expressed in
connection with temperature changes in low stable isotope concentrations of fresh-
water during glaciations respectively high stable isotope contents in interglacial
ages; stable isotope contents of ocean water behaved just opposite to fresh-water.
Thus, the stable isotopes of water are the best relative temperature indicators for
climate changes during the last millions of years in the ocean and fresh-water
environment as well.

The present, long-term averaged stable isotope composition of the precipitation
at any given location can be rather well specified by the key stations of the GNIP
network (Global Network on Isotopes in Precipitation, IAEA, 1992). A geographic
pattern is observed that was summarized by Dansgaard (1964) as
• A latitude effect by decreasing stable isotope contents in precipitation from the

equator to polar regions, which is paralleled by a decrease of mean air temperature
and approximated as

�18O = 0�34T −11�99‰ by Dansgaard (1964), or
�18O = �0�521±0�014�T − �14�96±0�21� by Yurtsever (1975)�
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• A seasonality with mean low and high stable isotope contents in the cold and
warm season, respectively (Fig. 4.26),

• An altitude effect with mean low and high stable isotope contents in precipitation
of high and low altitudes respectively, because of a decline of the air temperatures
with the altitude (Fig. 4.27), which is closer, correlated for rain than for snow
(Fig. 4.27) (Gat & Dansgaard, 1972). The observed 18O altitude effect generally
amounts −0�1‰/+100 m to −0�6‰/+100 m of altitude.

• Stable isotope variations in one single rain event according to rain-out/wash-out
interchanges, condensation speeds, and elevation (Fig. 4.25),

• A mass effect on islands by an increase of the stable isotope concentrations with
the precipitation amount; on island in oceans with small temperature variations, a
dependence of 18O on rain intensity is observed to the extent of −1�5‰/100 mm
of monthly precipitation, and

• A continental effect along weather trajectories from the coast to inland by a
decrease of mean stable isotope concentrations due to the successive rain events.
With the distance from the coast a progressive 18O/2H-depletion in precipitation

is observed (continent effect; see also section 4.4.2.1), which varies considerably
by regions and with seasons. It depends both on the topography and on the climate
regime. For example, from the Irish coast to the Ural mountains, an average
depletion of 7‰ in �18O is observed; this effect is in summer only one-fourth of
the effect in winter and is attributed to the re-evaporation of summer rains (Eichler,
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Figure 4.27. Change of stable isotope composition of precipitation with the sampling altitude in the
Jordan River spring area in North Israel. Stable isotope composition increases by 0.19‰ in 18O with a
decrease of the altitude of 100 m (data from H. Brielmann, GSF-Institute of Hydrology, Neuherberg)
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1964). In contrast, over the Amazon basin, the absence of a continent effect over
thousands of kilometers was reported (Salati et al., 1979); this is attributed to the
return flux of moisture by (non-fractionating) transpiration.

Continental stations away from the coast portray a seasonal change in the isotope
composition of precipitation, which correlates with temperature. In contrast, at
oceanic islands the seasonality of the isotope composition of precipitation practically
disappears, because of the small seasonal temperature variations.

Therefore, precipitation over the ocean has a relatively small seasonal range of
variation in the stable isotopes of the water molecule. There is, however, a relatively
large variability in the value of the deuterium excess.

In temperate and semi-arid climates, it has regularly been observed that the
�18O/�2H values of rain samples over periods of a day or less and at locations
close to one another agree well within measuring accuracy. At larger distances
(Fig. 4.28), especially in areas with frequent convective storms, however, large
differences exist. Although over a periods of months, stable isotopes in precipitation
have a similar pattern over distances of a few hundred kilometers; by contrast,
single monthly samples might differ largely one from another.

Average �18O/�2H values vary from year to year. In temperate climates, this
variation is small (less than few permilles), and a significant part of this spread is
caused by variations in the average annual temperature. In semiarid climates, with
a less regular precipitation distribution in time, large variations occur. Here, only
weighted means of precipitation inputs (eq. 4.53) over many years can be correlated
with the discharge response.

Figure 4.28. World-wide distribution of the annual means of �18O in precipitation (Yurtsever & Gat,
1981)
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The 30-year time series of the GNIP program has enabled to identify a trend of
increase in�18O in parallel with mean air temperatures in continental European stations
(Rozanski et al., 1992). Contrary, fluctuations in the isotope composition of precip-
itation in shorter times than this proved to coincide either with changes in weather
trajectories or the course of the condensation/fractionation process mentioned before.

Changes in the stable isotope composition of hydrogen and oxygen in the
atmospheric part of the water cycle as expressed by the deuterium-excess (d in
eq. 4.52) may differ from 10‰ of the Global Meteoric Water Line (GMWL,
eq. 4.51); the known mean deuterium excesses of the MWL range from about d =
+5‰ to d = +22‰, depending upon humidity and temperature in the source area
of atmospheric vapor; individual rains may even exceed this range. On the contrary,
in accompaniment of evaporation from open waters the isotope composition of
both hydrogen and oxygen in the water changes along so-called evaporation lines
(Fig. 4.29) which differ from the MWL in that their slope in �-space is smaller
than 8 (Gat, 1995). When evaporation occurs into a stagnant air layer such as the
void space in the soil (unlike the turbulent layer above an open water body), the
slope of the evaporation line is even lower (Allison et al., 1983), so that these two
situations can easily be distinguished by means of their respective isotope signatures.

2H and 18O in precipitation are correlated (eq. 4.51) by the GMWL (Craig, 1961)

�2H = 8�18O+10�‰� (4.51)

A more general correlation (eq. 4.52) relates to

�2H = 8�18O+d�‰� (4.52)

and is named regional meteoric water line.

Figure 4.29. Change of the stable isotope composition from precipitation to percolation by evaporative
enrichment and following mixing of non-evaporated winter with evaporated summer water; soil water
with an isotope summer mean evaporates at the end of the crop season, hence, enriches along an
evaporation line and mixes in the recharge season with the winter mean of non-evaporated water to a
resulting mean isotope content
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A typical long-term stable isotope pattern in precipitation is shown in Fig. 4.28;
it underlies short-term seasonal and interannual variations and on a long run of time
varies with climate changes.

A comprehensive review of the isotope composition throughout the water cycle
can be found, among others, in Mook (2001, 2002).

The stable isotope composition in discharge from a watershed does not necessarily
equal the amount-weighted isotope composition (eq. 4.53) of the open air input

�input = ��iPi
P


 (4.53)

because as the rain falls to the ground and transforms to run-off, two basic isotope
effects are often recognized. First that of selection between water of different
isotope composition on a seasonal basis or by preferential routing of different
parts of a rain shower into various run-off components and compartments. Special
attention has to be paid to the situation at low temperatures, characterized by the
precipitation of snow on ice covered surfaces, because the precipitation is then
not mixed immediately with the antecedent moisture at the surface and may be
lost or modified before melting occurs. The second isotope effect refers to isotope
fractionation at phase transition from liquid to vapor such as evaporation from an
open water body, receptors, or soil surfaces.

At the beginning of rain events and up to the point of reaching infiltration
capacity, no isotope change is involved in the infiltration process; however, in the
more arid (dry-land) terrain where significant surface flow usually precedes the
process of infiltration, a slight enrichment of the heavy isotopes by evaporation can
be noted. Once the evaporation capacity has been reached, evapo-transpiration from
the land surface and from ponded water starts; as this zone dries up gradually by
water losses through plants and evaporation, moisture, and isotope gradients estab-
lished (Allison et al., 1983). There is, however, a significant difference between
the effect of the water uptake by the plant cover (the transpiration flux) and the
diffusive evaporation of the soil water from the porous medium, which can be
recognized in the isotope composition of the residual water. Transpiration takes
place essentially without changes of the isotope composition, whereas the diffusive
flux through a non-turbulent air layer results in a residue, enriched in the heavy
isotopes; this isotope enrichment follows a low-slope evaporation line in a 2H/18O-
diagram (slopes 4 to 6). These two mechanisms of soil water losses lead to a
situation of having less isotope fractionation in a plant covered terrain as compared
with a bare soil surface, although the water loss by transpiration is higher than by
evaporation.

Later, isotopically enriched water mixes with non-evaporated infiltration water
(Fig. 4.29), which results in the enrichment of the groundwater recharge flux relative
to the mean isotope composition of rain. The degree of enrichment, which can reach
values as high as several permille in �18O, depends on the relative amounts of the
rainfall and that of the antecedent moisture content of the soil, as discussed by Gat
and Tzur (1967) and Gat (1987).
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The magnitude of deviation of the stable isotope content of groundwater recharge
from the precipitation input depends in all climates on infiltration capacities and
increases with the mean air temperature. As a consequence, rivers in cold and
humid areas have a stable isotope composition (18O/2H) close to the GMWL,
because evaporation from river water is not strong enough to measurably change the
precipitation signal by isotope fractionation. In contrast, rivers from arid (dry-land)
areas often have some evaporative signature, which results mostly from evaporation
of direct run-off along the river course.

As rain falls on the land surface, it is partitioned into overland-, inter-flow-,
groundwater recharge, and a return flux to the atmosphere by means of evaporation
and transpiration. Thus, the stable isotope composition is modified by evaporative
processes at surfaces as well as by selective responses of run-off on rainfall with
different isotope composition. This shift in the isotope composition that accompanies
the run-off process has been named the Isotope Transfer Function (ITF) (Gat,
1998). These shifts are especially significant under two extreme environmental
situations:
• In lakes and wetlands and
• In an arid (dry-land) environment.

Isotope separation in open surface processes has first been quantified by Craig
and Gordon (1965); later Gat and Tzur (1967) described the evaporation process for
a mixed surface water body containing NL moles of water per unit area expresses as

dN

dt
= EP+ IN (4.54)

or

dNL
i
dt

= EPi+
dNL
i
dNL

IN�

Using the �-notation leads to

d ln�1+�L�
d ln f

=
h��L−�A�
�1+�L�−�

�1−h′ +����1+ IN
EP
�

 (4.55)

with f the fraction of the liquid left

f = NL
N0
L

=
(

1− EP+ IN
N0

)
�

As the liquid will not achieve a steady-state stable isotope composition, eq. 4.54
is integrated within the limits f = 1 to f = f and rearranged to obtain

ln
[

1+ h′��L−�L
0�
h�∗ −�

]
= �h′ −��
�1−h′ +����1+ IN

EP
�

ln f


��L−�L
0�= �h�∗ −���fu−1�
u
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with

u= �h′ −��
�1−h′ +���

(
1+ IN

EP

)

or

��L−�L
0�=

0∫
1

��L−�L
0�df
0∫

1

df

= h′�∗ −�
1+ �1+h′�

In

EP

(4.56)

The stable isotope content in soil profiles of arid (dry-land) zones is usually divided
into two parts by an enrichment peak (evaporating front) (Fig. 4.30): In the upper,
shallow part only vapor moves to the surface. In the part below the evaporating front
liquid transport, driven by capillary forces, dominates. Under steady-state conditions,
the ascendant flux of moisture rise equals the flux of water vapor lost by evaporation.

The steady-state condition of the isotope profile is a final state. First rainfall
infiltrates and freely available water evaporates at the surface; subsequently, with
decreasing water contents evaporation slows down and reaches steady-state condi-
tions when capillary rising water vaporizes in equilibrium with evaporation along
the evaporation front. This cumulative evaporation is inversely proportional to the
square root of time (eq. 4.57).

t = D

E2
(4.57)

Along the evaporating front, water is converted into vapor, issuing an isotope
fractionation in an open system. Therefore, the isotope composition at the evapo-
rating front deviates from that of precipitation as well as that of the groundwater;
it depends on the following parameters:
• Temperature of the atmosphere,
• The isotope composition of the atmospheric vapor,
• The moisture deficit of the atmosphere,
• The isotope composition of the reservoir water below the capillary fringe,
• Equilibrium fractionation between liquid and vapor, and
• The kinetic fractionation in the dry soil layer above the evaporation front.

At evaporation rates of 10 mm/day, the evaporation profile can reach already
within 1 day steady-state conditions. In the field, especially in humid areas, evapo-
ration profiles rarely reach steady-state unless the water table is quite close the
surface.

Stable environmental isotopes of the water have often be studied
• to determine recharge areas in mountains,
• to separed and quantify discharge components in surface run-off, produced by

rain events or the snowmelt,
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Evaporating front

Figure 4.30. The distribution of deuterium in the percolation zone under arid climate conditions,
supposing isothermal and non-isothermal steady-state deuterium conditions (after Barnes and Allison,
1988)

• to calculate MTT for determining groundwater recharge (section 4.4.2.2), and
• to investigate mechanisms and quantities of river-infiltration into aquifers.

The determination of the mean altitude of recharge areas in mountains refers to
the altitude effect. As the measuring accuracy for �18O is in the range of ±0.1‰,
altitude differences should exceed 200 m in a catchment, to reasonably apply this
altitude effect in delineating catchment areas.

The SW of the Dominican Republic (Pedernales Province) (Fig. 4.31) is a coastal
area, flat and dry and exceeds the sea level only by some decameters. This area,
however, borders in the north with the karstified Sierra de Bahoruco with altitudes
of 2,000 m a.s.l., which receives lots of rain and thus is a potential recharge area
for the Perdernales Province. North of the Sierra Bahoruco follows the Neiva Valle
with the Enriquillo Lake, having a lake level of about 40 m b.s.l.

The goal of the isotope studies in the Pedernales Province (Febrillet et al., 1988)
was to investigate the water balance, to use groundwater resources for irrigation.
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Figure 4.31. The investigation area (shaded) in the southwest of the Dominican Republic

This investigation had two components: the delineation of the subsurface catchment
area as compared to the surface catchment area and the determination of the recharge
rate. Following, only the delineation of the subsurface catchment will be discussed.

In a first step, existing and some new precipitation stations have been equipped
to sample weighted means of precipitation; this has been performed by sampling
all precipitation over a given run of time and to measure the respective precipi-
tation amount; the analytic result on stable isotopes of each bulk sample was then
calculated to get yearly weighted means (eq. 4.53). The correlation of these yearly
stable isotope means with the sampling altitude allows to determine the decrease
of stable isotopes with the increase of the altitude, which was in the order of
−0.25‰/+100 m (Fig. 4.32A).

Parallel to precipitation, all springs and wells along the north and south slope
of the Sierra de Bahoruco have been sampled repeatedly, to get the mean isotope

Figure 4.32. The change of �18O with the altitude in the Sierra de Bahoruco (A) and the mean altitude
recharge of groundwater (B). From the Sierra de Bahoruco down to the Lago Enriquillo the mean
recharge altitudes should increase according to the geometry of the groundwater flow field
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composition of the respective groundwater. To calculate the mean recharge altitude,
the stable isotope content (�) of the sampling point (i) as compared to a base station
(0) is divided by the general change of isotopes with the altitude (−0 x) and referred
to the altitude (h0) of the base station (eq. 4.58)

h= h0 − �i−�0

−0�x
100 m a�s�l (4.58)

Results of this exercise showed that in the Pedernales Province no groundwater
from high altitudes occurred; however, it was found that along the north slope
of the Sierra de Bahoruco sampled springs decreased in stable isotope content
with decreasing sampling altitude—as expected—but then increased with further
decreasing altitudes. This can only be interpreted in terms of a subsurface catchment
of the Valle Neiva, which reaches over the surface water divide between the Neiva
Valle and the Perdernales Province into the Pedernales Province: hence, the surface
catchment area of the Neiba Valle is smaller than the subsurface catchment area,
and, therefore, the Pedernales Province receives less groundwater from the rainy
Bahoruco area than the Neiva Valle.

Very often, stable environmental isotopes of the water and other water compo-
nents have been used for the separation of discharge components, specially the
determination of direct (overland- and inter-flow) and indirect run-off (base-flow)
during storm or snowmelt events (section 4.12). Basically, this exercise distinguishes
between concentrations (C) and amounts (Q) of the end members precipitation
(suffix P) and pre-event subsurface water (suffix SF) and the resulting mix in the
surface discharge (suffix r):

CrQr = CpQp +CSFQSF� (4.59)

With

Qr =QP +QSF

n = QP

Qr

(4.60)

and

1−n= QSF

Qr

(4.61)

eq. 4.59 transforms into

nCP + �1−n�CSF = Cr = QP

Qr

or

n= Cr −CSF

Cp −CSF

� (4.62)
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the relative amount of direct discharge. Knowing the total discharge Qr at the
sampling time, delivers the absolute contribution ofQP andQSF to the total discharge
according to eqs. 4.60 and 4.61.

Tracer-based separations of run-off components have often been performed
with 2H or 18O (Sklash et al., 1976; Sklash & Farvolden, 1979; Herrmann &
Stichler, 1980) and could also refer to the electric conductivity of waters, because
subsurface water acquires its dominant chemical composition quasi instantaneously
in carbonate rocks (>5 weight% of CaCO3), which are wide spread, and electric
conductivity refers quasi linearly to total dissolved solids (TDS); TDS is in common
groundwater about 0.65 times the electric conductivity. In some cases, also major
anions and cations, silicon and DOC have been used to separed discharge compo-
nents. In all these exercises, it is important to know the origin and content of the
end members, producing the mix in surface water.

The stable isotope content of rain varies spatially and temporally; this is especially
true for meso- and macro-scale studies and where convective rains dominate.
Generally, several bulk rainfall samplers are repeatedly collected during an event,
analyzed for the stable water isotopes and combined in a weighted mean local
or regional value (eq. 4.53, section 3.1) that is used for the separation of run-off
components. Special care has to be taken in forests and densely vegetated catch-
ments, because there, rainfall is subject to interception and evaporation on plant
receptors, modifying the composition and amount of rain.

As the variability of stable isotopes in one individual precipitation event and by
seasons is significant, often melting snow covers have been used as input signals for
the separation of discharge components. The tracer signal of melting snow covers
is less variable than the rain input signals (section 3.1). To quantify the influence of
snow on run-off and groundwater recharge by stable water isotopes, it is necessary
to determine the present isotope input of the snow cover outflow, which corresponds
to the amount weighted input. For this purpose, snowmelt lysimeters have often
been used to better account for the temporal variability of the isotope input as well
as the rain falling on snow pack and infiltrating through it during melt periods
(Herrmann et al., 1984).

In discharge component separation, the 2H and 18O application needs sampling;
whereas, electric conductivity measurements can be applied online; the latter offers
a more detailed insight into the discharge process than sampling does. However, it
has to be taken into account that
1. The yearly variability of the input concentration in the rains as referred to the

yearly mean is different in amount and direction for �2H and �18O and the
electric conductivity and

2. That the rain input of
(i) �2H and �18O lies either above, equal or below the yearly mean in subsurface

water, and
(ii) The electric conductivity of precipitation is the year long always lower than

that of subsurface water of all except crystalline rocks.
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Thus, any discharge analysis using the electric conductivities imposes lower
restrictions for single rain events than applying stable environmental isotopes; but it
implies that electric conductivity is governed during the discharge event by chemical
constituents of the same ion activity, which is mostly realized.

The electric conductivity does often not well apply for any discharge component
separation in silicate rocks because
• There is no instantaneous chemical transformation of rain or snowmelt into a

water with a typical subsurface finger print, because of the missing easy soluble
minerals in crystalline rocks, and

• Groundwater in crystalline rocks is scarce at all.
Among major anions, particularly chloride, nitrate, and sulphate applied in

separation exercises, because they are considered as conservative tracers (see also
section 5.1.1), derive mainly from atmospheric input or geogenic contributions.
During dry periods in semi-arid and arid climates, however, evaporation concen-
trates these tracers on receptors at the interface atmosphere/lithosphere/pedosphere;
hence, the vegetation stand and not the open air precipitation represent the true
input signature. Linked to acid rains, however, chemical precipitation and storage
of sulphates in the percolation zone create new or future sources of sulphate inputs.

Major cations are usually subject to various processes (section 4.4) such as
sorption, solution and chemical/microbial transformations, thus constricting their
conservative nature.

In natural waters, silicates derive primarily from the weathering and subsequent
dissolution of silicates; the dominant species is H4SiO4, which dissociates at pH
9.8 into di- and trihydrogen silicate ions. The atmospheric silicate input is supposed
to be close to non-measurable, but can account for significant loads, if aeolian
transport processes came into the game. The use of dissolved silica in discharge
separation studies is based on the finding that the dissolution of silica occurs quickly,
reaches a steady-state concentration in soils and sediments within a short period of
time and maintains this concentration during the discharge event. Considering these
properties and assuming the dissolved silica content in precipitation to be virtually
zero, dissolved silica has been used to quantify the fast run-off component.

The carbon fraction of organic matter (TOC – Total Organic Carbon) is subdi-
vided into Particulate Organic Carbon or Matter (POC or POM) and DOC, where
by definition dissolved substances are those that pass through a 0.45-�m filter. In
precipitation and groundwater out of porous aquifers DOC is less than 1.5 mg/L
and accounts in soil water up to 20–40 mg/L and even more (White, 1985). Freitag
(1997) presents a short review of factors governing DOC concentrations in natural
waters, which is influenced by natural and anthropogenic sources along or close
to the catchment surface and underlies mechanical filtering processes in the perco-
lation zone, especially in its upper part; in fissured rocks, this filtering process is
not as pronounced as in porous sediments; although fissures in the rock dilatation
zone have lower porosities than unconsolidated rocks, they have larger fissure width
than pores. Filtered DOC is preferentially exported to surface waters through inter-
flow (Seiler et al., 2002) and linked to this export many agro-chemical (ammonia,
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pesticides, etc.) followed by particle favored transport the propagation paths of
DOC (Seiler et al., 2000). Hence, in the scope of discharge, DOC concentrations
have often been observed to increase with rising stream discharges during storm
events (Fig. 5.4, section 5.1.1).

Discharge separation has a different meaning in unconsolidated and consolidated
rocks. In unconsolidated rocks the components groundwater-, inter- and overland-
flow can be separed applying appropriate end members of the mixing equation and
combinations of discharge analysis. In consolidated rocks with unlimited infiltration
capacities, slow matrix-flow (often called diffusive-flow without being diffuse),
controlling discharge during base-flow conditions, and conduit-flow after rain events
can be determined (Seiler, 1968; White, 1998, Seiler et al, 2000). From such run-off
separations in consolidated rocks, a mean a 40% conduit-flow and 60% matrix-flow
during discharge events (e.g., Seiler, 1968; Pfaff, 1987) has been reported.

The use of environmental stable isotopes of water in quantifying Forced River-
infiltration into aquifers is based on a comparison
• Of the damping and phase shift of the stable isotope signal in the river water as

compared to the respective response signal in any groundwater well; this is the
way to determine flow times along given distances, and

• Of the mean isotope concentration in the river water as compared to the mean in
groundwater to determine mixing ratios.
An example for stable isotope exercises to quantify natural and forced river-

infiltration into aquifers, results from the river Lech/Germany (Fig. 4.33) and the
response in groundwater wells (Fig. 4.34) with and without groundwater extraction.
The river Lech belongs to a temperature-driven discharge system (section 3.1) with
high 18O/16O contents in winter and low contents in late spring because of the
snowmelt in the Alps (Fig. 4.33). As compared to the changing river signals,
• Wells close to the river behave similarly, but with a phase shift and damped

variations and
• Wells in remote areas from the river refer only to the local recharge (Fig. 4.34

upper curve).
Between these two extremes, all kinds of transition occur.
The quantitative determination of admixed river water to the locally recharged

groundwater is based on isotope means of the infiltrating river and of the local ground-
water recharge on the input site, and the means of the isotope mix in the studied well.
As this calculation has been performed for many observation wells, the percentage
of admixed river water to groundwater is represented in Fig. 4.35. From this, it can
be seen that in the south of the study area, where no groundwater extraction occurs,
the zone influenced by natural river infiltration, is narrow (profiles VI and VII in
Fig. 4.35), widens downstream (profiles IV and V in Fig. 4.35) of a river dam and
widens further in the area of forced river infiltration (profiles I, II and III in Fig. 4.35).

The evaluation of the mean residence time of water on the flow path from the river
to the groundwater-sampling site is not based on averages but on the dynamics of
river isotope variations; it can be calculated using eq. 4.47. At low mean residence
times (<1 year), the choice of the model has little influence on the result.
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If the input and output concentration functions are known, the mean residence
time of water (MTTW) can be calculated according to eqs. 4.47; by experience the
dispersion expression [D/(vx)] is mostly in between 0.1 and 0.3. In Table 4.15 some
calculated mixing ratios and mean residence times are listed from two observation
periods; results are mostly identical, because the exploitation boundary conditions
were kept close to constant.

4.4.3 Artificial Tracers

Artificial tracing is applied in the percolation zone to determine groundwater recharge
and hydrodynamic dispersion parameters and in rivers to measure discharge.

Flow in the unsaturated zone can be determined by hydraulic (section 4.3) and
tracer means. For both methods, it is supposed that percolation is vertical down and
lateral flow is negligible. Using hydraulic methods, lots of box, compartment, and
numerical models are available, which are all based on the equation of the conservation
of energy (eq. 3.1) and masses (eq. 4.33); such models are fed with data on
• precipitation and ET,
• the hydraulic functions of soils/sediments,
• water content and
• suction.

This data set for hydraulic evaluation comes from meteorological stations,
tensiometers, and TDRs on the experimental site; hydraulic functions are often
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Figure 4.33. 18O/16O ratios in the river Lech, Germany, from 2 weeks sampling campaigns. Sampling
has been performed on different sides along the river in the study area (Fig. 4.35). Data from P. Trimborn,
GSF-Institute of Hydrology, Neuherberg, Germany
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Figure 4.34. 18O/16O ratios in the groundwater remote and close to the river Lech, Germany, from 2
weeks sampling. Data from P. Trimborn, GSF-Institute of Hydrology, Neuherberg, Germany

approximated with empirical formulas (Mualem, 1976; eq. 4.30). In contrast, the
determination of groundwater recharge with artificial tracers depends on the choice
of an appropriate non-reactive tracer, the implantation of suction cups for continuous
water sampling and the choice of a representative season to start tracing.

Figure 4.35. Distribution of the relative admixture of river water (%) to groundwater in the study area.
Black points show the sampled wells; roman numbers = well row. Data from P. Trimborn, GSF-Institute
of Hydrology, Neuherberg, Germany
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Table 4.15. Mean-turnover-times (MTT) and admixed river water, calculated from the
Lech river input and the groundwater output ratio of 18O/16O

Sampling row Well No. Campaign 1986–1988 Campaign 1991–1994

% river water MTT in days % river water MTT in days

II 7004 87 16 86 16
7029 46 16 54 16
7026 31 8 37 8
7023 n.d. n.d. 41 14

2020 94 4 94 4

III 2023 86 14 95 12
2024 45 15 58 15
2025 24 14 32 14
2048 0 n.d. 3 n.d.

n.d., not determined.

Soil moisture changes along profiles have also been used to determine flow veloc-
ities and groundwater recharge. However, such results are often in disagreement
with simultaneous, tracer-based determinations of groundwater recharge, which
is mainly attributed to a quick pressure wave displacement (Andersen & Sevel,
1974) apart from the very slow mass transport. Tracer methods measure only mass
transport by matrix or preferential-flow and never refer to pressure equilibration.

Tracer experiments in the percolation zone can start
• In temperate climates from the land surface, but should exceed in length the depth

range of the effective root zone, which corresponds in crop lands to>100 cm from
the land surface and which is an important sector of transformation of the infiltrated
water into lateral inter-flow respectively vertical down groundwater recharge;

• In arid (dry-land) areas, they should start beneath the evaporating front (Fig. 4.30)
or at >30 cm depth to avoid a fractionation of tracers of the water molecule or a
concentration increase of soluble tracers, both by evaporation; thus, evaporation

Table 4.16. Water content variations in a Quaternary loess (2-17, 2-18) and two Tertiary fluvial
sediments (gravely sand 9-3, 9-B, medium to coarse grained sand 12-9, 12-R); in 20 cm below surface
it expresses seasonal variations, in 130 cm below surface inhomogeneities

Water content (%) in 20 cm below surface Water content (%) in 130 cm below surface

Location No. of
measurements

Mean Maximum Minimum No. of
Measurements

Mean Maximum Minimum

2–17 899 33 50 19 810 44 46 36
2–18 1098 32 48 22 714 35 40 30
9–3 1140 34 41 21 728 25 28 22
9–B 1267 29 49 22 822 31 32 30

12–9 1147 31 43 12 760 42 44 33
12–R 1353 33 49 18 885 43 44 40
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makes tracer balances difficult or may even lead to delayed flow velocities, if
the tracer was first enriched close to the soil surface by evaporation and later
leached by an efficient infiltration event.
As compared to hydraulic methods, tracer experiments are easy to execute; to

evaluate, however, they deliver only average percolation values over a long run
of times; as matrix-flow velocities in the unsaturated zone are low (<2 m/year),
tracer experiments last about 1 to more than 3 years over a depth range of 2 m
in temperate and 1 m in semi-arid/arid areas; these averages on percolation are
weighted means with respect to the prevailing land use, plant covers, seasons, and
special meteorological conditions. Contrary to tracer experiments, continuous in-
situ measurements of water tension and water content provide process information
on the influence of daily and seasonal cycles, crop/water interactions and land
cultivation upon percolation. As the wide range of fabrics of the unsaturated zone
conducts to a respective wide range of water contents and capillary forces,
• Any detailed information from hydraulic methods gives an excellent insight into

processes, but needs transfer functions to transform local results to the catchment
scale, and

• The averaged information from tracer tests cannot immediately contribute
to optimize protection, cultivation, and land use strategies, but is less scale
dependent than hydraulic methods are.
Tracers have been applied for percolation studies on surface areas of 20–50m2

in size; they are supposed to propagate in the unsaturated zone
• Only in z-direction, whereas any flow in the x- and y-direction can be

neglected, and
• Propagate as a front more or less homogeneously through the percolation zone.

Both assumptions are not always realistic. Any lateral transport (section 3.5,
Figs. 3.12 and 3.15) (Behrens et al., 1980; Seiler & Baker, 1985) may come into
the game at very high infiltration amounts like in the case of river-infiltration and
then needs a three-dimensional consideration. In many unconsolidated and almost
all consolidated sediments/rocks preferential-flow (section 3.4) plays a major role
(an average of 20% [fine-grained sediments] to 50% of infiltration [gravels] may
contribute to preferential-flow). Figure 4.36 presents the design of a natural lysimeter
(section 4.2), which has often been used with three replicate cups per monitoring level.

The non-reactive tracer propagation in the unsaturated zone is described by the
dispersion/convection equation

dC

dt
=D′

L

d2C

dz2
+D′

Tx

d2C

dx2
+D′

Ty

d2C

dy2
−va

dC

dz
(4.63)

in which

D′ = �DM +�′va (4.64)

The first three terms on the right side of eq. 4.63 correspond to dispersion and
the forth term to convection; in the case of piston flow, the dispersion terms can be
neglected; hence, only the convection term dominates tracer propagation and the
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Figure 4.36. Experimental set up to execute tracer experiments in the unsaturated zone and to sample
soil solution beneath an agricultural area

geometry of any break through curve of a non-reactive tracer appears unchanged
as compared to the geometry of the input signal.

Hydrodynamic dispersion (eq. 4.64) has the two components, molecular diffusion
in the pore channels ($DM) and the dispersivity-velocity term (�′ Va); as can be
seen from eq. 4.64, at low flow velocities, the molecular dispersion and, at high
flow velocities, dispersivity dominates the geometry of the response function.

Many laboratory and field experiments on percolation have shown that in the obser-
vation scale of centimeters to less than 5 m longitudinal dispersion coefficients (D′

L)
are in the order of 7 × 10−10m2/s to 4 × 10−9m2/s or the Dispersivity �′ was in the
order of 0.03–0.5 m (Table 4.17). These low dispersion coefficients/dispersivities
are close to the diffusion constant of most artificial, non-reactive tracers,
which is in the order of 10−8 m2/s in water and even lower in water saturated media.

With the propagation time of any non-reactive tracer, percolation velocities are
determined and are then transferred into groundwater recharge rates with prevailing
mean water contents (eq. 4.33). As this evaluation does not include preferential-
flow, results often underestimate recharge rates.

Tracer based surface discharge measurements often apply to quantify amounts
of run-off in connection with river-bed-infiltration studies. They can be performed
with dye tracers under turbulent and laminar flow conditions as well; in contrast
to tracer experiments, discharge measurements with current meters can only be
performed under steady-state and laminar flow. The use of dye tracers (Käss, 1998)
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Table 4.17. Dispersivities and dispersion coefficients determined by means of 2H tracing of the unsat-
urated zone

Location Lithologic/soil
unit

Sampling
depth in m

va in
m/year

Dispersivity
�′ in m

Dispersion coefficient
in 10−10 m2/s

2–18 Lu with TU3,
Quaternary
loess

10 0.09 0.24 6,9

10 0.8 0.047 12.0
10 0.31 0.088 8.7
20 1.10 0.088 30.9
90 0.60 0.166 31.8
90 0.67 0.055 11.8

9–3 Ls4-St2 with
clay lenses,
Tertiary sand

10 0.44 0.140 8.2

10 0.49 0.058 9.1
10 0.88 0.104 29.3
50 1.10 0.097 34.1
50 16.64 0.137 72.9

180 1.24 0.173 68.6

12–9 Ls3, Tertiary
sand

10 0.34 0.087 9.5

10 0.78 0.035 8.7
10 0.73 0.041 9.6
10 0.62 0.075 14.9

13–16 Ls2-St3,
Tertiary sand

10 1.14 0.085 31.0

10 0.27 0.046 4.0
20 0.24 0.440 33.8
90 0.78 0.300 74.9

Results from field experiments.

requires a sufficiently long flow distance to provide a complete mixing of the tracer
over the whole cross section of the river and no in- or outflow along this river
section; appropriate distances for homogeneous mixing are 50 m to few kilometers
in turbulent respectively meandering rivers.

Tracer injection can be instantaneous or continuous, and the discharge evaluation
refers to the tracer break through curve (as a response to instantaneous injection),
respectively, the break-through front (as a response to continuous injection). To
calculate the discharge along the river section, the equation of conservation of masses
applies. It delivers in the case of an instantaneous injection a dischargeQ (eq. 4.65) of

Q= M
�∫
0

Cdt

(4.65)
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and in the case of a continuous injection (eq. 4.66) of

Q= QiCi
Cplateau

(4.66)

The indices i refer to the injection point and the index plateau to the tracer plateau
at the detection point.

The advantage of this tracing method is that only one measuring point, mostly
in the centre of a river, is necessary, and both the continuous tracer input and the
tracer output can be performed online with high accuracy. These measurements,
however, do not quantitatively apply on long distances of big rivers, because of the
mass balance equation, which supposes no losses or gains of water along the flow
path; big rivers, however, are important for groundwater/surface-water exchanges
and forced groundwater recharge.

4.4.4 Application of Tracers

Basic preconditions to apply artificial tracers have already been reported in
section 4.4; here, application refers only to what is the goal and how to approach
representative groundwater recharge results.

Most artificial tracing has been performed
• In areas with shallow rooting vegetation, because of the accessibility of the

percolation zone,
• On short profile lengths, because of time restrictions in studying low percolation

velocities as well as because of the detection limit of tracers,
• With replicates of suction cups, because they do not cover a wide range of stream

bundles, and to better control both the representativness of such tracing results
and preferential-flow.
Bromide has often been used instead of 3H, because of missing liquid scintil-

lation counting installations or because high 3H concentrations would disturb the
natural tritium background over a long period of time. Br is scarce in fresh-water
but becomes enriched in soil water to several hundred milligrams per liter if the
interface atmosphere/lithosphere was exposed over a very long, uninterrupted time
to evaporation; under these circumstances, studies in Tunisia and the Jordan rift
resulted in bromide background concentrations of several hundred milligrams per
liter as compared to humid or irrigated areas, where Br is either not detectable or
occurs in concentrations of less than few milligrams per liter.

All tracers other than 2H, 18O, 3H, or Br should be calibrated against one of the
before mentioned tracers, to ensure the non-reactive behavior (Berg et al., 2001).

Tracer experiments in the Scheyern test site (South Germany) have been
performed with deuterium; 2H contents reached a maximum in the breakthrough
curve of about five orders of magnitude (2000‰) above the mean annual deuterium
concentration (−60‰) in precipitation. With such high concentrations preferential-
flow was still detectable (Fig. 3.8); at deuterium concentrations exceeding only
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three to four orders of magnitude the mean annual 2H ratio, any recognition of
preferential-flow was difficult. This is due to the very small quantities of prefer-
ential fluxes during single infiltration events (as an average 20% of infiltration in
the study area) and to the high water contents of 25–30vol.% (fine- to medium-
grained sediments such as loess and sands). Using fluorescent dyes, much smaller
quantities could be applied, because they have a higher detection limit than the
stable isotopes of the water molecule, however, they only partly penetrate through
the soil, because organic matter sorbs it. As expected, in gravels apply much lower
tracer quantities than in loess and sands because of the low natural water content
of these sediments.

During tracer experiments, markers should not remain longer than a few
hours at the ground surface to avoid fractionation (stable isotopes), enrichment
through evaporation (chemical tracers), or any photolytic disintegration (fluorescent
dyes). The input of tracers into the percolation zone should meet quasi steady-
state hydraulic conditions, which are best verified during the recharge season or
by continuous artificial recharge. Therefore, it is recommended to trace during
continuous sprinkling or to inject at the base of the humic soil layer or to trace a
melting snow cover above an unfrozen soil.

In all climate zones, tracing is favorable in the recharge season but delivers some
overestimate of real groundwater recharge. This was
• at any time in arid (dry-land) areas,
• in the mid of the recharge season in semi-arid climates,
• at the end of winter season and during snowmelt in humid climates, and
• close to the end of the melting season in cold climates with open permafrost.

Athavale et al. (1980) and Athavale and Rangarajan (1988) report that tracer-
related recharge estimates are reproducible by about 10% and that comparisons
of results on groundwater recharge using traditional water balance or numerical
modeling or the chloride (section 4.4.2) or groundwater level fluctuations methods
(section 4.1.3) were in good agreement with tracer results on groundwater recharge.
From humid areas, it is known that tracer-based estimates of groundwater recharge
tend to somewhat smaller values than respective hydrograph calculations, because
of preferential-flow, which turns into inter-flow (section 3.5) and may account as
an average to 20–25% of infiltration in fine- to medium-grained sediments and up
to 50% in gravels.

Groundwater recharge studies by tritium tracing have been extensively executed
in the Monsoon dominated North of India (Gupta & Sharma, 1984; Sukhija et al.,
1996). As related to a yearly average precipitation of 700 mm, these studies led to
a groundwater recharge of
• 25 mm/year or 3–5% of precipitation in clay sediments,
• 40 mm/year or 5–7% of precipitation in sandy-loamy sediments, and
• 90 mm/year or 11–6% of precipitation in medium to coarse grained sediments.

Allison and Hughes (1974) determined for the Gambier Plain in Australia
(Mediterranean type of climate) in clay rich and sandy to loamy sediments a
recharge of 40 mm/year and 140 mm/year respectively. In Transvaal, recharge has
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been calculated to 16 and 53 mm/year for loamy and sandy soils, respectively,
supposing a piston flow movement of percolation water (Bredekamp et al., 1974).
Dincer et al. (1974) estimated with the 3H-peak method a recharge of 23 mm/year
for the Dahna dunes in Saudi Arabia; this, however, is an astonishing high number
as compared with a yearly mean annual precipitation of 60–70 mm. Gvirtzman and
Margaritz (1986) found a 19% recharge in the sandy part of the Coastal aquifer
of Israel with 600 mm/year of winter rain and 450 mm/year of summer irrigation.
All these recharge numbers refer to unconsolidated sediments and disregard any
preferential-flow, which may become considerable in shrinkable and coarse grained
sediments, but seems to be low in well sorted, loamy and fine- to medium-grained
sediments. Sukhija and Shah (1976) found at field sites in North India that the
3H-peak displacement method gave 20–40% higher drainage estimates than the 3H
mass-balance method. Seiler et al. (2002) and Sukhija et al. (2003) have shown
that neglected preferential-flow may lead to an estimate of only 80–90% of real
groundwater recharge.

To execute tracer-based discharge measurements, non-reactive tracers and tracers
with a high detection limit are imperative (section 4.4). In between these tracers
halogens and dye tracers proved to be suitable and can be detected on line with
conductivity meters or portable fluorimeters.

As dye tracer and current-meter methods deliver only instantaneous results and
always refer to steady-state conditions, which hardly prevail during river infiltration
over the run of a hydrologic year, environmental tracers opened a new insight
into quantities and mean residence times of river infiltration into groundwater
(section 4.4.2.3).

4.5. WATER SAMPLING AND SAMPLE CONSERVATION

It is imperative for water sampling to get representative samples from both the
collection site and with respect to the sampling goal and to maintain the sample
integrity on the way from the field to the laboratory. Water sampling is not repre-
sentative by nature: It needs a drill with special equipments to sample water or a
core. These activities can disturb or average the tracer or chemical information of
the sample. It should be further considered that physical or chemical information
in water often vary over short distances and with time, hence, include not precisely
known scale information. Therefore, fixed-point sampling with fixed sampling tools
is preferable to repeated sampling by drilling.

Routine precipitation sampling is performed on a daily, weekly, or monthly
base with traditional precipitation gauges; however to minimize any contamination
of sampled precipitation by dust, particles, and aerosols, wet-only-samplers are
preferable. To reduce evaporative fractionation of 2H and 18O in the precipi-
tation gauge, either short-term sampling or any protection of sampled rain against
evaporation, both followed by storage of water in well-sealed bottles are recom-
mended. Collected snow should be allowed to melt slowly to avoid evaporation
and sublimation. Precipitation sampling must always be associated with a record on
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precipitation amounts, to calculate weighted means (eqs. 4.40 and 4.53) of the
chemical or isotope tracer input concentration into the hydrologic system.

Surface water sampling needs some precaution, which can easily be recognized in
the field. According to the vertical and horizontal flow profiles in a straight stream,
quasi stagnant water occurs at the river borders and quickly moving water at the
water surface in mid river position. Best sampling refers to a flow profile transverse
to the river course. Special care applies when sampling takes place downstream
of the confluence of a tributary river, because transverse dispersion in streams is
very weak; hence, it takes long distances to reach a representative mixing of both
waters.

Water sampling in the unsaturated zone is faced with small-scale inhomogeneities
and a little spherical space increment influenced by an operating suction cup or
sampling by coring; therefore, it is emphasized to have samples collected by repli-
cates at the same level. Figure 4.37 demonstrates such differences in the results of
a tracer experiment, for which samples were collected with fixed installed suction
cups in three replicates at the same level and 0.5 m distant from one another.

In general, water samples from the unsaturated zone may be collected
• Directly by free drainage like in lysimeters, suction cups, or capillary wick

samplers or
• Indirectly by extracting water from cores and absorbent materials.

Suction cups and plates mostly are permanently installed in the unsaturated zone
and thus favor the record of real parameter variations. The efficiency of suction
cups with 20-�m pore size is restricted to under pressures <800 hPa, at smaller
pore sizes the air entry point moves to higher values (<3000 hPa), but also filters

Figure 4.37. Break-through curve of deuterium, sampled at the same depth in replicates at 0.5 m distance
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percolation water. In humid areas, suctions exceeding 800 hPa prevail during the
vegetation period close to the land surface (0–50 cm b.g.s.) and is low during the
rest of the year; in dry-lands, it exceeds all over the year till great depth the 800 hPa;
therefore, in these seasons or under these dry conditions, water has to be collected
by coring or with sorbing materials, followed by an extraction, replacement, or
dilution in the laboratory for the analytic purpose.

Suction cups should consist of inert materials such as ceramics or sinter materials,
to be not faced with sorption. The pore sizes of suction cups determine the air entry
point and together with the cup design (thickness of the wall, inner volume, and
tube volume till the collection point) the sensitivity of response to changing quality
conditions. Sinter suction cups with 5–20 �m pore sizes are well adapted to sample
percolation water in most unconsolidated or decompressed sediments.

Before installing cups in the field, they should become conditioned with water
similar to that encountered in the studied percolation zone. This is especially true
for any chemical analysis.

The under pressure applied should not differ too much from the prevailing one,
• To avoid degassing of the water, causing disturbance of gas related solute matters

such as carbonates in the soil solution and
• Sampling from areas other than the place of the sampling device may occur.

As flow and water content in the unsaturated zone are mostly low, sampling of
water for tracer analysis will always cover a long time interval (>1week).

Sample preservation needs by
• Temperature control to minimize microbial activities,
• Light protection to avoid photolytic processes, and
• Tide stop cocks and fulfilled bottles to avoid evaporation during transport and

storage.
Storage of collected water has a significant impact on the analytic result. Plastic

containers can allow sometimes an exchange with the surrounding air; glass can
release or exchange elements of interest into the water sample. Most useful container
materials for water storage are Teflon, glass, stainless steel, and polypropylene.
Many others such as silicone, copper tubes, PVC, polyethylene, and so on can exert
chemical changes.

Extraction of water from cores by dilution aims first to saturate the sediment by a
known amount and quality of water to make water easily extractable. This dilution
should be combined with a homogenization of the two waters. In the second step,
homogenized water is extracted by centrifugation or with suction cups. For the
dilution analysis, extreme compositions of waters are used like distilled water for
chemical or Antarctic Water for stable isotope analysis. The water content of the
sample (Qs) and its natural isotope or chemical composition (Cs), the added quantity
of water (Qa), and its isotope or chemical composition (Ca), and the resulting
composition of mixed waters (Cm) can easily be determined. From the mass balance
equation (4.67)

CsQs +CaQa = Cm�Qs +Qa� (4.67)
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Follows:

Cs = Cm �Qs +Qa�−CaQa

Qs

(4.68)

The distillation of water from sediments (Araguas-Araguas et al., 1995; Ingraham
& Shachel, 1992) applies only for the isotopes of the water molecule, because
they underlie fractionation, whereas all solute matters produce residuals through
evaporation; this evaporation must be performed in closed systems and till the
point of complete dryness of the sediment. Only under these conditions, isotope
fractionation does not show up in the distillate and an uneven distribution of the
isotope concentration in the pore water has no more influence on the analytic result.

In some special cases also replacing methods (Ingraham & Shachel, 1992) have
been used in applying a wetting liquid that replaces water in the sediment pores.
The transition between the two liquids does not go off with a sharp front; the mixing
area between both has to be considered in the evaluation of analytic results.

4.6. COMPARISON BETWEEN TRACERS AND CONVENTIONAL
TECHNIQUES

The existing methods to determine groundwater recharge are based on
• mass balances,
• turn-over times,
• mixing,
• fluxes,
• hydraulics, and
• the typical outflow characteristics of reservoirs.

Tracer techniques play in all methods an important role.
All these methods have a more or less significant error bare, which is

• High (maximum 25%) at small or local scales, and if too many parameters
intervene in determining groundwater recharge, and.

• Low (minimum 10%) at large or catchment scales (>1 km2).
Therefore, it is recommended to apply simultaneously different and independent

methods to approach the real value of groundwater recharge. This is especially
important for climates with exceptional conditions like for arid, semi-arid, and cold
climates and to some extent also for mountainous and humid tropical areas, in
which different forms of advective respectively often convective rains occur.

Traditional meteorological water balances (section 4.1) refer to precipitation
and evaporation to calculate total discharge. As groundwater recharge has a long
turn-over-time in the percolation and aquifer zone, such water balances do not
quantitatively give a direct response to instantaneous meteorological inputs, but
reflect averaged, long-term responses. On a long run of time, this methods provides
excellent results; this time span is longer for arid than for humid climates and
longer for humid tropical (20 years) than for humid temperate climates (10 years),
because of
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• the mode and areal distribution of precipitation (frontal or convective rains,
topography),

• infiltration and interception capacities, which have a seasonal and a pre-
event/event related character,

• MTT of run-off components, which may also have a seasonal character, and
• a possible transient discharge.

Applied on short terms, it gives orientations on processes about groundwater
transport, recharge and storage if the calculated run-off is compared with the
observed event induced change of discharge. Such results, however, are difficult to
quantitatively generalize without transfer functions.

The meteorological method often does not allow differentiating between the
run-off components overland-flow, inter-flow, and groundwater recharges, except
infiltration capacities at the interface atmosphere/lithosphere are unlimited.

Most problematic parameters in water balance studies are
• the determination of the catchment-related effective precipitation under growing

vegetation covers or in areas with advective (mountain areas) and convective
rains (warm humid climates),

• the seasonal and event related variable water retention and infiltration capacities
of interfaces, which distribute precipitation on different flow-path,

• present evapo-transpiration on short-terms,
• the role of dew to precondition interfaces or to directly contribute to

discharge, and
• the often missing congruence of the size of surface and subsurface catchments

in flat (<5 km2) and mountain recharge areas, respectively.
In humid climates, ET is significantly governed by the plant cover and the

groundwater table—if too close to the ground surface (<2.5 m b.g.s.)—in semi-arid
and arid climates E is the most difficult number to calculate.

Artificial lakes in catchments, which have been constructed for irrigation
purposes, for the production of electric energy or for flood control have a significant
influence on water balances by means of an always high evaporation and sometimes
by a decrease of infiltration capacities because of silting of the storage space.

Discharge analysis by hydrograph methods (section 4.1.2) allow a good approach
to quantify mean flow paths governing river discharge, but cannot consider
subsurface run-off beneath the reference point, for which the hydrograph analysis
has been established; this missing subsurface run-off, which also belongs to ground-
water recharge, does not play a significant role in catchments exceeding 100 km2,
but is important in small catchments (<5 km2).

Perched groundwater may lead to an under- or overestimate of groundwater
recharge through hydrograph methods, according to a subsurface export or import,
respectively, of groundwater from and to neighboring catchments; this, however is
only important for small catchments <5 km2.

To relate the discharge analysis to the respective catchment size, the subsurface
catchment area must be known; in catchment areas <100 km2 the extent of surface
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and subsurface catchment areas may significantly differ, in larger catchments this
difference is mostly not important (Febrillet et al., 1988).

Hydrograph analysis can be falsified, if natural or artificial lakes respectively
reservoirs intervene in the discharge formation. For example, lakes in contact with
groundwater change the aquifer out-flow characteristic and flatten the overland-
and inter-flow response on rain or snowmelt events.

As compared to hydrograph analysis, discharge separation by environmental
tracers (section 4.4) (e.g., 2H, 18O) leads generally to an overestimate of subsurface
contributions to discharge, because inter-flow includes also some pre-event signa-
tures. To better understand and quantify inter-flow, it is recommended to also
analyse DOC in river discharge during storm event; it has been shown (Seiler et al.,
2002) that DOC in fine to medium grained, unconsolidated sediments as well as in
crystalline rocks is a very good marker of inter-flow, because DOC is mechanically
filtered and thus stored within the effective root zone and, therefore, reaches river
discharge mostly through inter-flow (section 3.5). Hence, run-off separation by
environmental isotopes should be combined with DOC-, SiO2-, hydrograph-methods
to better approach groundwater contributions to surface run-off.

Often, the discharge separation method can be replaced by continuous registra-
tions of the electric conductivity of river water, to study special discharge processes,
if this measurement has been calibrated through isotope analysis. The isotope
discharge separations delivers instantaneous information, which are important to
better understand bulk processes, but does not provide short- or long-term process
information, which are more suitable for management strategies and became
available by continuous measurements of the electric conductivity of river discharge.

The hydrograph and isotope analysis of discharge events apply well in humid,
cold, and semi-arid climates, but do not well apply in arid (dry-land) areas, because
of preferential rivulet/Wadi/Oued discharge, which is sporadic and contributes along
the surface flow path and through ponds to groundwater recharge, if infiltration
capacities are not too much reduced by organic/inorganic crust formations or silting
of ponds and thus favouring evaporation.

The determination of groundwater recharge through the analysis of fluctuations
of groundwater levels (section 4.1.3) requires that
• The observation point is representative for the regional groundwater flow field;

for example, that it is not influenced by local hydraulic sinks or sources,
• In case of low groundwater thickness morphology at the aquifer base does not

guide groundwater flow, and
• The design of the observation point is representative.

To apply this approach, the storage coefficient for instantaneous wetting and
long-term drying conditions must be known, which differs mostly from effective
porosity, because it appears that gas may be entrapped in the zone of rising water
tables and porosities follow a hysteretic behavior during wetting and drying phases;
this has a significant influence on the magnitude of groundwater level changes and
thus on calculated groundwater recharge.



156 CHAPTER 4

Using effective porosities, groundwater recharge is mostly overestimated; using
storage coefficient for instantaneous wetting, it should be considered that it is not
constant all the time.

This method does not consider changes in groundwater flow, hence, under-
estimates groundwater recharge to some extent. It delivers short- and long-term
information on groundwater recharge, if referring to long-term mean groundwater
table fluctuations. The error bare in this method may become rather high (maximum
25%).

As far as the hydraulic intrinsic (transmissivity, storage coefficient) and boundary
parameters (water table, base and lateral borders) of aquifers are well known,
groundwater recharge can be determined applying numerical models in an inverse
manner and using a best fit procedure between calculated and measured water
tables. If all parameters are known except the input, groundwater recharge as the
driving agent of groundwater flow can be calculated. This method delivers bulk
information on recharge in a catchment; as most of the large-scale methods, it
does not differentiate between the many REVs in a catchment and their weighting
function, contributing to bulk recharge. This should be considered in applying
groundwater recharge data from numerical modeling to develop local groundwater
management concepts.

The environmental chloride method (section 4.4.2.1) to determine groundwater
recharge from chlorides in groundwater as compared to chloride in precipitation
applies well on both small and large scales, if
• the Cl-input function in precipitation is well known,
• no other sources of chloride input than through precipitation exists, and
• overland-flow can reliably be subtracted from precipitation.

Unfortunately, in most climate zones, the input function is often not well known.
Inter-flow communicates with stored water in the infiltration and effective root

zone and thus may dilute the chloride concentration in stored soil water. This
interference may lead to a little overestimate of groundwater recharge.

The determination of groundwater recharge using MTT (section 4.4.2.2) is not
well known, although quite suitable. It requires a good knowledge of the thickness
of the groundwater recharge zone of concern and a good approach to MTT. This
good approach was optimal to apply for the determination of present groundwater
recharge in the time of bomb tritium in precipitation; today, it becomes difficult,
because the tritium input function approached at the end of 1980 the natural tritium
production rates, which is constant over the run of years.

In principle, this method also applies for old groundwater, if MTT can be
attributed to a well-defined aquifer thickness.

Environmental tritium (section 4.4.2.2) was a suitable tracer during 1964 and the
end of the last century and has been successfully applied in all climate zones to
determine groundwater recharge quantitatively and to show that it presently also
occurs in water scarce areas; the latter application is still useful today. Results on
groundwater recharge in arid (dry-land) areas must be carefully interpreted, because
it originates from sporadic and local rains, which may penetrate to some depth of the
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percolation zone, but could later rise upward by capillary forces to the evaporating
surface and hence, do not reach groundwater. Therefore, a repeated sampling in
intervals of several years was necessarily here, to overcome this problem. In arid
(dry-land) zones this method and the chloride profile method can be considered as
the only reliable methods to determine groundwater recharge. Because of the quasi
constant, present tritium input, this method does no more apply quantitatively, but
qualitatively it can be used to delineate the active groundwater recharge zone and
hence, to estimate recharge through MTTs.

Artificial tracing (section 4.4.3) has often been used to determine dispersion
parameters, flow velocities, and groundwater recharge. It always refers to a scale
smaller than or close to the REV; hence, any transfer of such results to the REV
or an even larger scale needs respective care. Best tracers are those of the water
molecule (2H, 3H, 18O), because they are really non-reactive and do not change the
ion balance in the percolation zone, however, require analytic tools, which are not
everywhere available; in this case, the use of bromide is recommended, because it
occurred in low concentrations in soils, except in non irrigated areas of arid and
semi-arid zones, behaves non-reactive and experiences only little plant uptake.

Appropriate tracing allows differentiating between matrix- and preferential-flow
and often shows that even matrix-flow is composed—as expected—by different
matrix-flow paths, respectively, is not homogeneous. Matrix-flow contributes 100%
to groundwater recharge; preferential-flow contributes in hilly terrains in parts, in
flat areas also totally to groundwater recharge; thus evaluating results on matrix-
flow in terms of groundwater recharge may result in an underestimate of it.

How representative groundwater recharge can be determined by tracing the water
molecule also depends from the season of tracer application; best application follows
the low evaporation season, to avoid stable isotope losses by fractionation or an
enrichment of chemical tracers, both by evaporation, which falsifies the tracer
mass balance and may conduct to a seemingly low percolation velocities; the low
evaporation season, however, has a maximum in groundwater recharge.

Often, soil hydraulic methods have been applied to determine fluxes and transport
through the unsaturated zone applying the hydraulic laws of filter flow (energy law) in
combination with the mass conservation law. These methods base on suction and water
content measurements and approach the hydraulic functions of the unsaturated zone
either using empirical formulas or measurements on the laboratory scale; both ways of
approaching the hydraulic functions provide primarily a significant error bare, which
can be reduced by a best numerical fit of fluxes in the percolation zone; this procedure,
however, results in good local but often not reliable REV approximations.

Lysimeter studies have been applied manifold to calculate ET and groundwater
recharge. Comparing lysimeter with regional results on groundwater recharge results
very often in higher recharge rates by lysimeters than with other methods; lysimeters
suppress lateral-flow and overland-flow as well and add both components to ground-
water recharge; finally often sediment fabrics of filled as well as digged lysimeters
are not too representative to transfer lysimeter results to the catchment scale; digging
three lysimeters from the same place and observing these undisturbed lysimeters
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over the run of 10 years showed that results are hardly comparable. However, data
series from lysimeters give an excellent qualitative overview on the influence of
fabrics of sediments and individual meteorological parameters on percolation and
offer the unique opportunity to execute process oriented, chemical and microbial
studies.

All above-mentioned methods finally refer to long-term groundwater recharge,
only few are suitable for short runs of time (<0.5 years). Contrary, most small scale
approaches are suitable to elucidate quantitatively and qualitatively the interference
of short-term meteorological variations, but the transformation function to the REV
as well as to the catchment scale is often unknown.

Meteorological data on precipitation and basic parameters to calculate evapo-
transpiration are determined locally with a precision lower than 5% each, and some
parameters have a significant areal variability like reflected solar radiation (see
below), rain distribution and intensities.

The precision of groundwater recharge determination with the mentioned methods
is minimum 10% and maximum 25%; the more parameters coming into the game,
the less representative is the output with respect to time and space and the larger
becomes the error bare.

In humid temperate climates, measurements of discharge and precipitation
generally cover at least 70 years; with such data sets, mean evapo-transpiration can
be determined through the water balance as far as the catchment areas are extended
(>5 km2) and the surface and subsurface catchment areas have the same size.

In humid tropical climates, the meteorological and hydrologic data sets are very
variable and cover often too short time intervals to neglect in water balance studies
the changing storage and consumption of water in the subsurface.

The determination of the hydraulic parameters of aquifers have an error in the
range of a factor of 2–5 and hydraulic gradients in arid and semi-arid zones often
express a transient behavior, because of an extended system and a very low present
recharge (Seiler et al., 2006).
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RECHARGE UNDER DIFFERENT CLIMATE REGIMES

From low to high latitudes, four general climate zones exist:
• The humid tropical,
• The warm semi-arid and arid,
• The humid temperate, and
• The cold climate zone.

This general scheme is modified by the plant cover, land/water partitioning, ocean
currents and topographic features (section 2.2.2). Such climate zones, however, are
responsible for the different contribution of precipitation to run-off generation and
the groundwater recharge.

Humid tropical climates follow more or less a 2,000-km-wide belt north and
south of the equator (Fig. 5.1), which borders arid (dry-land) climate zones with
semi-arid areas as a transition. This belt covers about 20% of the continental surface
and is mostly built up of crystalline rocks, which decay to fine grained silt and clay
weathering products. The humid tropical climate zone did not undergo cold-warm
climate changes during the last 50 million years; hence, both chemical and physical
weathering prevailed and contributed to a thick weathering cover (Fig. 5.1); here,
boundary conditions are not very favorable for infiltration.

In contrast, the humid temperate climate belt, which borders the arid (dry-land)
zone again with a semi-arid transition, was influenced by the Cenozoic and specially
in the north hemisphere by Pleistocene glaciations with expanding and shrinking
glaciers, ice shields, and permafrost conditions. In this climate zone, sedimentary
and crystalline rocks and physical weathering dominated, whereas chemical weath-
ering was weak; hence, together with significant glacial erosion and accumulation of
coarse grained sediments thin weathering covers resulted and favorable infiltration
conditions in unconsolidated and consolidated rocks exist.

In the cold climate zone, chemical weathering is close to zero, but physical weath-
ering is quite strong. This provides favorable fabric conditions for infiltration in
both unconsolidated and consolidated sediments/rocks; however, small precipitation
amounts and permafrost conditions often reduce the favorable boundary conditions
for groundwater recharge.

Rock/sediment weathering is strongest close to the landscape, interfering there
with the decay of organic matter at the infiltration interface and resulting in soil
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Figure 5.1. Generalized climate and weathering zones between the equator and the pole

formation. Weathering processes disintegrate rock and sediment fabrics (physical
weathering), producing new, stable minerals (chemical weathering), bind water in
clay minerals (chapter 2), which returns through metamorphic processes as juvenile
water to the water cycle and makes nutrients available for plants. All these processes
have an individual kinetic, are catalyzed by microbial activities, governed by the
run-off generation during rain events, and develop individually under different
climate conditions.

From a rock point of view, infiltration capacities are much better in humid
temperate than in humid tropical climates; from a climate point of view, they
are again better in humid temperate climates, because in humid temperate areas,
convective rains are scarce, frontal and advective weather conditions prevail and
no monsoon or large cyclones occur. Therefore, the high precipitation amounts in
the tropics, exceeding several thousand millimeters, do not contribute as much to
groundwater recharge than the many hundred millimeters of precipitation in humid
temperate climates.

Groundwater recharge receives in both humid temperate and tropical climate
zones
• A first chemical impact through the precipitation, which contains sea spray,

aerosols, dust, heavy metals, N and S species, and CO2,
• A second by enrichment and metabolic processes at the interface

atmosphere/biosphere/lithosphere,
• A third finger print by the chemical species resulting from decay processes within

the soil zone, and
• Its final and most important chemical characteristic by water rock interactions.
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The chemical charges and physical/chemical/microbial reactions along the
pathway precipitation, infiltration, and percolation produce the chemical quality of
the groundwater recharge.
• In cold and arid climates, the soil zone plays a minor role for the chemical quality

of groundwater recharge,
• In arid (dry-land) climates, however, the interface atmosphere/lithosphere is

outstanding for the quality of percolation water, because infiltration is mostly
no areal, but follows overland flow and ponding, and the quality of groundwater
recharge depends mostly upon leaching of accumulated salts at the land surface
as well as along the infiltration lines (river bed infiltration) and points (ponds).
This natural bulk scenario on groundwater quality changed with the industrial

age, because of additional gas, aerosol, and dust emissions into the atmosphere
(SOx, NOx, NH3, and heavy metals), as well as solid, liquid waste releases and the
intensified land use (agriculture with and without irrigation, urbanization, mining,
and traffic).

In a first approximation, the chemical quality of groundwater recharge and
groundwater in humid and semi-arid climates can be characterized according to
the most abundant host rock outcrops as crystalline, carbonate, and sulfate waters
(Table 5.1); these groundwater quality types undergo, independent from the host
rock, changes
• To less mineralized groundwater in cold climates, because of the missing or the

too thin soil cover,
• To high-mineralized or high-pH waters in arid (dry-land) climates, because of

evaporation exceeding present precipitation and thus favoring the accumulation
of chemical residuals.
Additionally and still in general terms, there are kinetically quick and slow

processes in weathering or water rock interactions, differentiating groundwater
qualities according to the mean residence times (section 2.4). Therefore, shallow
groundwater (Table 5.1), which gives easy access to groundwater use, but also to
pollution, differs in quality regularly from deep groundwater, which often contains
ion exchange evidences, more trace elements, and chemical species from a chemical
reducing environment (F, J, As, Fe, H2S), has higher temperatures and less anthro-
pogenic contaminants than shallow groundwater does.

For carbonate solution, acids are necessary. The ubiquitous CO2 in the atmosphere
and pedosphere produces in a first step carbon acid, which dissolve in a second
step carbonates from the rock matrix and keep the dissolve equilibrium:

CO2 +H2O ↔ H2CO3 ↔ 2H+ +CO2−
3

2H+ +CO2−
3 +CaCO3 ↔ Ca2+ +2HCO−

3

CO2 is easy available from soils in lowlands of humid areas; however, it is scarce
in all cold areas of high latitudes or altitudes and in arid (dry-land) areas, because of
a missing or very thin soil cover, hence, cannot sufficiently charge infiltration water
with CO2; atmospheric CO2 is too small in quantity to start a significant carbonate
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Table 5.1. Groundwater types in the active groundwater recharge zone, characterized by
averaged main anion and cation concentrations and bulk parameters

Crystalline water Carbonate water Sulfate water

mg/L meq/L meq% mg/L meq/L Meq% mg/L meq/L meq%

Na 3.5 0.15 14.0 5.5 0.24 3.0 26.6 1.15 4.1
K 2.5 0.06 5.9 2.5 0.06 0.8 10.6 0.27 1.0
Mg 4.5 0.37 34.1 25.0 2.06 25.4 95.7 7.88 27.8
Ca 10.0 0.50 46.0 115 5.74 70.8 381 18.99 67.1

Cl 6.0 0.17 17.4 12.5 0.35 4.3 23.2 0.65 2.3
NO3 5.0 0.08 8.3 10.0 0.16 2.0 20.0 0.32 1.1
SO4 15.0 0.31 32.1 47.5 0.99 12.0 938 19.51 68.4
HCO3 25.0 0.41 42.2 410 6.72 81.7 490 8.03 28.2

EC at 25�C 100 �S/cm 665 �S/cm 2060 �S/cm
pH 5.4 7.3 6.7
Free CO2 3.5 mg/L 35 mg/L 50 mg/L
Ionic strength 2.5 mmol/L 12.6 mmol/L 51.6 mmol/L

solution process. Thus in humid areas, percolation and groundwater out of high
altitudes (>1,300 m a.s.l.) have in carbonate rocks a hardness of 1.5–2.5 mval/L as
compared with 6–8 mval/L in low altitude carbonate rocks.

In silicate rocks, calcium comes from slowly weathering plagioclases, pyroxenes,
amphibolites, and sulfur from sulfide oxidation, mostly pyrite. As pyrite is often
a “dirty” mineral, pyrite oxidation may also liberate arsenic, antimony, cooper,
lead, cadmium, and others in concentrations exceeding permissible standards; but
pyrite oxidation may also produces storage minerals such as iron sulfates (Jarosite
etc.) as well as iron and aluminum oxihydrates, which coat grains and sorb and
co-precipitate organic contaminants and many heavy metals and metalloids. There
is, however, a debate about the stability of storage minerals under changing pH- and
Eh-conditions.

The following examples on groundwater recharge in different climate zones refer
basically to the shallow groundwater recharge zone, through which most of the
present groundwater recharge is turned over, whereas deep groundwater is less
involved in the present recharge mechanisms.

5.1. HUMID CLIMATES

In humid temperate climates, the weathering cover above outcropping rocks/
sediments is thin (decimeters to few meters, Fig. 5.1) and often less than 10,000
years old, whereas in humid tropical climates, this weathering cover is very thick
(many decameters till 100 m), because it developed over millions of years. Hence, in
general, infiltration capacities are higher in humid temperate than in humid tropical
climates.
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Present evapotranspiration (ET) in humid temperate climates is in the ranges of
350–650 mm/year and in humid warm climates between 700 and 1,100 mm/year,
potential evaporation is much higher and may exceed 3,500 mm/year. As an average,
precipitation in both climates is higher than actual ET, thus generating run-off.
However, in both climate zones also potential excess ET over precipitation is known
during the run of a limited number of months a year. This can lead to the fact
that no run-off results from the water balance calculation for these months but can
be observed in nature; here, run-off depends on precipitation intensities and the
preconditioned infiltration interface.

Groundwater recharge studies in humid areas have to differentiate between
consolidated and unconsolidated rocks (Fig. 2.7). Unconsolidated rocks receive their
groundwater recharge directly from the infiltration interface; in contrast, consoli-
dated rocks without weathering cover have very low infiltration capacities, hence,
produce primarily overland flow; an exception are soluble rocks (karst), in which
overland flow can penetrate through sink holes to the groundwater table, provided
the karst is well developed. In contrast to unconsolidated rocks, any weathering
cover over consolidated rocks enables to collect infiltration in the so-called epizone,
from where the infiltrate can be distributed to different subsurface flow paths.
The weathering zone upon consolidated rocks results primarily from the physical
processes of rock dilatation as rocks approach by the land surface erosion as well
as from repeated frost/thaw influences during permafrost times.

The distribution process of infiltrates to groundwater recharge or inter-flow is
governed by the ability of the non-weathered rocks to store and conduct groundwater
over long distances.
• Clays and crystalline rocks have very low yields either because of too narrow

pores that result in groundwater movement close to molecular diffusion or because
of too high flow velocities and simultaneously a missing storage capacity, as in the
case of crystalline rocks or very advanced karstified rocks in the Mediterranean,
China, or the Caribbean.

• In contrast, fluvial Quaternary gravels deposited in the foreland (sander) of
or upon or within glaciers (Kames, Eskers) develop very high groundwater
yields; these sediments have high porosities, low natural water contents, and high
hydraulic conductivities.

• Favorable safe yields have biporous fissured media such as reef carbonates,
chalk rocks, and sandstones; they combine a huge volume of small pores with a
well-developed fissure system, draining, and recharging the narrow pores, thus
combining the advantages and disadvantages of the two before-mentioned rock
groups.
In the humid warm climate of Africa, old crystalline rocks play a crucial role for

groundwater resources, because they have very low storage capacities and hydraulic
conductivities. Locally, delta sediments of river systems can play a role for the
formation of abundant groundwater resources.

In Central and South America, volcanic rocks and their resedimented weathering
products in the tectonically active Andean zone are principle water resources with
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considerable yield; in the low lands of South America, the Amazon, and Parana,
sedimentary basin extends with more than 3,000,000 km2 each, containing important
groundwater resources in sandstones. In the Caribbean Latin America, karst rocks
with high groundwater recharge, but low groundwater retention capacities dominate,
making the groundwater resources on the small islands very vulnerable to salt water
intrusions.

In tropical India, crystalline and volcanic rocks are basic groundwater reservoirs,
which are often used as artificial stores of excess rain during monsoon times; they
have limited storage capacities. In contrast, in the Punjab of India and Pakistan,
unconsolidated delta sediments host huge volumes of groundwater for water supply.

In the north part of the humid temperate climate of America and Europe,
crystalline rocks dominate (Scandinavia, Canada, North UK), which are covered
with sediments of glacial origin; crystalline rocks have a low yield, but Quaternary
Kames and Esker gravels contain important groundwater resources, which, however,
are only of local importance.

In the central part of the north hemisphere sedimentary rocks, especially Mesozoic
carbonates and sandstones, Tertiary and Quaternary unconsolidated rocks dominate
with a thin weathering cover. These areas are prone to an optimal infiltration
of precipitation. However, in west-east direction, continental effects intervene,
reducing the precipitation quantities with the distance from the cost in North
America and Eurasia as well as in north-south direction the transition from the
humid temperate to a semi-arid/arid climate occurs in the south USA and in South
Europe.

In China’s coastal areas, the unconsolidated rocks receive sufficient ground-
water recharge through river bed infiltration and local precipitation. These coastal
areas, however, have a narrow extent considering 1.2 billion of people, are often
interrupted by outcrops of the mostly crystalline basement and suffer from high
contamination inputs from agriculture, industry, urban areas, and traffic.

Groundwater recharge studies in humid areas have to take four essential steps:
1. Calculation of long-term averages and variabilities of precipitation and

evapotranspiration,
2. Analysis of existing run-off data to complete, specify and quantify the meteoro-

logical water balance,
3. To define the scale for which these results on groundwater recharge are repre-

sentative, and
4. Developing an appropriate conceptual model on discharge and run-off mecha-

nisms in the area of concern, to contribute to the development of management
and protection strategies through mathematical modeling.

In special cases of land use, also detailed short-term water balance studies
are of interest to optimize irrigation schemes; this, however, will not be
discussed here.

The following example is from the Molasse Basin in South Germany. The inves-
tigated and all other catchment areas in the Molasse basin are hilly and build up
of Tertiary sands and gravels and covered on east dipping hill slopes often by
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Quaternary loesses. The study area is without direct contact to the regional ground-
water, but drained by many creeks, with many local springs and an extended perched
groundwater occurrence, which makes the determination of surface as compared
with subsurface groundwater crucial.

The area was equipped (Fig. 5.2) with many natural lysimeters to trace percolation
water and to continuously observe the quality of percolation water as a function of
the season and crop (Seiler et al., 2000). Many multi-level wells have been drilled
along the general groundwater flow direction (well I to well V in Fig. 5.2) to sample
groundwater twice a year and to analyze it chemically and isotopically. All springs
and creeks have been monitored by means of water quantities and qualities and
two meteorological stations monitored the precipitation and radiation input to this
catchment.

The catchment size was about 1 km2 and for comparative reasons five neigh-
boring catchments (larger than 1 km2 and smaller than 40 km2) have been monitored
too, although not as intensive as the central catchment, to control the transfer-
ability of local results to the area. Thus, the studied scales reached from square
meters in natural lysimeters to maximum 40 km2. Each catchment was about
50% covered by forests and 50% was agriculturally used: pasture land was the
exception.

Figure 5.2. The study area in the Molasse basin in South Germany and the installations to study the
water balance
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The study area itself and the environmental catchments had already been inves-
tigated before the beginning of the systematic study; hence, a good first conceptual
model was already available at the beginning of the 10 years lasting studies
(1992–2001).

5.1.1 Conceptual Models

The conceptual model of groundwater recharge describes the mechanisms, which
come into the game during discharge events and describes the intrinsic and boundary
data set and its variations in time and space, directing discharge and thus enables
to proceed to a mathematical model. After the validation and calibration of such a
mathematical model, it can be used to develop management and protection strategies
and to make any prediction on the behavior of the discharge and transport capacities
of run-off components during storm events.

On top of the unconsolidated rocks (Fig. 2.7) of the Molasse basin exists a
decompression zone, in which fabrics parallel morphology and thus differ from
fabrics of the underlying sediments; this decompression zone developed because of
• Sediment expansion as a consequence of erosion (transition from a three-

dimensional into an one-dimensional overburden stress situation) or tectonic
movements,

• Chemical weathering in connection with infiltration and percolation fronts,
• Past permafrost and present winter impacts, producing changes of sediment

fabrics by freezing–melting cycles and mass movements,
• Bio- and human activities in the root respectively cultivation zone.

The decompression zone has in hilly terrains an important influence on the
generation of discharge components. In the study area applies a conceptual discharge
model based on two or three run-off components, (overland-), inter-flow, and
groundwater recharge according to Fig. 4.2 and sections 3.3–3.5; overland-flow only
develops, when infiltration capacities of the land surface are limited. In contrast, in
flat areas with decompressed unconsolidated rocks, any rain in excess of present
infiltration contributes to water ponding and enhanced ET and thus delays and
reduces the amount of groundwater recharge.

In catchments with a water table and capillary fringe below the local valley,
natural vegetation often indicates high water contents along the foot hill areas by
mosses, shave-grasses, or dark soil colors, all missing in mid- and uphill areas,
where low water contents prevail. In the study area, Time Domain Reflectory
(TDR) measurements of soil water contents along hill slope transect quantified this
observation, which is interpreted in terms of infiltration water, which transformed
into lateral or inter-flow (section 3.5), moved slowly in the subsurface parallel to
the hill slope and finally accumulated in the foot hill area.

In recent years, much attention has been given to recognize inter-flow, and
many methods have been developed to quantify it (sections 3.5 and 4.1.2). Among
the quantitative methods to determine inter-flow, (dissolved organic carbon DOC)
applied successfully in the study area (Seiler et al., 2000). DOC originates under
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natural conditions primarily from the disintegration of the humic substances of
the soil cover and to a small extent from metabolism of soil organisms or from
fossil organics (wood, hydrocarbons) imbedded in sediments. Within the effective
root zone (<1 m) DOC concentrations (Fig. 5.3) are high (>>4 mg/L); in contrast,
groundwater DOC concentrations are low (<1.5 mg/L), because DOC is forming
aggregates, which are mostly mechanically filtered at the base of the decom-
pression zone of unconsolidated sediments and moves with inter-flow to the surface
discharge. Only in evenly grained medium to coarse sediments such as dune sands
DOC filtering in the effective root zone does not play a significant role.

In the study area, DOC concentrations or DOC freights regularly increase in
surface run-off during storm events (Fig. 5.4), and with DOC, many sorbing agro-
chemicals have been co-transported by direct run-off to the surface discharge,
thus producing contamination pulses to lakes and rivers; such particle fixed agro-
chemicals are, for example, ammonia, heavy metals, pesticides, and phosphates.
Figure 5.5 shows how the intensity of this DOC export increases in the study area
with the rain amount.

The SO4
2−, NO−

3 , Cl−, and DOC concentrations in surface run-off, analyzed
frequently over a period of 8 years (Fig. 5.6), shows that chlorides and sulfates
behave similar, but different from nitrate and DOC. Sulfate and chloride occur in
the three discharge components in about the same partitioning as the three run-off
components; this coincidence is attributed to a non-reactive transport of sulfate
and chloride with overland-flow, infiltration, inter-flow, and percolation water. In
contrast to Cl− and SO4

2−, DOC dominates—as expected—in the inter-flow run-off
component, because it turns within the decompression zone from vertical down
to lateral and because of mechanical filtering moves preferentially with lateral or
inter-flow. Nitrate, unexpectedly, behaves intermediate as compared with DOC on

Figure 5.3. DOC concentrations in the effective root zone of loess and sand soil/sediments. Points
and beams: Averages of 1year and the standard deviation
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Figure 5.4. DOC in surface discharge during a discharge event in Tertiary sediments of the Molasse
basin in south Germany (Scheyern area); F = 100% forest area, 0.45 km2 in size A = 95% agricultural
area and 5% forest area, together 0.74 km2 in size

the one hand and to the non-reactive chloride and sulfate on the other (fig. 5.6); this
is interpreted in terms of ammonia, which is sorbed on DOC, flushed out with DOC
from the effective root zone and which oxidizes along the lateral flow path to nitrate.
Similar co-transport observations are known from pesticides such as atrazine, which
have been observed in other areas to regularly increase with storm events in the
surface run-off of rivers (Fig. 5.7); this atrazine export is strongest during the month
of application (May, June), decreases to low concentrations thereafter, and can
be observed in all run-off events the year around (Fig. 5.7). Evidently, inter-flow
protects groundwater to some extent from sorbing pollutants, which were stored
together with organic matter in the decompression zone.

The stable isotope signature of percolation and groundwater reflects the stable
isotope composition of precipitation so long as the infiltration interface is medium
to coarse grained. However, when percolation takes place through fine grained
sediments (fine sand, silt, and clay), often a little evaporation impact appears in the
stable isotope content. This evaporation impact mostly dates back to the bare soil
conditions after harvesting in the late summer/early fall, when transpiration turns
close to zero and evaporation dominates. Later, this evaporated residual soil water
mixes with the winter infiltrate and thus shifts the stable isotope concentration in
percolation and groundwater to the left of the local meteoric water line (LMWL)
(Fig. 4.29). Any interception evaporation is not known to show up in the stable
isotope content of groundwater recharge.

To develop a conceptual model for consolidated rocks, some singularities have
to be taken into account. Consolidated rocks are always overlain by a decom-
pression zone, often called epizone; the contrast of hydraulic conductivities between
the decompressed and compressed zone is always much stronger in consolidated
rocks than in unconsolidated sediments. This epizone (Fig. 2.7) stores infiltrated
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Figure 5.5. DOC concentrations in surface discharge during low and high rain amounts, shown for
catchments with different vegetation covers (circles = mixed forest and agro-land, open rhomb = forest,
black rhomb = grassland)

water, thus forming intermittent, perched groundwater, and facilitates infiltrates to
reaches fissures directly or retarded on the one hand and it produces on the other
hand lateral flow in hilly terrains. Depending on the age of the landscape, these
decompressed and weathered zones may reach meters (humid temperate zones) to
several decameters in thickness (humid tropical zones). This decompression zone
contributes in silicate rocks much more to inter-flow respectively to overland-flow
than in unconsolidated rocks, so reducing groundwater recharge.

It is peculiar to consolidated rocks that infiltration distributes much more on inter-
flow, widened fissures or solution channels than on the rock matrix. Flow in the
rock matrix is slow and experiences natural attenuation, all other flow components
impact instantaneously surface discharge; unfortunately, inter-flow and flow in wide
fissures (channels) can usually not be distinguished by means of river discharge
measurements or isotope or chemical analysis, hence, representing a health risk for
all kind of water supply out of consolidated rocks, which is difficult to assess in
advance.
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Figure 5.6. DOC and other chemical components discharging during storm events

Figure 5.7. Atrazine in surface discharge of two rivers as a function of rain events

5.1.2 Water Balance and Separation of Discharge Components

In humid temperate climates, the traditional meteorological water balance applies to:

P = D+ET +�S�

For time series of 5–10 years, �S can be neglected, and the Haude (1954, 1955,
1959) approach to calculate actual ET proved to be well established (section 4.1.1)
for many of Central Europe, Asian, and Mediterranean areas.
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In 0.5–40 km2 neighboring catchments of the Molasse Basin, the run-off was
calculated for the period 1994–2001 to

855 = D+623±0

or

D = 232 mm/year�

Traditional hydrograph analysis (section 4.1.2) resulted for the period 1994–2001
in 75% indirect (DG) and 25% direct discharge (DI+O), which corresponds to a
base-flow contribution of

DG = 174 mm/year and

an inter-flow/overland-flow contribution of

DI+O = 58 mm/year�

Applying the discharge component separation using continuous electric conduc-
tivity measurements, DOC analysis during storm events and selected analysis with
the stable water isotopes (Fig. 4.5) resulted conformably in 5% of overland-flow
(DO) and 95% of groundwater and inter-flow (DG+I), which corresponds to

DO = 12 mm/year and
DG+I = 220 mm/year�

From these numbers, inter-flow has been calculated to amount

DG+I −DG = DI = 46 mm/year�

These are averaged numbers, which refer to a catchment size of close to 1 km2

and, therefore, have to be checked for variations according to the amount, duration,
and intensity of the rain input as well as for scale effects.
• Variations in overland-flow are expected to exist, but are hardly perceivable,

because of the small amount of it.
• In individual discharge analysis, inter-flow showed significant variations (0–60%)

according to vegetation and non-vegetation seasons, vegetation development,
kind of crops, soil hydraulic, and meteorological conditions.
– During a very dry summer season, rain events of 40 mm/day did not produce

any response in river discharge; in normal years, river responses occur already
at >4 mm/day of rain;

– Under very wet conditions and high rain intensities inter-flow may rise to
50 mm/day,
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– During winter, run-off events in the Molasse Basin lasted longer than during
summer (Fig. 4.4), because winter inter-flow has a longer MTT than summer
inter-flow according to soil compaction and the missing plant, animal, and
farming activities.

To check these calculations of traditional water balance and discharge analysis,
groundwater recharge has also been determined by tracing matrix-fluxes in the
percolation zone. Matrix percolation velocities amount in Loess to 0.65 m/year
and in Tertiary gravels and sands to 1.15 m/year (mean values of nine tracing
experiments). Both flux values refer to tracing during the snowmelt season and
represent an average over the tracer observation time of 2–3years.

From these flux data, groundwater recharge was calculated, using eq. 4.33 and
referring to measured water contents of 25vol% in Quaternary loess and 15vol% in
Tertiary gravels and sands:

Quaternary loess R′ = 163 mm/year and
Tertiary gravel and sand R′ = 173 mm/year�

Comparing groundwater recharge calculations, based on tracer experiments on
plots (20 × 20 m) with the combined traditional water balance and hydrograph
method (about 1 km2), it comes out that scale effects do not play a significant role.

Water balance studies in six neighboring catchment areas, extending over
9–40 km2 in size, showed that with the same geologic, vegetation, land use, and
meteorological boundary conditions, the same partitioning of run-off components
came out. From these studies resulted a mean
• Precipitation of 816 mm/year,
• Total discharge of 193 mm/year, and
• Groundwater recharge of 179 mm/year.

As compared to the small size catchments, groundwater recharge does not differ in
the different scales, but mean direct run-off was significantly lower (14 mm/year or
7% of surface discharge); evidently, small differences in the amount of precipitation
do not change groundwater recharge (indirect discharge), but direct run-off, which
was in good agreement with percolation modeling (section 4.3).

The average chloride concentration in precipitation amounts to 1.2 mg/L; beneath
the effective root zone chloride was 9 mg/L. Reducing the precipitation of the
study area (855 m/year) by direct discharge (58 mm/year) and applying the chloride
balance method (section 4.4.2), results in

R′ = 1�2
9

�855−58� = 106 mm/year�

which is far from reality; apparently, in the study area with intensive farming
chloride concentrations in groundwater recharge do not only refer to chlorides in
rain, enriched by evaporation, but also refer to chlorides in chemical and organic
fertilisers, which are applied excessively.



RECHARGE UNDER DIFFERENT CLIMATE REGIMES 173

5.2. SEMI-ARID CLIMATE

Semi-arid regions are those characterized by a rainfall of more than about
250 mm/year, but with a ratio of P/ET <0.5. Without the uneven distribution of
precipitation the year around and the occasional heavy rainfall during the wet season,
no excess water for either run-off or groundwater recharge would be available.
One must distinguish between the Mediterranean semi-arid regions, where the rainy
season occurs during the cold winter months, and the semi-arid areas in North
America or in the Brazilian Northeast, where rains occur primarily during warm
months.

The former have an advantage with respect to the availability of water for
recharge, because the water consumption during the wet season is relatively
restrained. At higher elevations where part of the precipitation is in the form of
snow, the rapid meltdown in spring provides a further opportunity for recharge to
occur. The payoff is in the parched appearance of the summer landscape, where
only deep-rooted trees can survive the dry summer. The latter evidently thrive on
the infiltrated waters into the deep soil layers, the residues of the winter percolation
flux, which also keeps the soil salinity buildup in bounds. In contrast, in the region
with the warm season rainfall, the abundant periodical vegetation consumes most
of the moisture, leaving little to recharge and also resulting in the buildup of soil
salinity. Evidently, the monthly ratio of P/ET is of greater concern than the year
round average, with antecedent soil moisture and rainfall intensity and persistence
also of great importance.

Taking the eastern Mediterranean lands as an example, regions with annual rain
amounts of 500–1000 mm/a usually show little direct surface run-off (i.e., between
2 and 5%), whereas recharge was estimated to account for up to 35% of the annual
precipitation (Goldschmidt & Jacobs, 1958). The present number evidently depends
on the surface morphology and structure as well as the land-use pattern. Recharge
is strongly correlated with the saturation deficit in the soil, and for the region
investigated by these authors, they established a threshold value of 360 mm of
cumulative rain amounts that is necessary to make up for the moisture deficit in
the soil incurred by the evapotranspiration during the rainless period. Under such
conditions, recharge (and also flushing of the soil of accumulated salinity) favors
sites with a relatively thin soil layer above the rock exposures. In valley terrains
with deep soil and a rich vegetation cover, all of the soil moisture may be used
up locally, except during an exceptionally rainy season. This region, moreover, is
characterized by large annual fluctuations as a result of the up to 50% variability
of the precipitation amounts and their distribution during the rainy season, so that
large fluctuations in the annual recharge are the rule.

The irrigation water input in these climate regions is another factor that needs to
be considered in the water budget. Conflicting effects of the irrigated agriculture
come into play: On the one hand, the substitution of a rather dense plant cover for
the sparse natural vegetation further decreases the P/ET ratio during the rainy season
and potentially results in the accumulation of soil salinity, further acerbated by the
irrigation’s water salinity. On the other hand, the application of the irrigation water
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during the rainless period prevents the water deficiency in the soil column during
the dry period and enables a deep percolation already of the early rainfall. Also,
when applied in excess, the irrigation water may provide an additional percolation
flux, alas accompanied by polluting chemicals. The special case of the Australian
experience is to be noted, however, where the substitution of fodder crops for
the natural bush vegetation (characterized by deep roots) presently increased the
availability of drainage water with the catastrophic flushing of the accumulated
soil salinity into ground and surface waters—the so-called secondary salinity effect
(Kenneth-Smith et al., 1994; Leany et al., 1999).

The Mediterranean region is characterized by sandy and calcareous sediments,
which have a relatively high infiltration capacity. Some ponding in surface depres-
sions or local overflow reservoirs may occur during strong intensity downpours,
which exceed the infiltration capacity. This effect is accentuated in areas charac-
terized by high clay content, in which case one encounters a large variability of
the run-off/infiltration relationship, which makes the assessment of the recharge
potential very difficult. In detailed studies of the semi-arid Southern High Plain of
Texas and New Mexico, it was shown that recharge estimates based on classical
and tracer methodologies differed by an order of magnitude; an important reason
for such discrepancies was blamed on the important role of macropore recharge
(preferential-flow) from surface wetlands and ephemeral playa lakes, in distinction
to the matrix-flow under these conditions (Wood & Osterkamp, 1987; Wood &
Nativ, 1994; Wood & Sanford, 1995).

From the geo-chemical point of view, the dominant process is the increase in
the salinity deposited by the precipitation and surface fallout, because of the low
P/ET ratio, which indeed is being used in the case of chloride as a measure of
the ET component in the water balance (Eriksson & Khunakassem, 1969). In an
extreme case, the buildup of salinity results in secondary precipitation of the less
soluble portion of the soil water salinity. Owing to the relatively sparse vegetation
in this climate zone, the plant-mediated calcification of the natural percolating
waters is relatively minor; on the contrary, the widespread practice of irrigated
agriculture expresses itself in the nitrification of the residual flux and more extreme
modification of the chemical character of the groundwater recharge flux.

The stable isotope signature of the recharge process under conditions where the
surface waters do not play a major role in the formation of groundwater sources
(with notable exceptions to be discussed below) can be expected to follow that of
the rainfall rather closely, with a bias in favor of the heavy rains during the peak
of the rain season. The isotope enrichment because of evaporative losses of water
from the surface wetness before infiltration has been estimated by Gat and Tzur
(1967) to be rather small, amounting typically in the Israeli coastal plain to no
more than 1‰ in �18O. Larger differences between precipitation and groundwater
isotope composition are being attributed either to recharge from lakes or other
surface waters such as storage reservoirs or possibly by return flux of irrigation
waters from sprinkler applications, where in an experimental plot an enrichment of
up to 3‰ in �18O between the water supply and the drainage waters were recorded.
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In all these cases where open surface waters are exposed, the isotope enrichment
of the �2H is about four to five times as large as that of the �18O, commensurate
with the expected slope of the evaporation line (Fig. 4.29) in �-space.

The water loss by evapo-transpiration from within the soil column, which is
such a dominant factor in the water balance in this region, also has a relatively
minor effect on the isotopic composition to be compared with the dominant role
it plays in the salinity balance. The reason is that transpired waters are taken up
essentially non-fractionated by the root system. Thus, only a shift of the isotope
composition by selection can take place. Similarly, the late rainfall in the season
that infiltrates only to the top of the soil column will be completely lost during
the following dry period. However, partial evaporation of soil water in-between
rain events may impart an evaporative signature onto the percolation flux when the
residual waters are then flushed down by a subsequent rain event. As described
before, this is a nonlinear effect where little effect is recorded both when very little
or most of the water is evaporated during this process (Gat, 1998). In any case, the
isotope enrichment from within the restricted space of the soil column follows a
lower slope in �-space than that of the open surface process, as described by Barnes
and Allison (1988). The comparison of both the salinity buildup and the change in
isotope composition relative to the Meteoric Water Line provides the possibility to
distinguish between the different components of the evapo-transpiration flux.

5.3. ARID CLIMATES

Groundwater recharge occurs in arid (dry-land) areas most commonly through
infiltration of surface run-off into Wadi alluvials, Sabkhas and karst terrains. In
contrast to this line or point recharge, in volcanic or coarse grained unconsolidated
rocks with low field capacities (e.g., dune sands and gravels) also areal infiltration
takes place with deep and rapid penetration of the infiltrate into the subsurface, thus
protecting the infiltrate from re-evaporation in arid climates.

Present recharge occurs in almost all arid (dry-land) areas and is documented
by the appearance of tritium in deep parts of the vadose zone (>1 m) and in
very shallow groundwater. Recent tritium results from fresh and salty waters in the
Badain Jaran Shamo (part of the Gobi) (Table 5.2) clearly show that, even in this
hyper arid area groundwater is recharged albeit very little according to the chloride
water balance (0.5–1.5 mm/year).

Forty years after the end of the atmospheric nuclear weapon test, however,
it is difficult to use the instrument of tritium profiling in the vadose zone for
determining groundwater recharge (section 4.4.2.2) and from 3H close to the water
table a quantification of groundwater recharge is hardly possible. In the past,
the tritium-profiling instrument was often applied and delivered together with the
chloride-balancing method interesting results on groundwater recharge for arid areas
(sections 4.4.2.1 and 4.4.2.2, Fig. 4.22).

Infiltration in arid (dry-land) zones, however, is linked not only to favorable
geologic conditions but also to the intensities of rains as can be learned from
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Table 5.2. Stable isotopes and tritium in groundwater of the Badain Jaran Shamo
(Gobi desert)

Place Date of sampling � 18O‰ � 2H‰ d‰ 3H TU �3H

Fresh and salt waters without tritium
SGJL (S) 25.09.2002 −1.12 4.1 13.0 0.8 0.7
ZEGT (S) 26.09.2002 −2.13 −40.8 −23.8 0.7 0.7
LT (DW) 27.09.2002 −2.62 −46.0 −25.1 1.1 <1.1

Fresh and salt waters with tritium
SGJL (DW) 26.09.2002 −5.39 −61.7 −18.6 2.9 0.7
NRT (S) 25.09.2002 −5.21 −62.2 −20.5 11.4 0.9
LT (S) 27.09.2002 9.85 2.7 −76.1 1.6 0.7
LT (DW) 27.09.2002 8.00 −2.0 −66.0 4.7 0.7

S = spring, DW = dug well.

stable isotopes and the chemical composition of waters. Heavy rainfalls, which
are mostly isotopically depleted, flush surface salinity away and contribute little to
infiltration, as can be seen from the isotope and salinity indicators in groundwater;
low rainfall intensities either re-evaporate before or along the interface atmosphere–
lithosphere, hence, are also not very efficient to groundwater recharge; intermediate
rainfall events contribute first to overland-flow and after adequate wetting of the
infiltration interface also to groundwater recharge; here it is supposed that specially
preferential-flow conducts infiltrates to depth, in which re-evaporation of water by
capillary rise can be excluded. Thus, the unpredictable nature of rainfall events
and the flush response or re-evaporative response of arid and semi-arid catchments
makes estimates of groundwater recharge painful.

These limitations in mind, many recharge studies just state if recharge takes place
at all or determine unproductive water losses instead of the groundwater recharge
for management purposes. Therefore, groundwater exploitation in arid (dry-land)
areas is often close to the availability of rechargeable groundwater or over-exploits,
respectively mines, groundwater resources.

Traditional water balances, evaporation measurements or lysimeter studies in arid
(dry-land) areas will not significantly contribute to the knowledge of groundwater
recharge, because of the missing representativeness of the results for large areas
(scale effects) and logistics

The rain recharge to the groundwater reservoir entails a sequence of transport
steps from the surface to the groundwater table. Surface water infiltrates the vadose
zone, wherein some water is retained by the surface of and the contact point
between particles through attractive (capillary) forces; the excess drains downward
through pores under the influence of gravity and capillarity, to eventually reach
the groundwater surface, provided the infiltration escapes transpiration or direct
evaporation from within the subsurface close to the landscape.

The recharge regime of the arid (dry-land) and the humid zone differs most
significantly:



RECHARGE UNDER DIFFERENT CLIMATE REGIMES 177

• In humid zones, overland-flow diminishes the water amounts available for
recharge and the larger this amount the lower the groundwater yield.

• By contrast, in the arid zone, where evapo-transpiration losses locally exceed
the rain amount, the confluence of waters by means of overland-flow onto infil-
tration appears to be a pre-requisite for the occurrence of groundwater recharge
(Schoeller, 1959; Gat, 1984).
In the desert, long rain spells are a rarity (Sharon, 1972) and intervals between rain

events long enough for drying up the top soil to be the rule. The top soil in the arid
(dry-land) environment is bone dry, with a pronounced moisture deficit because of
water loss by evaporation. The depth to which evaporation is effective depends on the
openness of the pore structure and the time elapsed since last wetting; in sand dunes
of arid areas, it can descend to a few meters, and in fine grained materials (less than
medium grained sand), it is typically confined to the top 20–30 cm, so long as shrinking
cracks do not deepen the desiccation depth. Transpiration further adds to the moisture
deficit at depth if there are deep rooting plants in the system.

The moisture deficit in the unsaturated zone depends on
• The field capacity of the soil/sediment and
• The percent deficiency in this water content because of evapo-transpiration losses.
Given such data, it is evident that the water deficiency in sands might reach the
equivalent of 40 mm of water, whereas in silt materials, the moisture deficiency
could well approach 150 mm. The disparity is even more pronounced if one
considers the top 10 cm of a sediment column. If now rain occurs and water
infiltration, then a semi-quantitative formulation of the recharge flux (eq. 5.1) is

R′ = Pr −DO −�S
Pr = direct precipitation�

(5.1)

Under conditions of field capacity,

S =
∫

�	fc�dz (5.2)

The water deficit (�S becomes

�S =
∫ (

	 −	fc

)
dz =

t∫
0

�EP +TP�dt (5.3)

Evidently the condition for occurrence of recharge by the direct infiltration of rain
is Pr −DO > �S, and this condition cannot be satisfied in the desert environment,
where a typical rain shower rarely exceeds 20 or 30 mm and desiccation time
is very long. Isotope evidence indicates that major aquifers in the arid zone are
not recharged by direct infiltration. If so, what is the recharge mechanism that
overcomes the problem of the large water deficiency in the top soil relative to the
amount of precipitation? Evidently, the recharge depends on the reversal of the role
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of the overland-flow term in the balance equation. Whereas in the humid regime the
discharge usually detracts from the recharge flux (R), it appears that a positive term
(+R) is a prerequisite for groundwater recharge under aridity (Schoeller, 1959).

The focus of groundwater recharge problem thus shifts in the arid environment
from the desert sediment generally to the mechanism and efficiency of run-off
inception, on the one hand, and to the sediment at particular infiltration sites on
the other.

The mechanisms whereby groundwater recharge occurs through overland-flow
would not be effective were it not for the occurrence of discharge in the desert
following even relatively small rain amounts of a few millimeters only. The foremost
factor responsible for this phenomenon is the absence of a continuous vegetation
cover, which in turn results in a deficiency of soil and the denudation of rock
exposures. A secondary factor is the prevalence of an impermeable surface cover
on the sun baked eolian sediments. The fact that desert precipitation often occurs
in the form of relatively heavy showers although of short duration is a contributing
factor to the efficiency of flood inception.

The desert flood is a very different phenomenon from humid zone’s direct run-
off, being more a skin process. The flood in arid (dry-land) zones is engendered
under extreme dry conditions on bare rock exposures, boulders, and so on or on
surfaces ponded by the rain drops to form an impermeable pavement.

Two related numerical indices can be used to describe the recharge potential of
the overland-flow process:
• These are the length scale from rain to the infiltration site and
• The areal reduction achieved by the discharge process, namely the ratio of the

area of the impounded waters to the total rain-out area.
This latter index defines the maximum possible water yield of the process. The

present water yield is evidently less than the maximum possible because of both the
inefficiency of discharge inception and the losses from the discharge by evaporation
or by some infiltration. Unlike in the humid zone, where the discharge continually
swells by drainage from the saturated zone, in the arid (dry-land) zone the water
balance along the flood path is negative, once rain has stopped (Gat, 1980). The
simplest case to consider is that of a rock strewn area. In this case, the characteristic
length scale is that of the impermeable surface elements, typically of dimension of
10–100 cm. Along the edges of the rock, the accumulated discharge drains to the
ground, forming a more favorable environment for plant growth. Manipulation of
this discharge was indeed used by ancients to enhance water availability for crops.

Enhanced factors of the water depth (Ef ) at the site of infiltration can be estimated
from geometrical considerations, as shown schematically in Fig. 5.8. In domain A,
Ef is given by eq. 5.4

For P > PO Ef = 1+
(

1− PO

P

)
r

2d
(5.4)
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Figure 5.8. Schematic representation of the areas wetted by discharge in a rock-strewn field. A = widely
dispersed impermeable elements without, B = with some and C = with maximum overlap

Figure 5.9. The water depth enhancement effect for widely dispersed surface elements as a function of
rainfall depth. Results are given for d = 10 cm

Where r is the radius of the impermeable surface element and d is the width of
the area between two elements and PO is the rain retained on the surface. Figure 5.9
gives values of Ef ′ for a range of r/d.

Whenever the spacing between the length scales (radius) of the impermeable
surface elements is of the order of 2d or less, the water depth can be further
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enhanced in the area of overlap by the synergistic effect of two rocks or more. In
the range of overlap, when the spacing ranges between d and 2d (domain B in
Fig. 5.8), the additional enhancement in the affected zone is given in Fig. 5.9 and
is a function of the size of the surface element. At still closer spacing (domain C in
Fig. 5.8), the fraction of area (A) covered by the impermeable surface is very high;
the enhancement factor is expressed by

Ef =
(
1− APO

P

)
�1−A�

(5.5)

As A in eq. 5.5 becomes 1, the water depth reaches quite high values as shown
in Fig. 5.10. The details surface morphology will then determine whether ponding
occurs, giving a chance for local infiltration, or whether larger scale discharge will
initiate as from an inclined surface.

A convenient yardstick for Ef was found to be the accumulation of rain-born
fall-out isotopes, such as 90Sr in the desert sediments (Gilat & Gat, 1960).

A subtle point has to be considered, namely the so-called “oasis effect.” In
the area of water confluence and given a sufficient depth of sediment, perennial
plants can grow. Their deep reaching roots extract water throughout the dry season
in amounts far exceeding the water loss by direct evaporation and affecting the
subsurface to great depth. As a result, the water deficiency is increased considerable.
Local groundwater recharge will thus occur primarily only in areas of shallow depth
or on cracked and fissured rock exposure.

Large-scale overland-flow, beyond the dimension of the impermeable surface
elements, requires favorable morphology such as sloping surfaces. Yet this
mechanism of discharge enhancement does not seem to be as effective as one
could imagine. Yair et al. (1980) have shown that much of the hillside run-off,

Figure 5.10. The enhancement of water depth as a function of the spacing of the impermeable surface
elements
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which gravitates downhill, infiltrates into the foot area of the hill, and does not
significantly contribute to stream-flow in the Wadi.

Isotope studies on groundwater pockets, which are recharged locally in mountain
areas, where large-scale flooding is not yet effective and discharge from hillsides
shows that there is little selection between rainfall events in initiating this local
discharge, as is evident from the fact that the isotope composition of discharge is
about equal to that of the total rain event (Fig. 5.11). In contrast to this situation,
the isotope data from the big regional flood-flows show that these are characterized
by much depleted isotope values relative to the mean composition of the rain
event and, unlike the discharge discussed above, engendered under rather special
circumstances, namely very intensive showers. It is thus evident that they account
only for a rather minute fraction of the desert rainfall. Even so, one finds immense
water quantities along the flow path and the site of infiltration the conditions are
for a short time akin to the recharge from a lake or river bed (saturated conditions).

The isotope signature of different recharge pathways (Fig. 5.12) enables one to
assess their contribution to recharge of the desert groundwater bodies. The isotope
signature imprinted by the recharge path is the result of processes of selection
and fractionation between isotopes before infiltration (Gat & Tzur, 1967), and of
changes, which occur within the unsaturated zone.

The primary selection between rainfall events is based on discrimination against
small showers of less than 1 mm, which are re-evaporated and evidently ineffective
in either recharge or discharge. As a rule, small showers are enriched in the heavy
isotope species as a result of evaporation from falling droplets as is the case in
the Negev (Levin et al., 1980). Discrimination against these rains of less than 1 or
2 mm results in a slight shift of the isotope composition.

Many cases of rainfall in the Negev show a typical V-shaped evolution of the
isotope composition with the progress of the shower, the more depleted values,
often by more than −2‰ relative to the mean oxygen isotope composition of
the total rain event, being associated with the most intense portion of the rain
(Levin et al., 1980). As is evident from the discharge collected on an instrumented
hillside (Yair et al., 1978) and from the large-scale run-off collection, the former
represent the average and the latter selects only the most intensive portion of the
rain, which is depleted in the heavy isotopes. The sojourn of water near the surface
in such an arid environment results in further enrichment of the isotopes in the
residual surface water in proportion to the amount of water lost by evaporation. As
the enrichment of 2H and 18O has a characteristic relative enrichment, this imprint
can readily be discerned.

Evaporation from within the soil/sediment also results in the enrichment of
isotopes if it occurs directly by vapor diffusion, less so, if it occurs through the
intermediary of transpirating plants. As shown by Allison et al. (1983), the isotope
enrichment then proceeds along an evaporation line of lower slope than the water
loss occurs from a water surface directly exposed to the turbulent atmosphere.

Taking the Negev as a model—as described by Issar et al. (1983)—desert ground-
water recharges from local isolated pockets of water, occurring mostly along the
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Figure 5.11. The isotope composition of run-off and rain initiated by a number of desert showers and
one case of artificial sprinkling

floor of the dry river beds, at the foot hills of mountains or in local depressions.
This aquifer recharge is of local character and gives rise to various springs of
usually good water Large-scale, regional aquifers in sandstone formations are either
found deep under the surface and contain palaeo-water, recharged millennia ago, or
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Figure 5.12. Isotope relationship between the mean desert showers and discharge

are situated in the marginal areas of the drainage systems and associated with the
discharge of large Wadis.

The isotope composition of the groundwater from the Negev and Sinai deserts
(Levin et al., 1980) suggests that the large aquifers, situated at the mouth of the
large Wadis are flood recharged and characterized by depleted isotope values with
little or no indication of subsequent enrichment. This fits the fact of rapid water
flow and large water excess at the point of infiltration.

Smaller, local aquifer pockets in the hill region of the Negev are evidently
recharged from local run-off (with isotope composition close to that of the mean
rainfall) with some further isotope evaporative enrichment of the order of 1–2‰ in
�18O. In most cases, water derived from fractured crystalline terrain are even more
enriched, up to 5‰, signifying a longer sojourn near the surface. Small events along
the Wadi floor show quite varied isotope composition, often quite enriched in the
heavy isotopes, indicating the contribution of locally small flows, which have lost
much of their water by evaporation.
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The extremely enriched sand dune water, which are encountered in the form of
saline seepages from the base of sand dunes (Gat & Levy, 1978), have not been
located in any of the aquifer bodies of the Negev and evidently do not constitute a
regional important recharge pathway.

5.4. COLD CLIMATES

Cold climates are characterized by mean annual air temperatures close to or beneath
the freezing point of water, thus, producing permafrost conditions. Two types of
permafrost typical occur:
• Wet permafrost with a partial melting of the subsurface ice during the summer

season and
• Dry permafrost without thawing throughout the year.

Permafrost typically occurs in high altitudes of mountain areas and high latitudes;
hence, wide areas of the Himalaya and some Alpine areas as well as North Canada,
Iceland, Spitzbergen, and Siberia have presently permafrost conditions. During the
last glacial age, Central and North Europe and North USA were also covered by
permafrost and some of the present permafrost areas are reminders of former glacial
conditions.

In some areas of the north hemisphere, permafrost reaches down to several 100 m
below ground, in many mountainous areas present permafrost protects from rock
avalanches and favors water ponding at the ground surface for stock farming during
the warm season as well; as a consequence, an increase of mean air temperature may
trigger rock slides and rock avalanches and many summer lakes in high altitudes
will disappear.

All permafrost areas start with wet and may end in an advanced status with
dry permafrost conditions, which typically occur today under cold ice shields
(Greenland, Antarctica).

Permafrost conditions, however, do not automatically mean that all recharge
pathways are blocked all over the year or during special seasons, because two basic
kinds of subsurface ice formation exist. Either the formation of
• Ground ice or
• Ice pillows
both depending from the capillarity of porous or fissured sediments/rocks. As a
rule, in fine grained sediments, the formation of ground ice dominates more than
in coarse grained sediments.

The formation of ice pillows favors capillary driven flow toward ice crystal-
lization centers, hence, dries the sediment adjacent of the ice pillow and thus
conducts to sediment shrinking, which triggers the formation of ice wedges. Such ice
wedges typically occur at mean annual temperatures of 0 to −3�C and are missing
at lower mean annual temperatures. These ice wedges may reach several meters
deep from the ground and act as preferential percolation path ways. Therefore, it is
not surprising that Michel and Fritz (1978) found tritium in groundwater beneath
permafrost.
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In the cold climates, the recharge/run-off relationship is dominated by the freezing
and melting of the subsurface/percolation water. As melting proceeds slowly from
the surface down into the frozen soil layers, the majority of the melt waters is
either consumed by plants in wet permafrost areas (Sugimoto et al., 2002) or
channeled by preferential subsurface flow path or contributes to surface run-off.
Indeed, palaeowater records, especially 14C-isochrones of many European areas
with permafrost conditions during glacial periods have been interpreted in terms of
reduced groundwater recharge (Beyerle et al., 1998). This interpretation, however,
may be ambiguous, because most of these examples have been reported from
areas, in which rivers receive regional groundwater discharge. As natural tracing of
groundwater does not parallel the potential field (section 4.4), but follows parallel
to stream lines, the isochrone field will always narrow beneath receiving rivers
by geometric reasons. Further on, in areas of receiving streams narrow isochrone
fields depend significantly from sampling depths and locations, hence, making any
quantitative interpretation on quantities of groundwater recharge difficult. Therefore,
any narrow isochrone field under receiving rivers cannot automatically be a proof
of any reduced groundwater recharge; other arguments and data have to support it.

The stable isotope signature of the melt waters is quite complex and varied and
cannot be unambiguously identified. Whereas, the isotope composition of snowfall
is very depleted in the heavy isotopes and often also characterized by a higher
d-excess value than the precipitation in these areas (Fig. 4.27), as described by
Jouzel and Merlivat (1984), the melt-water composition at times is much changed
as it is that of the residual snow pack following partial melting. Indeed changes in
the isotopic composition occur within a snow pack because of vapor transport and
re-equilibration (Moser & Stichler, 1970; Friedman et al., 1991).

Direct sublimation is believed to occur without any change in the isotope compo-
sition. The difference in the isotope composition between the melt water and the
original precipitation, which has been widely noticed and described in the liter-
ature (Arnason, 1981), is being blamed on a number of competing processes during
meltdown:
• Runoff of partially melted snow,
• Evaporation from the wet snow surface with subsequent refreezing of the residual

water,
• Diffusion of isotopically depleted vapor (in equilibrium with the snow) through

the air-space in the snow pack.
On the basis of the isotope fractionation factors for the phase transitions between

ice/liquid and vapor (Majoube, 1971), the first process would result in run-off,
depleted in the heavy isotopes, leaving the residual solid phase enriched in the
heavy isotopes of hydrogen and oxygen, respectively. The partial evaporation of the
melt waters as well as the third process is expected to result in an enrichment of the
isotopes in the residual snow; so that the complete melting of the residual snow is
then expected to result in a seemingly evaporated isotope composition. Fortuitously,
the relative change in the two isotopes is very close for both the first (solid/liquid)
and the second (evaporation of surface waters at 0�C) process, yielding a trend
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line with slope between 5.5 and 6 in �-space. For the third process that involves
diffusion of water vapor through stagnant air, the slope is even lower, just as for
evaporation from within the soil.

Evidently, the rate of heating up and the geometry of the system are important
parameters to consider the stable isotope composition of melt water; thus, the almost
complete melting and run-off at the edge of the snow accumulation will show these
effects to a lesser degree.

The same processes as for stable isotopes have to be considered for chloride. As
all these processes are not yet well quantitatively understood, any determination of
groundwater recharge in cold climates is even more difficult than in arid (dry-land)
areas; but it is for sure that groundwater recharge presently occurred in these
climates according to the type of permafrost.
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MAN’S IMPACT ON THE GROUNDWATER RECHARGE

The water cycle is being constantly and slowly modified since ever by atmospheric,
erosion, land cover, and tectonic changes; these changes have been accelerated
since activities and growth of mankind (Fig. 6.1) passed a certain threshold number
in about the year 1850.

A general definition of man’s impact on groundwater recharge is impossible,
because it includes transient, direct, and indirect impacts on factors influencing
infiltration, storage, and discharge properties of the subsurface in a since ever
changing climate, geologic and biologic environment. Finally, man-made changes
express under different climates, geological, social, and economic conditions in
various ways.

Climate on earth shifted about 4,000,000,000 years B.P. from a reducing to an
oxidizing atmosphere, and since that time oscillated from wet to hot, hot to dry,
and warm to cold, thus, producing various geological periods with ice ages on the
one and under strong evaporation conditions with salt precipitation on the other
extreme. Such major shifts are basically caused by
• Plate-tectonics and orogenesis, influencing the atmosphere, ocean/land parti-

tioning, topography, and thus, the extent of the heat and water vapor exchange
on the earth surface, and

• The interaction of the biosphere with the atmosphere and hydrosphere.
These changes had triggering, reinforcing, and feed-back effects and modified

the functioning of both the interface atmosphere/hydrosphere and atmosphere/
biosphere/lithosphere, which both govern vaporization and recharge processes.

Man’s influence on the hydrological cycle in general and the groundwater cycle
in particular starts at its dawn and changed very much when mankind turned in
Neolithic time from hunting to farming activities, which resulted
• First in a change of the plant cover (deforestation, crops, and bare areas). As can

be seen from Table 3.1, agricultural crops consume much more water than forest
trees do, to produce 1 kg of dry mass;

• Later in an enhanced increase of transpiration and infiltration by introducing
irrigation;

• By urbanization, which changed the radiation balance and the infiltration capac-
ities of the subsurface, and

187
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Figure 6.1. Development of mankind by numbers over the the last 14,000 years

• Finally by changing the chemical composition of the earth’s atmosphere by
emissions.
The early activities of civilization modified only the local climate. However, the

intensification of food and energy production, of industrialization as well as urban-
ization developed to a global concern in changing infiltration, run-off, evaporation,
and the water quality. Combustion of fossil fuels and the reduction of forest areas
(to provide farm land) increased in the atmosphere the greenhouse gasses CO2 from
290 to 350 ppm; CH4 from rice cultivation and meat production increased emissions
into the atmosphere from 0.95 to 1.65 ppm and N2O emissions from advanced
agricultural areas are in the range of 3 kg/(ha year). To assess these numbers, it
should be kept in mind that the greenhouse effect of methane is many times stronger
than the one of CO2.

The redistribution of the incoming precipitation between the surface storage, the
re-evaporation losses, the infiltration flux, and the surface run-off is determined on
the one hand by the geo-morphological structure of the surface layers, the plant
cover, and, in general, the eco-hydrological feedback processes. On the other hand,
it depends on the temporal and spatial characteristics of the precipitation input as
well as on the distinction between liquid and solid precipitation.

Even under undisturbed “natural” conditions, there is a marked seasonal effect
in the response of the recharge flux to a given water input, which depends on
the seasonal change of the ecological surface structure, the antecedent moisture
content of the surface layer, and most extreme, the presence of a snow or ice cover.
Among the most prominent factors responsible for these changing responses, one
can enumerate
• The shedding of leaves in deciduous forests;
• Forest fires and other ‘natural disasters’;
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• The resurgence of grasses during the rainy season;
• Surface ponding and flooding following extreme precipitation events; and
• Snowmelt.

With the increasing density of human population and intensification of agricul-
tural and industrial activities, one can distinguish between a number of far-reaching
effects on the local and regional water balance. This results
• From the major land use changes with important repercussions on the distribution

of the precipitation input into the fluxes of evaporation, run-off, and recharge.
• The regulation or damming of the river courses and drainage of wetlands,

including flood-control measures.
• The use of additional water resources, whether from local groundwater or inter-

ception of surface waters to imported water for urban uses or irrigated agriculture.
Any change in the plant cover evidently affects the hydrological relationships

throughout the interface zone: the degree of canopy interception (associated with a
relatively large evaporative water loss), the soil water balance (both the direct evapo-
ration loss and the transpiration component from deep layers), the surface structure,
and especially changes because of plowing on the one hand and compaction on the
other, which affect the infiltration capacity. An example from the arid (dry-land)
zone are sand-dune areas, where the recharge flux depends on impervious algal mats
that enable the confluence of rain from a large area unto preferred infiltration sites
(Danin et al., 1989; Yair, 1990). The free grazing of goats on such sites destroys
these impervious layers by the churning-up of the surface by the animals, with the
result that the incoming rain only wets the surface sand layers and is then lost to
evaporation.

Deforestation and aforestation are the best-known cases of far-reaching effects on
the water and energy balance of the interface biosphere/atmosphere. Under humid
conditions, for example, the Brazilian rain forest, the most noticeable local effect of
the deforestation is that of increased surface run-off resulting in soil erosion and land
deterioration. Under less humid conditions, on the other hand, aforestation shields
the exposed soils and may at times presently enhance infiltration and unproductive
loss of water, as well as providing a more favorable micro-climate.

6.1. LAND USE CHANGE: AGRICULTURE

Any cultivated field in place of the natural vegetation changes the potential ground-
water recharge flux at times with consequences, which of course differ appreciably
in different climate zones and settings. A number of opposing effects have to be
considered, among them the changed evapo-transpiration rate of the agricultural
crop when compared with the natural vegetation (Tables 4.2 and 4.3). This in some
cases increases the availability of water for recharge, because of the combination
of the reduction of surface run-off by plowing of the soil surface layer, reduction
of the water loss by canopy interception as well as the fact that it covers the
area only periodically from seeding until harvest time. An extreme example is the
Australian experience under semi-arid conditions, resulting from the replacement
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of the native Mallee vegetation by grasses for fodder, which caused an increased
flushing of the accumulated salinity in the unsaturated zone into the adjacent aquifers
and rivers, accompanied by severe environmental damages (the secondary salinity
effect) (Allison et al., 1990 ). On the other hand, especially under a Mediterranean
climate, the evapo-transpiration rate of the crops grown during the rainy season
often exceeds that of the sparse native vegetation resulting in a reduction of the
groundwater recharge flux and the buildup of higher salinity in the soil moisture.

Food production of a growing world population (Fig. 6.1) depends from
agriculture practice in dry and humid areas of the globe. To increase crop yields
and crop quality, three activities have been developed:
• The use of heavy machines,
• The application of fertilizers, pesticides, and herbicides, and
• The use of irrigation systems.

With the beginning of the Neolithic revolution, mankind turned from hunting to
agriculture and realized very early that the fertility of forest-land, transformed into
agro-land, declined within a short run of time; therefore, early farmers transformed
one forest plot after the other into agro-land and tried to govern water availability
(section 4.2) for an optimal plant growth. In the mid of the 19th century Libby
and at the beginning of the 20th century Haber-Bosch made fertilizers available,
which increased crops yields two to three times during the second half of the 20th
century; however, fertilizers in excess and applied under non-favorable weather
conditions reach run-off and contribute to some eutrophication of lakes and ocean
shelf areas or sometimes to a deterioration of the groundwater quality as far as
they did not disintegrate into other chemical species, such as gases. Some of these
gases, however, reach the atmosphere as trace gases (N2O or CH4) and there
contribute to degrade the ozone layer respectively to enhance the green house
effect.

Pesticides based first on heavy metals, which sorb at the prevailing soil pHs well
on clay minerals and organic matter; however, in the long run of time they harmed
soil organisms, contributed to soil compaction and thus also to a reduction of
infiltration or finally groundwater recharge. In the second half of the 20th century,
these heavy metal pesticides have been replaced by organics, which where supposed
to sorb and disintegrate short after application, but long enough to efficiently fight
against plant diseases and the competitive growth between crop plants and weed.
Short after application, pesticides and herbicides appeared in small concentrations
in surface and groundwater (Fig. 5.7, section 5.1.2). As the metabolic chains and
the health impact of many chain species of the many pesticides and herbicides are
not yet well understood, their role for food and water quality is still difficult to
assess.

The introduction of machines in agriculture was a big step forward to intensive
agriculture, but the high weight of the machines compacted the unconsolidated
weathering cover of rocks/sediments to an extent that erosion, respectively,
overland-flow increased and infiltration decreased. Hence, the cultivation tools
reduced groundwater recharge; one counter-measure was deep ploughing.
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Especially in drylands, agriculture cannot achieve adequate crop yields without
irrigation systems, and in wet areas, irrigation is often applied to gain more crops
a year and to enhance crop quality. As an average of the 20th century, the water
demand of agriculture covered about 75%, of industry about 16%, of the private
sector about 7%, and of other users about 2%. As can be seen from Table 1.1,
these numbers changed with the run of time, according to a changing technology.
As a rule, the growth of 1 t of dry matter needs about 2,000 m3 of water, and many
plants in dry-lands are originally from temperate climates.

Dry-lands (Petrov, 1976) comprise about 37% of the continental surface and
about 50% of the nations on earth are totally or in parts affected by the constraints
of aridity; basically for these areas, irrigation has been developed as an important
tool for the production of food and natural raw materials. Today about 17% of the
world’s croplands are irrigated (about 240 mio. hectares) and 75% of these areas
are located in developing countries. From 1960 to 1970, the yearly growth rate of
irrigation areas was about 2–4% and since then dropped to a present growth of
less than 1%. Today all these irrigation areas produce about one-third of the food
demand in the world.

The water inputs because of irrigation add up to the natural infiltration. This
results not only in additional effluents from the irrigated fields, but may, moreover,
also increase the water excesses during the beginning phases of the rainy season
because of a reduced moisture deficit in the soil compared with the natural
precipitation cycle. This potentially beneficial excess that can increase the natural
recharge rate has to be balanced, however, against the increased demand for evapo-
transpiration of the dense plant cover in the irrigated field compared with the
undisturbed natural situation resulting in salinity buildup. Some harmful cases of
water logging in irrigated fields are also on record (Seiler, 2000) as well as the rise
of the water table under such fields (Tanwar, 1979).

There are different irrigation systems in use:
• Flood irrigation,
• Furrow irrigation,
• Sprinkling irrigation, and
• Drip irrigation,
which are all connected through a sophisticated channel system with a water source
such as groundwater wells, rivers, a dam, desalination, or waste water treatment
plants. Flood and furrow irrigation lose much excess water. In contrast, sprinkling
irrigation favors fungi infections of plant leafs; the sprinkling process is the most
wasteful in this respect because partial evaporation from the droplets is added to the
transpiration loss of the plants. On the basis of the enrichment of the heavy isotopes
during the sprinkling process (by 2‰ in �18O) at the Gilath experimental field in
southern Israel, reported by Gat and Tzur (1967), an average loss of more than
10% of the sprinkled water can be estimated. The drip-irrigation efficiency in terms
of the overall water balance is optimal (Table 6.1). Only drip irrigation offers an
optimal water use for plants; it could be supported by capillary barriers (sand beds;
section 3.5), to break upward capillary rise of water from the unsaturated zone to
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Table 6.1. A comparison between furrow and drip
irrigation applied in Egypt for different crops
(Springuel, 2003)

Crop Furrow irrigation Drip irrigation
(m3/ha) (m3/ha)

Sunflower 2,380 1,980
Wheat 1,850 –
Corn 1,790 950
Bean 1,240 810
Tomatoes 1,190 950
Grapes 500 380
Citrus 790 400

the evaporating interface; such capillary barriers do not only reduce unproductive
water consumption by evaporation, but reduce simultaneously soil salinization. A
comparison of the efficiency of two irrigation systems is shown in Table 6.1.

Crop growth is optimal at about 60–80% of water content at field capacity. In
contrast, at water contents below 30–40% of field capacity, crop yield reduces as
much as it did if water contents exceeded 80% of field capacity; in the first case,
plants miss water for transpiration, and in the second case, plant roots miss sufficient
air for respiration; in both cases, crop yields decline. Thus, there exists a small
soil water window for optimal crop yields, which could be controlled combining
TDR measurements with irrigation practice. Such a control, however, dependents
not only from the crop but also from the plant development during the vegetation
period. For example, water deficits in May/June, June/August, or July/September
can significantly reduce the crop yield of summer grains, potatoes respectively
sugar-beets.

The most common setting of an irrigated field is such that the water excesses
drain vertical down through the soil, thus adding to the natural groundwater recharge
flux. When this groundwater is used again to supply irrigation waters, a closed
loop can be established leading to a successive buildup of the natural salinity in
each cycle because of the evapo-transpiration loss, as exemplified in the coastal
plain of Israel. The severity of the problem will depend on the water efficiency
of the agricultural application, in terms of percentage of the applied water lost to
evapo-transpiration (Eriksson & Khunakassem, 1969) and of the distribution of the
effluent flux in time and space.

Irrigation increases primarily evapo-transpiration, but to some degree also infil-
tration through irrigation return water. The amount of return water is estimated to
average 0–20% according to the type of sediment, in which irrigation is applied.
In addition, irrigation canals, distributing water from a central source to the fields,
produce often significant water losses, because they are not lined – like in the
Punjab – or often not well maintained. Isotope studies in Pakistan (Sajjad et al.,
1985) showed that most of the groundwater logging is due to water losses from the
distribution canals, which are unlined and end mostly blind. This situation in the
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Punjab, however, cannot be meliorated by counter-measures, because the irrigation
areas belong to a very flat delta area, where it is difficult to construct an appropriate
gravity drainage system. Therefore, in some areas, water levels, reaching the ground
surface, must be drawn down by the installation and management of groundwater
wells.

When the source of the irrigation water is from outside the region, the local
groundwater balance in terms of water quantity may presently be improved because
an additional recharge flux is activated; the issue, however, is then the compatibility
of the extraneous waters with the local situation in terms of topography and of water
quality. In areas with flat topography like in delta areas, the additional recharge
flux highers the groundwater table, which may come up to the evaporating front
(Fig. 4.30), hence, increase soil salinization.

As the cleanup or desalination of the diffuse recharge flux is usually not a viable
option, the pretreatment of the applied irrigation water may be the recommended
procedure in those cases where relatively saline waters are used as a source of
water. To circumvent this procedure, the import of clean waters or even desalinized
ones, though apparently more expensive than the locally available ones, may be the
preferred option on the long run.

In all cases, the drainage waters out of irrigation fields contain relatively high
concentrations of fertilizers and pesticides; these concentrations are beyond the
natural attenuation capacity of the soil and aquifer. Therefore, any situation where
the effluent flux can be channeled into treatment facilities before recharge or export
is to be preferred. In such a case, the requirement on the quality at the input can
also be relaxed. Controlled greenhouse agriculture meets this criterion to the highest
degree.

In the case of effluents, discharging to surface waters, two opposing factors
have to be considered. The diluting potential of fast river flows and the remedi-
ation potential of bank overflow areas and wetlands in relation to some of the
pollutants in the agricultural effluents can be considered a mitigating factor. On
the other hand, the eutrophication of the downstream aquatic systems because of
the export of nutrients is a serious problem in many cases, severely curtailing
the use of these waters, as exemplified in Lake Tiberias of the Jordan River
system. Whenever the effluents from the fields drain through identifiable feeder
channels, their remedial treatment can be accomplished relatively easily. Following
dissemination in the larger stream any treatment presents a much more costly
operation.

Irrigation without sufficient drainage creates salinization of soils, soil mechanical
and hygienic problems, and a rise of groundwater levels, often called groundwater
logging. On a long run of time, chemical residuals accumulate by evaporation in
soils and thus contribute on the one hand to salinization and on the other hand
to a reduction of crop yields. As a consequence, irrigated soils, which are not
well naturally drained, must be flushed from time to time with irrigation water,
to leach accumulated salts. Systematic studies on percolation of irrigation water
in the Punjab (Sajjad et al., 1985) and the Jordan valley showed that clay, silt,
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and fine grains sands contribute very little to percolation vertical down, because
capillary forces keep water against gravity: hence, plant water availability is high,
but air availability for plant roots is low; in contrast, coarse grained sands and all
gravels have very good water retention and downward drainage capacities and thus,
contribute little to soil salinization.

Fine-grained soils/sediments need under-drainage to optimize the air/water parti-
tioning in the effective root zone. Under-drainage of fields applies to facilitate
downward movement of water in the effective root zone. To do so, permeable
earth ware or plastic pipes are laid in line at depth of 1–1.2 m b.g.s.. Only in
heavy soils, this drainage must be supported by moling and sub-soiling; moling
consists in forming unlined channels at the surface and sub-soiling refers to deep
ploughing. Both these supporting activities have an efficiency of considerably less
than a decade.

Before the construction of an irrigation system in Pakistan at the end of the
19th century, the average Punjab groundwater table was about 30–40 m below the
ground surface, only along the few rivers it was close to the surface (Fig. 6.2). At
the end of the 20th century, this groundwater table logged to depth close to the
ground surface, as it did in many other areas of the world too. When groundwater
tables approach 2–0 m below ground, actual evaporation turns to potential and thus
accelerates salinization of soils. As in drylands groundwater used for irrigation is
often old and carries lots of sodium, this salinization makes soils and sediments
impermeable for plant roots.

Figure 6.2. Depth to the groundwater table in the Punjab before irrigation times. Numbers in feet.
Arrows = groundwater flow direction
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Flood irrigation costs in developed countries are in normal years at about
250–300 E/ha and may rise in dry years to more than 500 E/ha. Using more
efficient irrigation systems, such as drip irrigation, increased these cost significantly;
therefore, only rich countries apply it.

Any reduction of irrigation water in drylands can be achieved by an appro-
priate selection of crop sequences, cultivation of dry resistant seeds like millet and
Sorghum and finally through a very shallow ploughing (Ellmer et al., 2001). All
these agriculture activities, such as ploughing, the application of fertilizers, pesti-
cides, herbicides, and irrigation can be enhanced in view of crop yield and quality
and a decrease of undesired environmental impacts, such as the reduction of ground-
water recharge or any deterioration of water or air quality, if these tools apply in
an appropriate time, quantity, and intensity. Thus, the global nutrient production
could increase by 70%, although the arable land will increase only by 20% and
the yearly number of crops by 10% (FAO, 2001). A supporting measure can be
greenhouse agriculture, which controls the nutrient and pesticide supply best, and
can save the environment from pollution. However, water practices developed for
temperate climates may not apply in arid area for environmental, economic, and
cultural reasons.

6.2. LAND USE CHANGES: URBAN AREAS

At the beginning of the 21th century, about 50% of the world population lived
in big- or mega-cities, imposing special challenges for drinking water supply and
liquid and solid waste management. Most big- or mega-cities must import their
major water supply from catchments beyond the urban limits, leading to challenges
to manage a surplus of water in a small catchment without losing control on floods
and groundwater levels, which may result in soil mechanical, soil erosion, hill slope
and hygienic problems.

Urbanization changes groundwater recharge significantly, introducing new
recharge mechanisms and modifying existing ones. Common factors to most urban
areas are an impermeabilization of the infiltration interface and a compaction of the
percolation area by constructions and pavements as well as leakages from water
distribution and waste water collector systems. These effects vary as a function of
the scale of settlement, its location in relation to the hydrologic pathways and the
climatic and social settings. Furthermore, the design and operation of the hydro-
logical infrastructure (water supply, drainage and run-off systems, effluent control,
and treatment) are of great importance.

The effect of urbanization on the water resources results from the following
changes of the environment and its hydrologic patterns:
• Micro-climate changes, including increase in precipitation intensity because of

the “heat island” effect;
• Blocking of soil surfaces by impervious layers;
• Release of water intentionally or inadvertently to local recharge or run-off with

a time distribution different from the natural pattern;
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• Release of pollutants.
On the one hand, corrections of river courses accelerate discharge velocities and

volumes and keep in flood periods flood plains free of inundations; thus, it improved
settling activities as well as agricultural activities in mostly fertile flood plains. On
the other hand,
• The increase of flow velocities enhanced erosion, which led to a deepening of the

discharge altitude and in extreme situations to an emptying of alluvial aquifers,
• With increased flow velocities and erosion, river-infiltration reduced, and thus

reduced natural water availability in aquifers, and
• Inundations disseminated nutrients in the flood area, which have now to be

replaced by chemical fertilizers; the Nile valley is a famous example for it.
Urban areas have a significant influence on the formation of precipitation.

Studies in Europe and North America reveal an urban maximum of precipitation
as compared with the urban surroundings; this is attributed to the relative warmth
of towns, the great concentrations of gas and particulate pollutions and mechanical
effects on air motion. They all favor convective precipitation, increase the number
of condensation nuclei, and change the physical boundary conditions to keep water
vapor in the air.

There are four basic processes, dominating run-off in cities:
• Building activities disturb the natural infiltration capacity by dewatering and

compaction of the infiltration pathways,
• The introduction of impervious surfaces increase the run-off speed and reduce

evaporation,
• The introduction of an improved drainage system, which is constant over the

seasons, increases or decreases groundwater recharge,
• Run-off from impervious surfaces begins immediately after storm events as

compared with run-off in open areas, thus, changing the time distribution of
run-off.
Impermeabilization of land surfaces reduce both infiltration and evaporation,

hence, increase and accelerate surface run-off. Storm water management, however,
can compensate the losses of groundwater recharge by appropriate infiltration
techniques. Infiltration in urban areas is often focused to the margins of imper-
meable areas; hence, groundwater recharge may become higher than for natural
vegetation (van de Ven, 1990). A study in Long Island (USA) showed (Ku et al.,
1992) that an impermeabilization of 20–30% of the area leads to
• An increase of groundwater recharge by 12% through infiltration in pavement

margins and infiltration plots and
• A loss of groundwater recharge by 10% through routing the drainage to the sea.

The city of Niamey in West Africa has some 70% of unpaved area; however,
this area compacted to a degree that infiltration capacities reduced (Bouvier, 1990).
Quantifying this groundwater recharge, however, is difficult.

In many big- or mega-cities, it can be observed that beneath the residential areas
of the rich, groundwater recharge is significantly higher than else where, because
of the excess application of irrigation of amenity areas.
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Water distribution and waste water collector systems of urban areas (Seiler &
Alvarado, 1998) can significantly increase groundwater recharge. Water losses of
5% seem to be quite normal, but in some towns of the world, these losses amount to
60% and cause groundwater logging, if water is imported from distant catchments to
towns; contrary, losses from the collector system may impact groundwater quality
(Seiler, 2000).

The general climate setting is one important factor to consider, because of the
different relationships between the surface and the subsurface run-off in response
to the precipitation input for different climates. Under humid conditions, where in
any event groundwater recharge is not limited by the availability of water but rather
by the infiltration capacity, the run-off from the urban area can change the locality
of recharge but usually affects the overall balance of the aquifer only marginally.
Under semi-arid climates, where the surface run-off is normally only a minor
factor in the water balance and the recharge rate is determined by the competition
between the evapo-transpiration losses from the soil layers and the percolation rate,
the prevention of the natural infiltration by the impervious surfaces detracts from
the recharge to any underlying aquifers and a decline of the water table, possibly
accompanied by encroachment of saline waters.

The situation is quite different in the arid drylands where, as described above,
some degree of surface run-off is a necessary condition for the occurrence of
recharge. In this case, the higher yield of run-off for any given precipitation event
can be a positive factor in the quantity of the recharge flux, provided the run-off is
properly channeled onto a suitable infiltration site. However, the possible polluting
effect of these surface waters, if not treated properly, requires attention.

6.3. GLOBAL CHANGES AND THE WATER CYCLE

The climate system on earth was always changing, which, however, evolved
mostly slowly, and was always followed by a long readjustment time of subsurface
hydraulic system; this becomes evident from dry-lands, where water discharges from
the geologic time occur till today, although significant groundwater recharge does
presently not occur. As compared to these slow, natural changes, a growing number
of humans accelerated these changes, because of food and energy production.

Present global changes refer to two basic human activities, which have a climate
implication; men’s activities
• change the land surface, which is an important receptor and transformator of

solar energy, heat, and run-off from precipitation, and
• influence the chemical composition of the atmosphere, which is in between others

responsible for the filtering of solar energy and storage of heat.
Although men’s activities exist since many hundred thousand years, a growing

population number and activity shifted global changes from a local to a global scale
of concern as other bio-populations also did in the geologic past.

The atmosphere and the interface atmosphere/hydrosphere/biosphere/lithosphere
belong to a dynamic system with an inflow, reflection, and transformation of solar
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energy and precipitation. This system governs the water cycle and becomes modified
by the distribution of land and ocean masses, by topography factors, a changing
vegetation cover, by polar ice, as well as atmospheric water vapor and clouds. All
interactions and feed backs in this coupled system are complex and not yet adequate
quantitatively understood.

Any change in the heat production, storage, and distribution mechanisms will
change the water cycle on a regional or global scale and affect all sectors of our
life, such as food security, human and ecosystem life and health. Historically and of
local dimension, such changes are known from the migration of nations according to
their socio-economic resistance, the soil fertility, and the degree of climate changes.

In recent times, only few issues have produced so much scientific and political
attention and controversy discussions as the increase of greenhouse gases (mainly
CO2 and CH4) and its consequences for life and health. CO2 emissions date mainly
from energy generation and hydrocarbon processing, CH4 from the intensification
of agriculture.

From the beginning of the industrial age till the end of the 20th century, the
average temperature has increased by about 0.6�C and the average sea level has
logged by about 0.1–0.2 m; in the same period of time, rainfall increased in
the North of the north-hemisphere, but decreased in the tropics and subtropics
of Africa and Southeast Asia. These just noticeable changes increased from
1960 to 2000 about three times the economic losses by natural disasters. Such
disasters were
• diseases and plagues,
• floods and draughts,
• hill slope stability.

According to the output of GMCs, the present assessment of climate prediction
for the end of the 21st century furnishes a temperature increase of minimum 1.4�C
to maximum 5.8�C as compared with the beginning of the industrial period with
the consequence of
• increasing EP, TP, and precipitation, resulting in a wetter world,
• higher precipitation variabilities and intensities,
• shift of peak stream flow in mountain areas from the spring to the winter season,
• increased melting and calving of polar ice and reduction of the volume of

mountain glaciers,
• an Arctic Sea, which will partly or completely be ice free during the summer

period,
• a further mean sea level rise from 1990 to 2100 of 0.1–0.9 m, which exceeds

the already observed rate in the 20th century by 2.2–4.4 times, hence, damaging
coastal areas and moving the salt-/fresh-water interface landwards,

• a reduction of the permafrost in Siberia by about 0.5 m and in the high mountains
with the consequence of the disappearance of some lakes in permafrost regions,
more rock slides and avalanches in mountain areas,

• a further decrease of precipitation in South Africa, Australia, the Near East and
Central America,
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• seasonal changes of precipitation amounts in North America and Western Europe,
• changes of the precipitation intensities.

Even with a drastic reduction of greenhouse gas emissions, the present climate
trend will continue beyond the 21st century, because of a delayed response time of
global ocean and ice shield systems. So, all such changes will trigger a significant
transient behavior not only at the output but also at the input site, as it is well
known from desertification processes and the change of hydro-geologic systems
from an exorheic to endorheic discharge system.

Global warming will have major impacts on the magnitude and mean residence
times of surface and subsurface run-off. However, completely unknown but of
outstanding importance is the missing knowledge, if mankind moved under natural
conditions from an interglacial to the next or to the end of the Cenozoic glaciations;
it is well known that the last interglacial age (150–80 ka B.P.) had a significant
warmer climate in Central Europe than present. As this discussion lacks any degree
of accuracy in our prediction and is faced with a transient behavior of natural
systems, it is still difficult to really assess the magnitude of impact of greenhouse
emissions for the future availability of water resources, especially for groundwater
recharge.

Comparing globally the predicted changes with the present water availability
(Table 2.2) would result in no serious problems for Americas and Australia,
because the present high availability of water per capita and year exceed 10,000 m3

(Table 2.2) as compared with the minimum or maximum total water demand of
1,000–1,500 m3/(capita and year). On the contrary, in some areas of South Europe,
North Africa, and the Near East, water scarcity will raise serious problems.

From a plant physiologic point of view, on the one hand, elevated CO2 concen-
trations decreased the stomata resistance of leafs, hence, transpiration; this effect
expresses stronger in herbs than trees. On the other hand, high CO2 contents will
also stimulate the growth of leafs and larger leafs could compensate the reduced
stomata water losses of small leaves.

Not only CO2 but also ozone influences the continental water cycle; abundant
ozone reduces plant growth, hence, also transpiration. This ozone is produced by
combustion processes.

Another aspect of global climate changes refers to the snow/rain ratio. Snow is
a more important external water reservoir than dams and artificial lakes; it shifts
discharges from winter to spring/summer time by delay, does not suffer from
significant evaporation or sublimation losses, and is on a long run of time not
submitted to any geometric reservoir change by sedimentation. These properties of
snow covers offer, for example, to some areas of the Near East, South Iran, the
Punjab, Central Europe, Western America, and many inner Asian areas a seasonally
better equilibrated discharge (section 3.1) and more intensive groundwater recharge
than rain produced alone, hence, favors access for domestic and irrigation water
use. Any temperature increase will decrease the snow/rain ratio as compared with
present, will speed up snowmelt and discharge of melt water, and, thus, mostly
increase erosion and, if stored in surface reservoirs, unproductive evaporation losses.
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All these factors produce a change of groundwater recharge and oblige to construct
new and higher dams to replace the natural by an artificial retardation of surface
discharge.

In unconsolidated rocks with overland-, inter-flow and groundwater recharge,
a reduction of rain, however, may reduce overland- and inter-flow, but increase
groundwater recharge (section 3.5); however, if this reduction of rain parallels an
increase of the rain intensities, groundwater recharge may also reduce.

From these few examples comes out that an assessment of the impact of the
present global change on the continental water cycle and groundwater recharge is
still difficult. As a consequence, only future sceneries can be elaborated, which
may be far from realistic. Therefore, and being aware that global changes will
occur, hydrology has to develop concepts of flexibility on water management
and on how the natural water cycle becomes influenced by means of water
imports/exports, including the desalination of ocean water. This flexibility requires
from hydro-geologists more precise data on the amount and fate of groundwater
recharge. Water managers, who often seem to be mainly interested in assessing
short-term risks to reducing vulnerability, should be encouraged to take climate
variability and change more serious. And adaptation to climate change, in parallel
with mitigation, should be included in national development plans under integrated
water resources management (IWRM). IWRM itself is all about managing for
variability and change, including climate impacts.
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water tension, 34, 92, 95, 145

Catchment, 3, 9, 13, 16, 21, 22, 27, 28, 33, 37,
47, 50, 62, 65, 69, 77, 79, 82, 85, 88, 90, 98,
117, 122, 136, 145, 153, 158, 164, 169, 171,
176, 195, 197

Channel flow, see preferential-flow
Chemical

environment, 20
tracer, 98, 111, 149, 151, 157

Chalk, 65, 81, 122, 123, 163
Chloride, 4, 55, 114, 118, 126, 140, 149, 156,

167, 172, 175, 176, 186
Clay, 34, 43, 46, 61, 78, 85, 86, 89, 92, 98, 102,

149, 159, 160, 163, 168, 174, 190, 193
Climate change, 2, 7, 118, 129, 133, 159,

195, 198
Closed system, 74, 77, 124, 153
Conceptual model, 3, 19, 64, 86, 95, 97, 99, 114,

164, 166, 168
Condensation, 12, 32, 33, 38, 41, 115, 127, 130,

132, 196
Conductivity, hydraulic, 16, 21, 48, 53, 57, 64,

74, 79, 80, 87, 90, 97, 127, 163, 168
Compartment model, 101
Connate water, 6, 26
Conservative tracer, 101, 140
Continental effect

chloride, 115
2H/18O, 130

Cosmic radiation, 107, 119, 126
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Consolidated aquifer, see aquifer
Convection-dispersion equation, 145
Crops, 39, 43, 45, 72, 76, 78, 87, 89, 165, 171,

174, 178, 187, 189, 195, see also plants
and vegetation

Dalton equation/ process, 74
Darcy

flow, 48
law, 48, 90, 93

Dating of water, 71, 79, 83, 107, 111, 114, 125
Deep groundwater, 6, 23, 26, 28, 76, 101, 125,

161, 162
Degradation, 2
Delta notation, 104, 113
Deposition, 37, 39, 56, 101, 115, 117
Desalination, 191, 200
Desert, 12, 21, 26, 32, 36, 37, 42, 127, 176,

180, 181
Desertification, 199
Deuterium (2H), 51, 83, 100, 101, 103, 105, 111,

117, 125, 126, 128, 130, 136, 139, 148, 155,
175, 176, 181

excess, 131, 132, 185
Dew, 3, 12, 32, 38, 40, 87, 95, 154
Diffusion, 26, 55, 108, 121, 123, 127, 146, 163,

181, 185, 186
matrix, 123, 146
molecular, 26, 55, 108, 121, 123, 146, 163

Discretizing models, 55, 101
Dispersion, 29, 53, 90, 99, 108, 123, 125, 142,

145, 146, 151, 157
longitudinal, 146
transverse, 29, 151

Dispersivity, 146, 147
Dissolved organic carbon (DOC), 20, 83, 139,

155, 166, 170, 171
Drip irrigation, 191, 195
Dye tracers, 99, 103, 146, 149

Electric conductivity, 127, 139, 155, 171
Endorheic areas, 6, 7, 13, 27, 28, 71, 199
Enrichment

chemical, 38, 157, 160
isotope, 107, 128, 133, 135 174, 181, 183, 191

Environmental tracer, 4, 23, 59, 64, 83, 97, 99,
108, 111, 114, 123, 150, 155

non-reactive, 83, 101, 114, 117, 143, 145, 146,
148, 150, 157, 168

Epizone, 163, 168
Evaporation, 5, 9, 27, 31, 34, 37, 40, 45, 71, 77,

84, 86, 101, 114, 117, 126, 132, 139, 144,

148, 149, 150, 153, 163, 168, 172, 175, 177,
178, 180, 185, 189, 191, 192, 193, 194,
196, 199

potential, 11, 74, 77, 124, 163, 194
present, see present evapo-transpiration

Evaporites, 111
Evapo-transpiration, 3, 7, 9, 14, 28, 31, 38, 47,

70, 72, 76, 85, 88, 97, 103, 118, 133, 154,
158, 175, 177, 189, 192, 197

present, 70, 77, 85, 88, 118, 163, 170
Event rain/discharge, 18, 33, 37, 40, 42, 45, 50,

55, 62, 72, 73, 79, 81, 83, 115, 116, 121,
127, 130, 133, 139, 145, 149, 154, 160, 166,
168, 175, 177, 181, 189, 196, 197

Exorheic areas, 6, 7, 9, 10, 12, 27, 71, 199
Exploration, 69
Exploitation, 2, 21, 26, 39, 65, 69, 142, 176

Fertilizers, 111, 172, 190, 193, 195, 198
Field capacity, 49, 53, 67, 77, 91, 95, 97, 104,

116, 175, 177, 192
Filtering (mechanical), 18, 61, 65, 83, 126,

140, 167
Filter velocity, /flow, 17, 48, 90, 97, 99, 154, 157
Fissured rock, 21, 28, 46, 50, 65, 79, 85, 140,

163, 180, 184
Flood irrigation, 47, 49, 191, 195
Flow

capillary, 91, 95
concevtive dispersive, 145
Darcy, 48, 90, 93
direction, 16, 22, 62, 99
gravitational, 91
macropore, see preferential-flow
preferential, 34, 47, 50, 89, 97, 98, 121, 124,

126, 144, 148, 157, 174, 176
steady- state, 1, 69, 146
transient, 1, 7, 26, 88, 154, 158
unsaturated, 90
velocity, 36, 53, 55, 97, 123, 146

Fluorescent tracers, 149
Flux

tracer/matter, 3, 38, 42, 87, 99, 101
vapor, 66, 74
water, 18, 31, 43, 48, 51, 67, 84, 85, 97, 99,

118, 133, 135, 174, 177, 188, 192
Formation water, 26
Fossil groundwater, 4, 21
Fractionation, 102, 104, 107, 115, 126, 132, 135,

144, 150, 153, 157, 181, 185
Fresh-water, 1, 5, 7, 8, 11, 12, 26, 91, 114, 115,

128, 148, 198
Frozen ground, 20, 47, 103, 112, 185
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Glaciers, 6, 9, 11, 19, 32, 34, 129, 159, 163, 198
Global change, see climate change
Global warming, 6, 199
Global Meteoric Water Line, 132
Gravitational flow, 91
Gray water, 7, 27
Green water, 72
Ground ice, 20, 47, 90, 95, 103, 184
Groundwater

present, 1, 4, 6, 26, 28, 83, 118, 156, 158,
162, 175

exploitation, see exploitation
exploration, see exploration
fossil,4�21
historic, 1, 4, 6, 28, 83, 108, 118
mining,27
mixing,3, 99, 105, 107, 115, 132, 141
modelling, 21, 56, 69, 97, 149, 156, 164, 172
perched,16, 50, 62, 71, 78, 86, 91, 154,

165, 169
protection, 2, 19, 26, 38, 99, 145, 150,

164, 166
quality,4, 18, 28, 31, 37, 61, 65, 102, 161
recent, see present groundwater

Half life, 24, 71, 107, 110, 118, 120, 124
Historic groundwater, 1, 4, 6, 28, 83, 108, 118
Humid climates

temperate, 19, 22, 26, 28, 33, 42, 52, 54,
116, 121

tropical,1, 2, 11, 14, 19, 16, 31, 42, 70
Hydraulic, 3, 16, 21, 24, 26, 34, 46, 50, 53, 57,

60, 62, 65, 70, 86, 90, 97, 142, 145, 155,
157, 168, 171

boundary conditions, 2, 46, 57, 70, 81, 86, 123
conductivity, see conductivity hydraulic
functions, 17, 46, 49, 57, 59, 60, 64, 78, 94,

98, 116,
head/gradient, 17, 53, 60, 62, 81, 90, 91, 158
interfaces, 4, 19, 62, 91, 162
parameters, 4, 19, 70, 86, 101, 158
short cut, 27

Hydrodynamic dispersion, see dispersion
Hydrogen isotope, see deuterium and tritium
Hydrograph, 19, 50, 53, 55, 56, 59, 62, 71, 78,

81, 149, 154, 171, 172
Hygieny, 27, 193, 195

Ice pillow, 20, 184
Infiltration

capacity, 42, 45, 116, 133, 174, 189, 196, 197
rate, 46, 47, 49, 65

Input function, 3, 37, 119, 123, 126, 156
Inter-flow, 13, 17, 19, 31, 43, 44, 45, 47, 50, 53,

54, 56, 62, 79, 89, 91, 101, 118, 134, 144,
149, 155, 163, 166, 171

Ion exchange water, 111, 161
Irrigation, 4, 47, 49, 62, 64, 69, 72, 103, 136,

150, 161, 164, 173, 187, 190
return water , 64, 192

Isotopes
abundance, 105, 113
14 C, carbon, 23, 25, 71, 100, 107, 110, 120,

124, 185
environmental, 4, 61, 71, 83, 104, 107, 113,

138, 140, 155, see also environmental
tracers

fractionation, see fractionation
hydrogen, see deuterium and tritium
natural production, 119, 120
oxygen, see oxygen (18O)
radioactive, 23, 100, 104, 107, 113, 114,

120, 122
Interception, 13, 31, 37, 115, 139, 154, 168, 189

deposition, 37, 39, 56, 101, 115, 117
Dew, see dew
dry deposition, 37, 39, 117
wet deposition, 37, 39, 40, 41

Juvenile water, 160

Karst, 6, 28, 46, 78, 85, 86, 136, 163, 175
Kinetic fractionation, 135
Krypton-85 (85Kr), 17, 71, 100, 108, 123

Lakes, 1, 4, 6, 8, 11, 28, 42, 59, 71, 128, 134,
136, 154, 167, 174, 184, 198, 208

Land use, 1, 4, 20, 38, 44, 70, 72, 78, 90, 114,
145, 161, 164, 172, 189, 195

Lateral flow, 18, 56, 57, 83, 87, 142, 157,
168, 169

Latitude effect, 105, 129
Leaching, 22, 86, 161
Lichens, 42
Liquid Scintillation counter (LSC), 107, 112, 148
Local Meteoric Water Line, 117, 168
Longitudinal dispersion, see dispersion
Lump sum model, 123

Macropore flow, 174, see also preferential-flow
Mass balance, 3, 69, 72, 119, 121, 122, 124, 148,

150, 152, 153, 157
Mass spectrometry, 107, 111, 113
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Matrix, 34, 46, 50, 81, 108, 123, 161, 169
diffusion, 146,
flow/flux, 50, 67, 90, 91, 97, 123, 124, 141,

144, 145, 157, 172, 174
potential, 47, 74, 91
suction, 56, 67, 87, 93, 142, 148, 151, 157

Mean residence time, 7, 21, 29, 66, 120, 125,
141, 142, 150, 161, 199

Melt water (snow, ice), 3, 13, 19, 34, 45, 48, 49,
57, 79, 83, 103, 121, 129, 133, 135, 138,
149, 155, 172, 185, 186, 199

Meteoric Water Line (MWL), 105, 107, 117,
132, 168, 175

Mixing of water, see groundwater mixing
Moisture

soil/sediment, 5, 11, 41, 42, 46, 67, 133, 135,
144, 173, 177, 190, 191

air, 12, 37, 127
Model calibration, 70, 166

black-box, 101
discretizing, 55, 101

Molecular diffusion, see diffusion
Mosses, 42, 116

Natural attenuation, 1, 2, 7, 18, 19, 28, 66,
169, 193

Nitrates, 140, 167
Non-reactive tracer, 83, 101, 117, 143, 145,

148, 150

Ocean currents, 7, 14, 159
Ocean/land partitioning, 110, 120, 126, 187
Old groundwater, 111, 156
Open system, 74, 135
Output, 31, 34, 37, 70, 86, 99, 101, 107, 117,

122, 123, 125, 142, 148, 198
Overexploitation, 27
Overland-flow, 3, 13, 25, 31, 33, 43, 46, 47, 53,

56, 62, 79, 80, 86, 89, 101, 118, 134, 138,
141, 154, 157, 161, 167, 171, 176, 178, 180

Oxygen-18 (18O), 36, 83, 84, 100, 103, 105, 107,
111, 117, 125, 126, 128, 139, 155, 181

Ozone, 74, 190, 199
Ozone layer, 190

Present evapo-transpiration
see evapo-transpiration

Passive groundwater recharge, 26, 71, 124
Perched water, see groundwater, perched
Percolation, 3, 17, 21, 29, 31, 37, 43, 45, 50, 52,

57, 62, 64, 66, 67, 72, 73, 85, 86, 87, 90, 93,
95, 97, 102, 108, 114, 121, 145, 157, 165

Permafrost, 1, 5, 9, 13, 16, 18, 20, 28, 55, 56, 95,
121, 149, 159, 163, 166, 184, 198

Piston flow, 55, 121, 123, 145, 150
Plants, see crops and vegetation
Polar ice, 198
Pollutant, 85, 168, 193, 196
Pore size distribution, 34, 42, 47, 53, 61, 92
Potential evaporation, see evaporation
Potential energy, 91
Precipitation

advective, 32, 153, 154, 160
chemistry, 118
convective, 12, 32, 67, 71, 126, 128, 131, 139,

154, 160, 196
frontal, 32, 128, 154, 160
intensity, 20, 32, 44, 115, 128, 130, 171,

173, 195
water balance, see balance water

Pre-event water, 52, 56, 79, 83
Preferential-flow, see flow preferential
Proportional Gas Counting (PGC), 112

Radioactive decay, 107, 122
Rayleigh process, 105
Recent groundwater, see groundwater, present
Reference elementary volume (REV), 50, 70, 86,

89, 95, 97, 99, 156
Reservoir, 5, 6, 7, 19, 31, 34, 36, 55, 65, 78, 79,

81, 108, 135, 153, 155, 164, 174, 176, 199
Residence time, see mean residence time
Residual water, 93, 97, 101, 133, 175, 185
Retardation, 102, 200
Return

flow, flux, 131, 134, 174
water, 64, 192

Richard’s equation, 93
River-bed-infiltration, 146
Root zone, 4, 20, 37, 39, 42, 46, 56, 74, 83, 86,

101, 111, 117, 144, 155, 156, 167, 168,
172, 194

Runoff components, 6, 18, 25, 31, 43, 53, 59, 71,
78, 133, 139, 140, 154, 166, 167, 172

Saline water, 193, 197
Salinization, 20, 26, 43, 119, 192
Sampling of water, 56, 108, 112, 121, 124, 137,

141, 143, 150, 152, 157, 185
Sandstone, 65, 81, 123, 163, 182
Saturated zone, 16, 48, 63, 64, 178
Seasonal variation

evapo-transpiration, 14
isotopes, 120, 125
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temperature, 14, 67
Sedimentary rock, 27, 164
Shrinking cracks, 34, 54, 72, 177
Snow, 5, 11, 13, 15, 32, 34, 36, 39, 40, 41, 48,

130, 133, 139, 149, 185, 199
cover, 5, 11, 34, 41, 48, 139, 149, 199
melt, 3, 32, 35, 57, 79, 83, 103, 121, 135, 138,

139, 149, 155, 189, 199
Soil

organisms, 40, 167, 190
solution, 117, 146, 152
water, 1, 46, 47, 66, 103, 132, 133, 140, 148,

156, 166, 168, 174, 189, 192
Soluble rocks, 163
Sorption, 18, 40, 102, 111, 140, 152
Sprinkling irrigation, 191
Standards (isotopes), 104, 110
Steady-state flow, 1, 7, 28, 52, 69, 134, 140, 146
Stratosphere, 108, 120
Subsurface water, 3, 23, 26, 28, 43, 56, 59, 66,

71, 92, 101, 104, 105, 108, 114, 118, 120,
125, 138

Suction, see matrix suction
Suction cup/plate, 86, 87, 88, 143, 151
Subsidence, 20, 81
Sulphate, 140, 161, 162, 167, 168
Surface tension, 34, 46, 92, 116
Surface water, 3, 5, 23, 26, 28, 43, 45, 46, 59, 66,

71, 92, 101, 105, 106, 114, 118, 120, 134,
138, 148, 151, 174, 181, 185, 189, 193, 197

Temperature, 5, 7, 11, 13, 18, 20, 26, 29, 34, 36,
42, 66, 73, 75, 77, 79, 91, 92, 101, 104, 112,
120, 126, 129, 141, 152, 161, 184, 198

Tensiometer/TDR, 47, 50, 86, 87, 92, 95, 97,
142, 166, 192

Thaw, 20, 163, 184
Tracer, see environmental tracers
Transfer function, 56, 70, 85, 99, 134, 145, 154
Transient flow, see flow

Transverse dispersion, see dispersion
Tritium (3H), 23, 25, 71, 83, 100, 103, 107, 108,

110, 119, 124, 148, 157, 175, 184
half life, 24, 71, 107, 120, 124
naught line (TNL), 23, 24, 124
unit, 110

Troposphere, 108, 120, 126, 127
TU, see tritium
Turnover time of groundwater, see mean

residence time

Unconsolidated aquifer, see aquifer
Unsaturated flow, see flow

Vadose zone, 16, 32, 50, 60, 66, 67, 85, 86, 90,
95, 97, 108, 116, 121, 122, 123, 175, 176

Vapor, 1, 5, 9, 12, 33, 66, 74, 114, 126, 132, 133,
135, 181, 185, 186, 196, 198

condensation, 12, 32, 38, 115, 127, 130, 132,
196

flux, 66, 74
Vegetation, 4, 11, 14, 32, 34, 37, 39, 42, 46, 54,

57, 66, 69, 72, 73, 76, 81, 83, 85, 89, 96,
103, 117, 120, 127, 128, 140, 152, 154, 166,
171, 172, 178, 189, 190, 192, 178, see also
crops and plants

Velocity, see flow
Watershed, see catchment
Weathering, 5, 15, 16, 17, 18, 54, 56, 83, 102,

117, 120, 140, 159„ 190
Weighted mean, 131, 137, 139, 145, 151
Wilting point, 67, 93, 97

Yield, 2, 41, 60, 92, 93, 163, 177, 178, 185, 190,
195, 197

safe yield, 163
Young groundwater, 22, 72

Zeta potential, 102
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