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Fig. 3. Fricktal , Switzerland
Opaline Clay in Tractor Tracks
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Fig. 4. Fricktal, Switzerland
Excavation Site of Opaline Clay for 

Brick Production
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Fig. 5. Fricktal, Switzerland
Pattern of Erosion in Riverbed
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Fig. 6. Fricktal, Switzerland
Cracked Opaline Clay
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Fig. 7. Fricktal, Switzerland
Eroded  Opaline Rock
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Fig. 8. Fricktal, Switzerland
Pile of Opaline Clay 

Keller AG Brick Works
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Fig. 9. Loos-En-Ghoelle, France
Abraumhalde
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Fig. 10. Walla Walla County, USA
Rural Patterns
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Fig. 11. Advertisement
Bucketdigger



1 - 11

THE CLAY

Fig. 12. Garzweiler, Germany
Open Mining Pit for Brown Coal
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Fig. 13. A. Baltzer
Opaline Clay Landslide
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Fig. 14. 1991, New York, USA
On the Stability of Earth Slopes

H.-Y. Fang (ed.), Foundation Engineering Handbook
© Springer Science+Business Media New York 1991
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Fig. 15. Fricktal, Switzerland
Plants growing in a Clay Pit
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Fig. 16. Fricktal, Switzerland
Pond, formed in a Clay Pit
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Fig. 17. Fricktal, Switzerland
Reeds growing in a Clay Pit
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Fig. 18. Kazakhstan
The Polgon Nuclear Test Site IV
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Fig. 19. Wauwiler Moos, Switzerland
Aerial
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Fig. 20. 
Nagra Report on the Reuse of Opaline Clay
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Fig. 21. Leioceras Opainum
Fossil found in Opaline Clay
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Fig. 22. SwissTopo
Geogological Map of Gösgen
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Fig. 23. Munich, Germany, 1969 
Walter de Maria

Munich Depression
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Fig. 24. Lelystad 1977, Netherlands
Robert Morris

 Observatory
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Fig. 25. Solothurner Zeitung
Yellow bellied Toad in Riedbrunnmatt
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Fig. 26. Riedbrunnmatt, Switzerland, 2021
Field excavated by local Farmer 

for the Toads
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Fig. 27. Zoning Plan, Däniken 2020
Marked Area of the protected Toad Reserve
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Fig. 28. 
University of Zurich, Switzerland 2007 

Methods  on how to relocate amphibians

Umsiedlung einer Amphibienpopulation in der Schweiz

Abstract

Im Fallbeispiel wird die Umsiedlung einer Amphibienpopulation bzw. die Schaffung eines
Ersatzgebietes für ein Amphibienlaichgebiet von nationaler Bedeutung beschrieben. Im Vortrag
beschreibe ich die (politische) Geschichte dieser Sache, die Kriterien an die Wahl des Standorts des
Ersatzes, die Anforderungen an die Grösse des Ersatzes und die Art und Weise der Umsiedlung der
Amphibien.
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Fig. 29. Yellow Bellied Toad Swimming
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Fig.  30. Bombina variegata
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Fig. 31. Trakhtenbrot, , Israel 2013  
Mechanics of Seed Dispersal by Wind over 

hilly Terrain
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a b s t r a c t

Seed dispersal is the main movement mechanism used by plants. The last decade saw rapid progress in
understanding the underlying processes, especially for dispersal by wind, in part due to new mechanistic
modeling approaches that account for turbulent fluctuations. Yet, current wind dispersal models stop
short of explicitly incorporating the effects of landscape topography on the main transporting vector –
wind, so that the effects of wind variability over hills on dispersal patterns remain by and large unstudied.

A new mechanistic model was developed that combines Eulerian wind statistics derived from a simpli-
fied analytical approach of flow over gently sloped forested hills with a Lagrangian seed trajectory model.
Model runs were used to explore the effects of seed release location along the hill on dispersal kernels
predicted by the new model in relation to their flat-terrain counterparts. The model was parameterized
for a Pinus taeda plantation, and a range of seed motion capacities represented by terminal velocity and
release height, and realistic topographic variation were then explored.

To evaluate model performance, computed kernels were compared to kernel measurements collected
in a large flume for spherical ‘seeds’ released near the top of a rod canopy covering gentle cosine hills. The
evaluation showed that the model reproduced the key experimental differences in dispersal patterns for
releases at the hill crest and bottom.

The simulations revealed several novel findings. For seeds released within the canopy, both median
and 99th percentile dispersal distances on the hill upwind side were up to two times longer than on
flat terrain for the same motion capacity. Seeds released on the lee side traveled mostly toward the hill
crest – following the local within-the-canopy wind direction. This direction was contrary to the ‘regional’
wind direction set by the flow conditions above the canopy. There, the directionality of the long-distance
dispersal was additionally dependent on uplifting probability, affected by seed motion capacity.

It was demonstrated that neglecting the effects of even gentle topography in mechanistic seed disper-
sal models can lead to biased estimates of dispersal distances and directionality on hilly terrain. These
results are pertinent to plant population demography, connectivity and spread on hills. More broadly,
the approach developed here can be extended to movement of pollen and various airborne organisms
over hills.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Seed dispersal, or the transport of seeds away from a par-
ent plant, is the main movement mechanism in plants (Ridley,
1930; van der Pijl, 1982; Levin et al., 2003; Nathan et al.,
2008b). As such, seed dispersal is central to a broad array
of ecological processes. Short-distance dispersal (SDD) gener-
ates the spatial template for subsequent demographic processes

∗ Corresponding author at: Nicholas School of the Environment, Box 90328, Duke
University, Durham, NC 27708, USA. Tel.: +1 919 613 8068; fax: +1 919 684 8741.

E-mail addresses: anna.trakhtenbrot@duke.edu, ana.trakhtenbrot@mail.huji.ac.il
(A. Trakhtenbrot).

(e.g. establishment) and plays a role in species coexistence.
The inherently rare long-distance dispersal (LDD) is crucial for
landscape-scale processes such as colonization of new sites or re-
colonization after a local extinction, inter-population connectivity
and gene flow, and community assembly from the metacommunity
(Levine and Murrell, 2003; Trakhtenbrot et al., 2005; Nathan et al.,
2008b).

On the individual and the population level, the spatio-temporal
dispersal patterns result from the intricate interplay of the plant
traits determining the seed dispersal ability (motion capacity sensu
Nathan et al., 2008a) and the vector characteristics, such as its
seed load (Nathan et al., 2008b; Cousens et al., 2008). In the
transportation phase of the dispersal event, factors affecting the
movement of the dispersal vector(s) are of the utmost importance

0304-3800/$ – see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.ecolmodel.2013.11.029
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(Nathan et al., 2008b). The movement of both biotic and abiotic
vectors is well known to be affected by landscape heterogeneity
(e.g. Mack, 1995; Levey et al., 2005, 2008; Belcher et al., 2012).
Topography is a widespread heterogeneity defining natural land-
scapes. Yet, while the effects of topography on dispersal were
previously studied on a wide range of spatial scales – from micro-
topographic effects on seed deposition (e.g. Reader and Buck,
1986) to the possible role of mountain ranges as dispersal barri-
ers (e.g. Rupp et al., 2001; Gugger et al., 2008), only a few studies
have examined mechanistically and systematically the effects of
complex topography on the movement of seed dispersal vectors
and on its consequences to dispersal distances and directionality.
One exception is the Mack (1995) study showing that Aglaia aff.
flavida seeds dispersed by dwarf cassowaries (Casuarius bennetti)
were moved predominantly uphill, mainly due to cassowary-
preferred resting sites on ridgetops and level bluffs; while seeds
contained in fruit falling from the trees and not treated by cas-
sowaries were deposited mainly downhill from the source due to
gravity.

Studying the effects of topography on the movement of biotic
dispersal vectors may be extremely challenging and species-
specific, as exemplified by Mack (1995). On the other hand, since
wind is a dispersal vector common to many species and ecosys-
tems (Willson et al., 1990; Ozinga et al., 2004), and because wind
dynamics can be predicted from physical principles, wind disper-
sal is a logical starting point to disentangle the possible effects of
topography on seed dispersal kernels.

Significant effort was devoted to mechanistic treatment of wind
mediated dispersal over the last decade (see review in Nathan
et al., 2011b). Indeed, there is wide agreement (e.g. Cousens
et al., 2010) that currently mechanistic modeling is more advanced
for wind than for other dispersal vectors. Physical models pro-
vide insights on possible causal links between the movement of
this vector and its interaction with environmental factors and
the dispersal patterns (Nathan et al., 2001, 2002a,b; Tackenberg,
2003; Soons et al., 2004; Katul et al., 2005; Nathan and Katul,
2005; Nuttle and Haefner, 2005; Kuparinen et al., 2007; Bohrer
et al., 2008; reviewed in Kuparinen, 2006 and in Nathan et al.,
2011b). A major advancement in recent years was in incorpo-
rating into the mechanistic models some of the main features
of turbulent vertical velocity fluctuations whose coherency and
vertical gradients were shown to be necessary to the onset
of LDD (Nathan et al., 2002b; Tackenberg, 2003; Soons et al.,
2004; Kuparinen et al., 2007; Bohrer et al., 2008; Wright et al.,
2008).

Hilly terrain changes the basic balance of forces driving wind
flow as compared to flat terrain (Stull, 1988; Finnigan and Belcher,
2004). These fundamental differences are expected to alter seed
dispersal kernels, yet have rarely been considered in present mech-
anistic models or in empirical studies. A recent laboratory study in
a flume demonstrated that dispersal distances of heavy spherical
particles released from the top of a rod canopy situated on top of
a gentle cosine hill were considerably larger than their counter-
part releases at the bottom of the hill for the same canopy (Katul
and Poggi, 2012). Yet, most mechanistic models of seed dispersal
by wind to date were developed for flat terrain with perhaps some
exceptions (Tackenberg, 2003; Horn et al., 2012). In one previous
effort, incorporating some effects of topography into mechanis-
tic seed trajectory calculations was attempted (PAPPUS model,
Tackenberg, 2003), though this treatment was primarily an align-
ment of the mean flow streamlines along the topography using a
pre-defined angle between the mean flow and topography. Thus,
a mean vertical velocity component, resulting from the inclination
of the wind vector direction to follow the terrain, was added (in
contrast to a mean zero vertical component on flat terrain). PAP-
PUS did not explicitly model or treat spatial (i.e. horizontal and

vertical) variations in wind flow dynamics generated by non-flat
topography.

The lack of mechanistic seed dispersal models by wind for
hilly terrain is not surprising given that simplified theories for
turbulent wind flow over a hill covered by a uniform vegetated
canopy, as opposed to a bare hill (Jackson and Hunt, 1975), was
only developed in the last decade (Finnigan and Belcher, 2004,
reviewed in Belcher et al., 2008, 2012). Analytical models of flow
over a gentle hill covered by uniformly vegetated canopy were
tested in flumes and via Large Eddy Simulations (LES) runs for
isolated and train of gentle hills (Finnigan and Belcher, 2004;
Poggi and Katul, 2007a,b,c; Dupont et al., 2008; Poggi et al., 2008;
Patton and Katul, 2009). Good agreement between analytical mod-
els and observed mean flow patterns was reported in several cases
(Poggi et al., 2008) – at least for the case of gentle hills and
dense yet tall canopies. The relative simplicity of these analyti-
cal approaches is advantageous for incorporating them into seed
dispersal models, since they enable computing dispersal patterns
over large temporal (up to yearly) and spatial (up to tens of kilo-
meters) domains that are the most relevant for many ecological
processes.

Building on these previous efforts, a model is constructed so as
to examine, for the first time, the effects of topography-induced
variability in wind dynamics on seed dispersal by wind, as refer-
enced to the flat terrain scenario. Our main goal was proposing a
model that enables both to test hypotheses about the topograph-
ically induced modifications of the dispersal patterns and, more
importantly, to generate new hypotheses on dispersal patterns.
Specifically, for SDD, our hypothesis was that variations in dis-
persal distances and direction across the hill will follow patterns
of within-the-canopy mean terrain-following wind velocity estab-
lished in vicinity of the release site. The complex interaction of the
mean terrain-following and normal-to-terrain velocities and the
turbulent wind parameters (both within and above the canopy)
that governs LDD prevents formulation of specific hypotheses
on LDD patterns. It follows that the model runs serve here to
generate novel hypotheses on LDD in complex terrain and its
potential role in inter-population connectivity in terms of dis-
persal directionality. It is envisaged that these new hypotheses
and model runs will guide the planning of future field experi-
ments intended to explore the role of topography on dispersal
patterns.

2. Methods

2.1. Overview of wind flow over hills

The main factors affecting wind flow over a hill are the hill
slope, surface roughness, and the atmospheric stability param-
eter, a dimensionless variable that dictates whether the flow is
dominated by mechanical or by convectively produced turbu-
lence (Stull, 1988; Finnigan and Belcher, 2004). The key features
of a flow over a bare hill under a nearly neutral stability regime
(where mechanically produced turbulence is dominant) are the
acceleration of the mean terrain-following velocity component
on the upwind side, and its deceleration on the lee side due
to pressure gradients produced by the hill surface (Jackson and
Hunt, 1975; Stull, 1988; Finnigan and Belcher, 2004; Poggi and
Katul, 2007b). This spatial variability in the longitudinal dimen-
sion is in contrast with the planar-homogeneous mean horizontal
velocity characterizing the flow over flat terrain with uniform
vegetation cover. Canopy cover on a hill further complicates the
flow regime by imposing additional drag opposing the flow in
both longitudinal and vertical directions (Finnigan and Belcher,
2004).
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In the presence of a uniform canopy cover, the main conserva-
tion equations for the mean air density (!̄) and mean longitudinal
momentum balance within the canopy are:

∂!
∂t

+ ∂!U
∂x

+ ∂!W
∂z

≈ ∂U
∂x

+ ∂W
∂z

= 0

T1︷ ︸︸ ︷
Ū

∂Ū
∂x

+ W̄
∂Ū
∂z

= − 1
!̄

∂P̄
∂x︸︷︷︸

T2

−

T3︷ ︸︸ ︷
∂u′w′

∂z
− ∂u′u′

∂x
− CdaŪ2

︸ ︷︷ ︸
T4

, (1)

where air flow is assumed to be incompressible so that ∂!̄/∂t = 0, U
and W are the mean longitudinal and vertical velocities in a terrain-
following coordinate system defined by x and z, P is the mean
pressure, u′w′ and u′u′ are the mean momentum flux and longi-
tudinal velocity variance, Cd is a local foliage drag coefficient, and a
is the leaf area density. Terms T1, T2, T3, and T4 mathematically rep-
resent the mean advective acceleration, the mean pressure gradient
produced by topographic variation, the turbulent stress gradients
(generally dominated by contributions from ∂u′w′/∂z), and the drag
force exerted by the foliage on the flow, accordingly.

Upon invoking first-order closure principles for the turbulent
stress,

u′w′(x, z) = −l2m(z)

∣∣∣∣
∂U
∂z

+ ∂W
∂x

∣∣∣∣

(
∂U
∂z

+ ∂W
∂x

)
, (2)

where lm is the mixing length, assumed to be constant inside the
canopy and linearly growing with height above the canopy at a
rate set by the Von Karman constant. Over a flat terrain covered by
a uniform canopy, and in the absence of subsidence (W = 0), terms
T1 = T2 = 0 and the mean momentum balance reduces to a balance
between turbulent stress gradients and the drag force (T3 = T4). This
balance generally defines the so-called ‘back-ground’ state in flow
over hills literature. Conceptually, topographic variability in Eq. (1)
is first sensed by perturbations in P that result in a non-zero T2
thereby disrupting the balance between T3 and T4 existing on an
otherwise flat terrain. The flow responds by accelerating or deceler-
ating (depending on the sign of T2) thereby resulting in a non-zero
T1. Changes in the vertical gradients in Ū along the longitudinal
direction result in a modification of ∂u′w′/∂z often modeled pro-
portional to the gradients in Ū via a turbulent diffusivity as shown
in Eq. (2). These topographic variations are now propagated to the
main turbulence term T3 until a new equilibrium is found that also
preserves the mean conservation of air mass equation. Eqs. (1) and
(2) describe the relation between U, W , u′w′ assuming P is known
and can be inferred from topographic variations. The determination
of P(x, z) from topographic variations assumes that the pressure is
imposed on the flow and not altered by the flow, a core assumption
in analytical models. This assumption was shown to be reasonable
for gentle hills (Poggi and Katul, 2007b), the subject here.

Recent flume experiments had shown that the main features of
the modeled U over a gentle vegetated cosine hill are acceleration
on the upwind side and a deceleration on the lee side, both within
and above the canopy. Unlike on bare hills or hills with vegetation
roughness characterized by a momentum roughness length only,
the combined vertical drag force characterizing canopies and the
pressure gradients imposed on the wind flow lead to a recirculation
region on the lee side of the hill inside the canopy. In this recircu-
lation region, the local U reverses direction and flows toward the
crest, opposing the regional wind direction established well above
the canopy (Finnigan and Belcher, 2004; Poggi and Katul, 2007c).
It is these features that lead to ‘symmetry breaking’ in the mean U
despite the symmetric nature of the topography.

2.2. Model development

To model seed dispersal on hilly terrain covered with a dense
canopy and compare the results for the flat-terrain case, the cou-
pled Eulerian–Lagrangian closure (CELC) approach is employed
(e.g. Nathan et al., 2002b; Soons et al., 2004; Nathan and Katul,
2005) with some modifications. The CELC model has two basic
modules: the Eulerian module estimates the mean and turbulence
wind statistics inside and above a vegetation canopy. These statis-
tics are then used as input into a Lagrangian module, which models
stochastic velocities and trajectories of individual seeds until the
first-crossing with the ground (Fig. 1). Further movement of the
seed by secondary dispersal processes is ignored.

In the Eulerian component, a new first-order analytical model
for gentle topography, developed by Poggi et al. (2008, hereafter
P08), is used. The model includes minor modifications to an earlier
solution by Finnigan and Belcher (2004) to the system of Eqs. (1)
and (2). In general, on a vegetated hill, the flow regime is defined by
the ratios between the hill half-length, hill height and the canopy
density, determining which physical forces are dominant within
the canopy and at different heights above the canopy and whether
they interact (Poggi et al., 2008). To determine the mean pressure
variation across the hill, the analytical models that were developed
recently are valid for the simplifying assumptions of gentle hill
slope, nearly neutral stability, and deep canopy (i.e. high canopy
density), as expressed by the plant area index – the total one sided
area of plant parts including stems, branches and foliage, from
ground to canopy top, per unit ground surface area (m2 m−2), here-
after PAI (Breda, 2003); and a large drag coefficient (Cd) (Finnigan
and Belcher, 2004; Poggi et al., 2008). In this case, the mean pres-
sure variation across the hill is nearly hydrostatic in the vertical and
all the longitudinal variation can be described by the topographic
variation (Poggi and Katul, 2007b). The linearized analytical model
of P08 solves the system of Eqs. (1) and (2) to yield U(x, z), W(x, z)
and u′w′(x, z). The model and its solution are described in detail
elsewhere (Poggi et al., 2008).

To describe the solution in brief, the modeled main additional
driving force of the wind flow over a gentle hill, as compared to a
flow on a flat terrain, is the mean pressure gradient (i.e. T2). The
changes in the mean terrain-following wind component (U) and
the normal-to-terrain component (W) along the hill are modeled as
perturbations from the background state, which is the flat-terrain
state, and the perturbations in U are assumed to be small relatively
to the background values. The background horizontal velocity $Ub is
calculated by a simplified analytical model (i.e. T3 = T4) that assumes
uniform plant area density (PAD) profile. Hence, the only required
canopy input parameters are PAI and canopy height (Hc). The sim-
ple model generates an exponential vertical $Ub profile inside the
canopy and a logarithmic $Ub profile above the canopy.

Being a first-order closure model, the P08 model does not
resolve the higher order statistics such as the velocity variances
(Finnigan and Belcher, 2004; Poggi et al., 2008), which are required
for the Lagrangian component of CELC. To circumvent this limi-
tation, we assumed that the higher-order statistics are primarily
in quasi-local equilibrium with the spatially evolving turbulent
stresses near the canopy top. There is some evidence that such
an equilibrium assumption for the velocity variances is reasonable
inside dense canopies – both from the flume experiments earlier
mentioned (Poggi and Katul, 2007a) and from field studies on vine-
yards situated on sloping terrain (Francone et al., 2012). That is, the
vertical variation in the second-order turbulence statistics within
the canopy seem to be dominated by the presence of the canopy,
while the horizontal variation in turbulence statistics appear to
be driven by the spatial variations of u′w′ just above the canopy
top (e.g. see Fig. 5 in Poggi and Katul, 2007a). This latter assump-
tion is known in turbulence research as the moving equilibrium
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Fig. 1. The flow chart of the mechanistic model for seed dispersal by wind on hilly terrain. Note that the output of the Eulerian module serves as input to the Lagrangian
module. PO8 stands for the linearized analytical model for wind flow over gentle hills by Poggi et al. (2008). MW99 stands for the second-order closure model for wind over
homogeneous surfaces by Massman and Weil (1999). PAI stands for plant area density.

assumption (Kader and Yaglom, 1978). Hence, normalized vertical
variations in !u/u*, !v/u*, !w/u* at a given point on the hill surface
were modeled as those of the background flat-terrain case using
Massman and Weil (1999, hereafter MW99) second-order closure
model. Their horizontal variations across the hill were entirely gen-
erated by the normalizing variable – the u2

∗ = −u′w′ at the canopy
top as computed by P08. The dissipation rate of the turbulent kinetic
energy (εc) was also modeled as that derived by MW99, scaled by
the local above-canopy u*, which evolves along the hill.

Next, to model three-dimensional seed trajectories, the two-
dimensional wind statistics derived from the simplified analytical
Eulerian module were incorporated into the Lagrangian module
(Fig. 1) that employs a system of stochastic differential equa-
tions to construct synthetic auto-correlated velocity fluctuations
in three dimensions at high temporal resolution (on the order
of fractions of a second) (see Soons et al., 2004 and Nathan
and Katul, 2005 for equations). The statistics of these synthetic
fluctuations converge to the values computed from the Eulerian
module.

2.3. Model parameterization and setup

In general, the parameters required for the analytical Eule-
rian module are the hill geometry (hill half-length and height),
canopy density structure (drag coefficient Cd, canopy height and
PAI), the friction velocity at canopy height (u*) for the background
flat-terrain scenario, and its relation with the three turbulence
components. To model seed dispersal via the Lagrangian approach,
seed motion capacity (sensu Nathan et al., 2008a) parameters are
also needed (Fig. 1).

The wind, canopy and seed parameters chosen here are for a case
study of the dispersal of P. taeda in a conspecific stand, parameter-
ized from a well-studied site at Duke Forest, in North Carolina, USA.
Additionally, to test for a possible interaction between the topogra-
phy and the seed motion capacity effects, scenarios with different
terminal velocities and release heights were carried out.

2.3.1. Study site
The study site is a P. taeda plantation at the Blackwood Division

of the Duke Forest (35◦97′ N, 79◦09′ W) within which there are both
flat areas, used for measuring background wind data, and areas of
gently sloping topography (see LiDAR image, Fig. 2a).

The study site was the focus of previous studies on canopy struc-
ture (e.g. McCarthy et al., 2007), wind flow with forested terrain
(e.g. Katul and Chang, 1999) and seed dispersal (e.g. Williams et al.,
2006). The stand has well developed understory vegetation, with
common broadleaf species including Liquidambar styraciflua (sweet
gum), Acer rubrum (red maple), Ulmus alata (winged elm) and Cor-
nus florida (flowering dogwood) (McCarthy et al., 2007).

2.3.2. Topography
The hill-geometry parameters needed for the model are the hill

height (hereafter H) and the hill half-length (defined as half the
length from hill crest to hill bottom, hereafter HL) in the prevailing
wind direction(s). For the seed dispersal simulations, H/HL = 0.1 was
used, geometrically similar to that in the flume studies employed
by P08 to evaluate the performance of the hill wind model, and
H = Hc.

2.3.3. Canopy
Canopy height value was taken as for the onset of P. taeda

reproduction, at stand age of 16 years: Hc = 14.6 m (Williams et al.,
2006). PAI was estimated for the peak of the P. taeda dispersal sea-
son, November (Nathan and Katul, 2005), as PAI = 3.0 (based on
McCarthy et al., 2007), and uniform PAD was assumed as required
in the P08 model.

2.3.4. Wind
The normalized turbulence statistics used were according to

long-term measurements at the study site (Katul and Chang, 1999,
see Table 1). As the main interest here was the general effects of
topography-induced changes in the wind field on seed dispersal,
u* = 1 m s−1 was used for the background scenario in all the model
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Fig. 2. The gentle hill topography and regional wind directions: (a) topography at
the study site, P. taeda plantation at one of the divisions at Duke Forest, NC as mea-
sured by a LiDAR. Note that hill height is comparable to canopy height (red arrows)
and the slope is gentle; (b) topography in the model – the topography is repre-
sented as a train of cosine hills, where the length parameters are hill height (H) and
hill half-length (HL), with H similar to the canopy height Hc . Black triangles rep-
resent the seed release points within the canopy that were used in the dispersal
simulations; (c) wind directions distribution during the dispersal season – April and
November. Note the bimodality, corresponding to up- and downhill winds.

runs. This u* value is about 2 times larger than the long-term mean
daytime value at the pine site during the dispersal season (Stoy
et al., 2006) and hence ensures abscission and possible occurrence
of LDD events. The wind direction during the main seed dispersal
seasons of P. taeda (November) and some of the understory species,
e.g. A. rubrum (April), is bimodal (Fig. 2c), incorporating both up-
and downhill winds.

2.3.5. Spatial setup
In the Eulerian model calculations, the dimension of the spatial

domain was set from the ground to 3Hc vertically (301 nodes spaced
at 0.15 m); and 4HL horizontally (601 nodes spaced at 0.97 m).
The lateral dimension across the horizontal wind direction (y) is

Table 1
The description of the hill-canopy system used in the model calculations. Model
input variables and their parameterization for the seed dispersal runs are also
presented.

Variable Values

Flat-terrain wind
Friction velocity (ms−1), u* 1
Dimensionless standard deviations of velocity components

Longitudinal, !u/u* 2.3
Lateral, !v/u* 2.1
Vertical, !w/u* 1.3

Topography
Hill height (m), H 14.6
Hill half length (m), HL 146
Hill height to half length ratio, H/HL 0.1

Canopy
Canopy height (m), Hc 14.6
Plant area index (m2 m−2), PAI 3.0

Seed motion capacity
Terminal velocity (m s−1), Vt 0.7, 1.0, 1.5
Release height (proportion of canopy height), Hr 0.6, 0.8

assumed homogenous – constant per x, hence it is unconstrained.
In the Lagrangian seed trajectory calculations, a similar domain
was used, except for a periodical horizontal dimension (a ‘train’ of
identical hills) and a reflecting top boundary for the vertical dimen-
sion so that all seeds released will be contained within the model
domain.

2.3.6. Seed attributes
To model seed trajectories via the Lagrangian approach, two

seed related input parameters, which are central in determining
the motion capacity, are needed: the seed terminal velocity (Vt)
and release height (Hr). For Vt, as the focus here is on differences
in dispersal kernels resulting from seed release in different spatial
contexts, variability of the Vt on the intra-specific level (typically,
std = 10–20% of mean Vt, Nathan et al., 2011b) was not repre-
sented. Rather, a constant Vt of either 0.7 m s−1 (the mean of P.
taeda, Williams et al., 2006), 1 or 1.5 m s−1 – to approximate typical
and higher end values of hardwood species in a nearby forest site
(Nathan et al., 2002b) – was used. Seeds with lower Vt are known
for trees and other forest plants (e.g. Wright et al., 2008) but are not
considered here, since the hill-train geometry assumption becomes
much stronger for these seeds that are expected to travel much
longer distances (multiple hill wavelengths). For release height,
the focus was on releases within the canopy, typical to forested
ecosystems (e.g. Nathan et al., 2002b; Wright et al., 2008), with
Hr = 0.8Hc, as in the 16 year-old P. taeda stand (Williams et al., 2006).
In addition, for Vt = 0.7, release from a lower Hr (0.6Hc) was also
considered.

For simplicity, random seed abscission was assumed in all the
dispersal simulations so as to explore the effects of topography
specifically on the seed transport phase of dispersal. Using the
model to examine the possible effects of an interaction between
non-random seed release and a heterogeneous wind field on dis-
persal is the next logical step.

2.4. Model evaluation

Before presenting the seed dispersal results for the pine
plantation-hill case study, a comparison with the recent flume
experiments for a rod canopy on a cosine hill is conducted. This
comparison is intended to assess how well the modeled veloc-
ity and seed trajectories reproduce kernel measurements in such
an idealized system. The dispersal kernels from the experimental
releases of spherical artificial seeds at the bottom and the crest
of the hill are taken from Katul and Poggi’s (2012) flume exper-
iments. For these release locations along the hill, measured and
modeled kernels are compared with the model seed and canopy
parameters taken similar to those reported in the flume study. The
background flat-terrain flow parameters were taken from a sepa-
rate flume experiment on a similar rod canopy described in Poggi
et al. (2004). To mimic the seed release in the flume experiment,
which was always an upward ejection from a tube positioned at
the canopy top, a minimum instantaneous threshold of Win(x, z =
Hr) = Wt(x, z = Hr) + 2|Vt | was set on the initial vertical velocity to
insure that the fluid vertical velocity is sufficiently large so as to lift
the seed from rest inside a stationary tube. In the case of spheres
with identical density, a single-valued ‘threshold’ vertical velocity
can be employed. However, the density of these spherical seeds
may not be constant, which would have necessitated the use of a
probabilistic vertical velocity threshold. This possible variation in
the vertical velocity threshold was omitted here. The initial seed
vertical velocity was defined as 2Win − Vt. Furthermore, because
seeds are initially released with a vertical acceleration that differs
from the surrounding fluid, an exponential relaxation of the seed
initial vertical velocity toward the fluid velocity (adjusted by Vt)
was also assumed. After this initial relaxation phase, the seed is
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Fig. 3. Comparison between the measured velocity statistics within and above the canopy when normalized by the canopy height (Hc) and friction velocity (u*) at the canopy
top for the dense rod canopy in the flume (Hc = 0.12 m, 1024 rods per m2), a Loblolly pine forest (Hc = 15 m, LAI = 3.5), a Scots Pine forest (Hc = 15 m, LAI = 3.0), an Alpine
coniferous forest (Hc = 28 m, LAI = 4.8), and a Jack pine forest (Hc = 15 m, LAI =2.0): (a) The mean horizontal velocity U; (b) the mean vertical velocity W; (c) the shear stress
u′w′ and (d) the standard deviation of the horizontal component !u . The dashed green line represents canopy height.

assumed to have the same acceleration as the moving fluid in the
flume. While the canopy system inside the flume is comprised of
steel rods within a water medium, it reproduces the main effects of
the canopy on the flow statistics – when compared to several types
of pine ecosystems as shown in Fig. 3. That is, the density of the
rod canopy and its associated drag attenuate the mean flow field in
a manner consistent with field experiments conducted inside pine
canopies. Hence, the flow field and dispersal trajectories from these
flume experiments do represent realistic conditions encountered in
tall coniferous forests.

2.5. Seed dispersal simulations

The focus of the dispersal simulations was to examine via model
calculations the effect of the release location along the hill on the
dispersal pattern. Toward this end, release from the bottom, the
crest and from 5 evenly spaced points along the hill on each slope
(upwind side and lee side) was modeled as follows: at x = 0, 0.33,
. . ., 1.667 of HL on each slope (Fig. 2b). This set of model runs was
repeated for each of the motion capacity scenarios. The modeled
dispersal patterns for the gentle forested hill scenario were com-
pared with those of the corresponding homogenous flat-terrain
scenario, which served as a null model.

For each combination of topography scenario, seed release loca-
tion, and motion capacity, 105 trajectories were modeled (overall
3.7 × 106 trajectories). A trajectory run was terminated when the
seed reached close to the ground (z ≤ 0.05Hc), and the dispersal dis-
tance was recorded. To compare the model runs for flat and hilly
terrain, the median dispersal distance was used as a measure of
SDD and the 99th percentile as a measure of LDD. Additionally, the
displacement on each axis (x – along the hill, y – across the hill)
was recorded and the median displacement along the hill was used
to test for the median dispersal direction (MDD) in this dimension.

This measure was calculated for all the dispersed seeds and for the
1 percent of seeds that dispersed longest distances.

3. Results

3.1. Modeled wind statistics patterns

As anticipated from previous flume experiments and LES runs,
the modeled U accelerated on the upwind hill side and deceler-
ated on the lee side. The acceleration and deceleration patterns
were asymmetrical, so that the maximal U values inside the canopy
(where seed release takes place) were at the middle (1HL) to
the third quarter (1.5HL) of the upwind slope, rather than at the
crest; and a substantial recirculation region was formed within the
canopy on the lee side of the hill, reaching up to 0.75Hc in the
area adjacent to the middle of the lee slope (Fig. 4a). For the mod-
eled canopy characteristics and hill slope angle, irrespective of the
strength of the regional wind, the U at canopy top it is expected
to be up to 1.5 of that on flat terrain, and higher maximal ratios
are expected inside the canopy. The W was negative on most of
the upwind side and positive at the crest and most of the lee side
(Fig. 4b), so that the overall angle of the mean wind vector is not
aligned with the topography. The momentum flux (u′w′) decreased
toward the hill crest, and reached its minimum near the crest on
the lee side (Fig. 4c), resulting in modeled minimum in !u, !v, !w
there and maximum at the hill bottom (e.g. Fig. 4d).

3.2. Model evaluation

As evidenced by Fig. 5a, for the wind statistics the modeled
U at the release sites fitted reasonably well the experimental U
within the canopy at the flume, especially for the hill crest. For the
hill bottom, there was some overestimation inside the canopy and
underestimation above the canopy. Specifically, the extent of the
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I. Einleitung

Wie liest man diese Broschüre?

Diese Broschüre „Zeigerpflanzen im Ackerbau“ soll als Orientierungshilfe und Einstieg in das Themenfeld der 
Zeigerwerte von Pflanzen dienen. Die vorgestellten Pflanzen und deren Zeigerwerte sollen richtungsweisend für 
eine Bewertung des Bodenzustandes eines Schlages sein und zu einer Vertiefung in diese Materie – z.B. mittels 
Fachliteratur – führen. Eine vollständige Darstellung der beschriebenen Pflanzen, der möglichen Zeigerwerte so-
wie aller lokal-möglichen Eigenheiten und Wechselwirkungen würden den Rahmen dieser Broschüre sprengen. 
Deshalb verweisen die Autoren besonders im Kapitel IV auf weiterführende Literatur und Quellen.
In Kapitel II werden die hier behandelten Pflanzen und deren Zeigerwerte als Überblick in alphabetischer Reihen-
folge (nach wissenschaftlichen Namen)  angeführt. 

Eine genauere Beschreibung der einzelnen Pflanzen folgt in Kapitel III. Darin werden wichtige, markante Merk-
male der Pflanzen angeführt –  z.B. mögliche Zeigerwerte, Verbreitung in Österreich, Anspruch Boden und Klima, 
Vegetations- und Blütezeit. Eine detaillierte Erläuterung der Pflanzenmerkmale sind im Kapitel selbst dargestellt. 
In Kapitel V wird ein Vorschlag für eine Dokumentation der Bewertung der Ackerbegleitflora angeführt. 

Unkräuter und Agrarökosystem

Aufgrund des hinlänglich verbreiteten Begriffes „Unkraut
1
“ wird dieser für Pflanzen, die neben den Kulturpflanzen 

auf dem Ökosystem Acker
2
 gedeihen, hier verwendet. Obwohl andere Begriffe wie Ackerbeikraut oder Ackerwild-

pflanzen der Ackerbegleitflora gerechter werden, da diese Pflanzen auf Nutzfläche zwar erstrangig als unerwünscht 
gelten, aber, wie in diesem Merkblatt zum Thema, von großem Nutzen auf Ackerflächen sein können.

Die Artenzusammensetzung einer Ackerbegleitflora ergibt sich 
nicht zufällig. Denn neben den am Standort vorherrschenden 
klimatischen und geologischen Verhältnissen, sind es die be-
sonderen Bedingungen auf bearbeiteten Ackerflächen, die diese 
bedingt (z.B. regelmäßige Bodenbearbeitung, Anbau und Ernte 
bestimmter Kulturpflanzen, Düngung).

Das Ökosystem Acker führt aufgrund ihrer vielfältigen Bewirt-
schaftungsweisen zu wechselnden Pflanzengesellschaften so-
wohl auf einzelnen Feldern als auch im Laufe der Bewirtschaf-
tungsjahre. Manche Unkräuter keimen bzw. wachsen zum Bei-
spiel bevorzugt bei Halmfruchtkulturen (wobei hier zwischen Win-
ter- und Sommerkulturen zu unterscheiden ist) andere wiederum 
in Hackfruchtkulturen. Durch einen beträchtlichen Samenvorrat im Boden (=Samenbank) oder durch andere 
Strategien (z.B. Ausbreitung durch Rhizome) „warten“ diese Pflanzen auf die für sie optimalen Verhältnisse am 
Feld. Weiterführende Details finden sie in der angeführten Literaturliste.

Was macht eine Pflanze zu einer Zeigerpflanze? 

In der Geschichte des Menschen wurden Pflanzen zweifelsohne oft als „Zeiger“ für verschiedenste Naturzustän-
de herangezogen – zum Finden von verborgenen Wasserstellen, als sichtbares Zeichen eines gut kultivierbaren 
Bodens. Im Ackerbau der neueren Zeit erschienen ab dem 19. Jahrhundert verstärkt Arbeiten und literarische 
Zusammenstellungen, welche sich mit dieser Thematik auseinandersetzten (z.B. Chrome, 1812: Der Boden und 
seine Verhältnisse zu den Gewächsen). Eine Quantifizierung einzelner Pflanzen nach ihren jeweiligen Zeigerwerten 
und deren Ausprägung wurde vor allem bedeutend für die Landwirtschaft in Europa von Ellenberg (1974, et al. 
2001) entwickelt (siehe Textbox 2).

Jede Pflanze hat ihr eigenes, spezielles ökologisches Optimum, also die optimalen Standortgegebenheiten für ihre 
Entwicklung. Dieser Bereich in dem eine Pflanze wachsen kann (Toleranzbereich), ist artspezifisch bedingt „eng“ 
bis zu sehr „breit“. Zu unterscheiden ist das autökologische mit dem synökologischen Optimum. Im Gegensatz 

1 Für Gräser wird auch oft der Begriff „Ungräser“ verwendet.
2 Auch in gärtnerischen und forstlichen Kulturen. 

Textbox 1: Begriffserklärungen

Autökologie: Beziehungen eines einzelnen 
Organismus oder einer Art zu ihrer abio-
tischen (von der unbelebten Umwelt aus-
gehend) und biotischen (von der belebten 
Umwelt ausgehend) Umwelt.

Synökologie: Wechselwirkungen und -be-
ziehungen innerhalb ganzer Lebensgemein-
schaften und ihrem Lebensraum
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Artname
Nähr-
stoffe

Stick-
stoff

Kalk
Boden-
reaktion

Bodenver-
dichtung

Weiters

Matricaria discoidea
Strahlenlose Kamille + * Lehmzeiger

Mentha arvensis
Acker-Minze + * Staunässe

Mercurialis annua
Einjähriges Bingelkraut + + basisch gute Bodenbedingungen bzw. 

Boden mit Bodengare

Plantago major
Großer Wegerich * Lehm, auf Stickstoffarmen 

Standorten häufiger

Potentilla (Argentina) 
anserina
Gänse-Fingerkraut

* Lehm, Staunässe

Ranunculus repens
Kriechender Hahnenfuß + * Feuchte

Raphanus 
raphanistrum
Hederich

+ sauer

Rumex acetosella
Kleiner Sauerampfer - - sauer schlechte Bodenbedingungen 

bzw. Boden arm an Bodengare

Sinapis arvensis
Acker-Senf + + basisch

Lehm, Humus, gute Boden-
bedingungen bzw. Boden mit 
Bodengare

Sonchus arvensis
Acker-Gänsedistel + + *

Lehm, gute 
Bodenbedingungen bzw. 
Boden mit Bodengare

Stellaria media
Vogel-Sternmiere +

Humus, gute 
Bodenbedingungen bzw. 
Boden mit Bodengare, Sand- 
bzw.- Trockenzeiger

Teesdalia nudicaulis
Nacktstängeliger 
Bauernsenf

- sauer

Tripleurospermum 
inodorum
Geruchlose Kamille

+ gute Bodenbedingungen bzw. 
Boden mit Bodengare

Veronica hederifolia
Efeublättriger Ehrenpreis + sauer gute Bodenbedingungen bzw. 

Boden mit Bodengare

Veronica persica
Persischer Ehrenpreis + sauer

Lehm, gute 
Bodenbedingungen bzw. 
Boden mit Bodengare

Veronica polita
Glänzender Ehrenpreis + +
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III. Beschreibung der Zeigerpflanzen 
(alphabetische Reihenfolge) 

In dieser Auflistung werden folgende Pflanzenmerkmale bzw. Eigenschaften beschrieben:
Wissenschaftlicher Name und gebräuchliche deutsche Bezeichnung: Da beide Bezeichnungsarten sich ei-
nerseits nach wissenschaftlichem Konsens und andererseits im lokalen Gebrauch immer wieder ändern können, 
wird empfohlen aktuelle Fachliteratur (z.B. zur Pflanzenbestimmung) zu Rate zu ziehen.

Zeigerpflanze für: Der Pflanzenart (in der Literatur)zugewiesene Zeigerwerte (z.B. Zeiger für Stickstoffreichtum).

Beschreibung: Anführung markanter Wuchseigenschaften (Habitus, Morphologie) der Pflanzenart. Um eine ein-
deutige Identifizierung der Art wird empfohlen Fachliteratur zur Pflanzenbestimmung ergänzend zu verwenden.

Verbreitung in Österreich: Übliches Vorkommen der Pflanzenart in Österreich sowie Häufigkeit des Vorkommens 
auf dem Ökosystem Acker.

Ansprüche (Boden bzw. Klima): Optimale Standorteigenschaften des Bodens (z.B. lehmig) und der klimatischen 
Bedingungen (z.B. warm) für die Pflanzenart.

Vegetationszeit: Vegetationsdauer (z.B. einjährig) und –Zeitraum (z.B. Sommer) der Pflanzenart.

In Tabelle:
Blütezeit: Üblicher Zeitraum im Kalenderjahr der Blüte der Pflanzenart. Angegeben in lateinischen Zahlen (z.B. 
X = Oktober).

Verbreitungsform: Art der Verbreitungseinheit einer Pflanze (z.B. Verbreitung durch Samen).

Kulturform (bevorzugt): Die Pflanzenart befindet sich bevorzugt in dieser Ackerkulturform (z.B. Hackfrüchte).

Konkurrenzfähigkeit: Konkurrenzstärke der Pflanzenart in einem Pflanzenbestand (z.B. Acker). 

Skalierung: „keine“ = Art wird leicht verdrängt. „gering“ = Art kann sich zwar etablieren, verschwindet aber bei 
zu hohem Konkurrenzdruck; „mittel“ = Art kann sich etablieren und kann andere Arten unterdrücken; „stark“ = 
Art kann auf Bestand dominant auftreten.

1. Adonis aestivalis – Sommer-Adonisröschen, Teufelsauge, 
Blutauge, Blutströpfchen

Zeigerpflanze für:
Nährstoffarmut; Kalk; Trockenheit

Beschreibung:
20–60 cm hoch; leuchtend rote (sehr variabel bis Gelb) Blüten. 

Verbreitung in Österreich:
Pannonischer Raum und dessen Randgebiete, inneralpine Täler; selten 
auf Äckern.

Ansprüche (Boden bzw. Klima):
Warm, lehmig.

Vegetationszeit:
sommer- oder wintereinjährig. 

Blütezeit Verbreitungs-
form

Kulturform 
(bevorzugt)

Konkurrenz-
fähigkeit

V–VIII Samen Getreide gering
�
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2. Anthemis austriaca – Österreichische Hundskamille

Zeigerpflanze für:
Kalk, basische Bodenreaktion.

Beschreibung:
30–50 cm hoch; Stängel aufrecht; Blätter regelmäßig kammartig ge-
fiedert; bitter aromatisch duftend; Blüte mit weißen Zungenblüten und 
gelben Röhrenblüten. 

Verbreitung in Österreich:
Pannonischer Raum (auch in Randgebieten); meist nur vereinzeltes 
Vorkommen auf Äckern.

Ansprüche (Boden bzw. Klima):
Warm, trocken.

Vegetationszeit:
Winter- oder sommereinjährig.

Blütezeit Verbreitungs-
form

Kulturform 
(bevorzugt)

Konkurrenz-
fähigkeit

VII–IX Samen Wintergetreide, 
(Sommergetreide)

mittel

3. Chenopodium album – Weißer Gänsefuß, Ackermelde, Falsche-Melde

Zeigerpflanze für: 
Stickstoff, gute Bodenbedingungen (Bodengare).

Beschreibung:
10–180 cm hoch; sehr formenreich; silbrig weiße Blätter vor allem bei 
Jungpflanzen, dann eher grau- bis dunkelgrün; variable Blattformen; 
Spross in den Astwinkeln oft rotfleckig; weißlich grüne Blüten.

Verbreitung in Österreich:
In ganz Österreich; häufig auf Äckern.

Ansprüche (Boden bzw. Klima):
Nährstoffreich.

Vegetationszeit:
Sommereinjährig.

Blütezeit Verbreitungs-
form

Kulturform 
(bevorzugt)

Konkurrenz-
fähigkeit

VII–X Samen Hackfrüchte, 
Sommergetreide

stark
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4. Digitaria ischaemum – Faden-Fingerhirse, Kleine Fingerhirse

Zeigerpflanze für: 
Nährstoff- und Kalkarmut, saure Bodenreaktion.

Beschreibung:
10–30 cm hoch; Blätter, Spreite und Scheide kahl; Name bezieht sich 
auf Form des Blütenstandes; grannenlos; horstbildend. 

Verbreitung in Österreich:
In ganz Österreich (weniger im pannonischen Raum); verbreitet auf 
Äckern.

Ansprüche (Boden bzw. Klima):
Sauer, sandig, nährstoffarm .

Vegetationszeit:
Sommereinjährig.

Blütezeit Verbreitungs-
form

Kulturform 
(bevorzugt)

Konkurrenz-
fähigkeit

VI–X Samen Mais gering

5. Galinsoga parviflora – Kleinblütiges Franzosenkraut, Kleinblütiges Knopfkraut

Zeigerpflanze für: 
Nährstoffe, Stickstoff, Phosphat, gute Bodenbedingungen (Boden-
gare).

Beschreibung:
10–50 cm hoch; gegenständige, ungeteilte Blätter; 4 bis 5 weiße Zun-
genblüten; gelbe Röhrenblüten.

Verbreitung in Österreich:
In ganz Österreich (weniger im pannonischen Raum); meist nur verein-
zeltes Vorkommen auf Äckern.

Ansprüche (Boden bzw. Klima):
Frische, nährstoffreiche, aber kalkarme, sandige, neutrale Lehmböden.

Vegetationszeit:
Sommereinjährig.

Blütezeit Verbreitungs-
form

Kulturform 
(bevorzugt)

Konkurrenz-
fähigkeit

V–X Samen Hackfrüchte mittel
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Fig. 34 
Report on the Nature Reserve of Eriwis

Milan 2018

BirdLife Aargau

Grösstes Reservat von BirdLife Aargau

Naturschutzgebiet Eriwis 

Das Reservat Eriwis liegt in einem 
Seitental der Aare bei Schinznach 
Dorf. Der Milan hat schon verschie-
dentlich darüber berichtet. Dieser 
Artikel gibt nun einen fundierten 
Überblick über Geschichte, Lebens-
räume und v. a. auch Bewohner des 
mit 12.7 ha grössten Reservats 
unseres Verbands.

Die Eriwis umfasst eine aufgegebene Opa-
linustongrube, Landwirtschaftsland mit ei-
nem Obstgarten und einen noch recht ur-
sprünglichen Juralaubmischwald. Dieser 
stockt auf einem nach Nordosten geneigten 
Hang und besteht vorwiegend aus Rotbu-
chen, Eschen, Bergahornen und einigen 
Tannen. In der ehemaligen Grube finden 
sich ganz verschiedene Lebensräume: 
Mehrere Weiher und Tümpel, die zeitweise 
austrocknen, Bächlein und Wassergräben, 
sowie vorwiegend mit Schilf bewachsene 
Sumpfgebiete. Ausserdem findet sich  eine 

Abfolge von Rohböden über Pionierflä-
chen, Magerwiesen bis zu Jungwald und 
zum Teil gepflanzten Hecken.
Je nach Standort, Bodenbeschaffenheit, 
Wasserführung, Exposition und Mikroklima 
präsentieren sich ganz verschiedene Pflan-
zengesellschaften, die in unterschiedlichen 
Sukzessionsstadien stehen. An den trocke-
nen, sonnenexponierten Hängen der Grube 
bildet sich zum Beispiel eher ein Halbtro-
ckenrasen, und an schattigen, feuchten 
Orten haben sich vor allem üppige Hoch-
staudenfluren entwickelt. An Wegrändern 
und auf Schuttflächen hat sich eine Rude-
ralflora eingestellt.

Vom Tonabbau zum Naturjuwel
Von 1932 bis 1998 bauten die Zürcher Zie-
geleien, die sich heute ZZ Wancor nennen, 
in der Eriwis Opalinuston ab und produzier-
ten daraus in ihren Werken, zuerst in Zürich, 
später in Tuggen, Backsteine und Dachzie-
gel. Das Abbaumaterial transportierten sie 

mit einer eigenen Werkbahn zum Bahnhof 
Schinznach Dorf, wo es dann in Güterwa-
gen der SBB gekippt wurde. Im Jahre 2000 
musste das Werk Tuggen aus wirtschaftlich-
en Gründen geschlossen werden. Die Grube 
Eriwis braucht es seither nicht mehr, ob-
wohl dort noch immer ungefähr 15

,
000 m3 

Opalinuston am Zwischendepot liegen. 
Im Jahre 2006 entdeckte der Landschafts-
architekt Victor Condrau zusammen mit 
seiner Büropartnerin Elisabeth Dürig den 
biologischen Wert der aufgegebenen Gru-
be. Sie gründeten in der Folge den Verein 
Naturwerkstatt Eriwis mit dem Ziel, das 
reichhaltige Biotop zu erhalten und zur Um-
weltbildung beizutragen. Zwei Jahre später 
gelang es ihnen, einen langjährigen Pacht-
vertrag mit dem Besitzer abzuschliessen. 
Im Jahre 2016 kam es noch besser: Der Ver-
ein Naturwerkstatt konnte das gesamte 
13,5 ha grosse Areal zusammen mit BirdLife 
Aargau käuflich erwerben. An den Kosten 
beteiligte sich die öffentliche Hand (Bund 
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und Kanton) mit rund 65 %. Der Verein 
Naturwerkstatt als Miteigentümer zu 51 % 
und BirdLife als Miteigentümerin zu 49 % 
hatten die restlichen 35 % des Kaufpreises 
aus eigenen Mitteln zu bezahlen. 0,8 ha 
Landwirtschaftsland musste auf Verlangen 
des Kantons an einen Landwirt aus Schinz-
nach weiterverkauft werden.
 
Verschiedene Spechte, Zaun- und 
Goldammer
Insgesamt fünfzehn Mal habe ich das Reser-
vat in den Jahren 2016 und 2017 besucht, 
meistens zusammen mit den Biologen Hans 
Althaus und Martin Bolliger. Dabei konnte 
ich im und über dem Gebiet 37 Vogelarten 
beobachten. Selbstverständlich brütet nur 
eine Minderheit davon im Reservat selbst. 
In Anbetracht der vielen Bäume unter-
schiedlichen Alters erstaunt es nicht, dass 
nebst der Spechtmeise Schwarz-, Grün- 
und Buntspecht unser Reservat aufsuchen. 
Die meines Erachtens seltenste Art, deren 
klirrende Gesangsstrophen ich in der Eriwis 
mehrmals vernahm, ist die Zaunammer. Ihr 
Nest baut die wärmeliebende Art wohl in 
einem der in der Nähe gelegenen Reb-
berge. Im Reservat selber brütet hingegen 
ihre nahe Verwandte, die Goldammer, die 
je nach Region auch Mist- oder Gälfink (Ba-
selland), Gärschtespatz, Gärschtevögeli 
(Wynental), Puurekanarie und Gäuemdsli 
(Seetal) heisst. Das Männchen lässt sein 
Lied «wie, wie, wie hab ich Dich liiiieb» bis 
zu 7000 Mal am Tag erklingen. Die junge 
Goldammer erlernt diesen Gesang im ersten 

Lebensjahr von singenden adulten Artge-
nossen, also in der Regel vom Vater oder 
allenfalls von Nachbarn. Dies begünstigt die 
Entstehung von Dialekten. Regionale Unter-
schiede lassen sich vor allem im Schlussteil 
des Gesanges feststellen. In der Schweiz 
sind bis jetzt sechs verschiedene Goldam-
merndialekte nachgewiesen worden.
Regelmässig im Reservat gesungen und da-
mit wohl auch gebrütet haben Amsel, Sing- 
und Misteldrossel, Garten- und Mönchs-
grasmücke, Gartenbaumläufer, Hausrot-
schwanz, Rotkehlchen, Sommergoldhähn-
chen, Zaunkönig und Zilpzalp. Die Meisen 
waren mit Blau-, Kohl-, Schwanz-, Sumpf- 
und Tannenmeise vertreten. Von den Fin-
kenvögeln konnte ich Buch- und Distelfink 
sowie den Gimpel beobachten. Über dem 
Gebiet kreisten Mäusebussard, Rotmilan, 
Kolkrabe und Rabenkrähe. Eichelhäher, 
Elster, Feldsperling, Graureiher, Hecken-
braunelle, Rauchschwalbe, Ringeltaube 
und Stockente vervollständigen die Liste 
der beobachteten Vogelarten.

Echtes und Kleines Tausengüldenkraut, 
Wasserfeder, Erdbeer-Klee, Bienen-
Ragwurz
Bei den fünfzehn Begehungen fanden wir 
insgesamt 318 verschiedene Blüten- und 
Farnpflanzenarten. Nebst vielen banalen 
Pflanzen sind besonders zahlreich der Erd-
beer-Klee (grösster Bestand im Aargau), das 
Echte und das Kleine Tausengüldenkraut so-
wie die Kleine Wolfsmilch anzutreffen. Alle 
vier Arten sind typische Vertreter wechsel-

feuchter Böden, die im Aargau selten ge-
worden sind. Die rosa Blüten des Erdbeer-
klees, angeordnet in einem kugeligen 
Köpfchen, erinnern tatsächlich an eine 
noch nicht ganz reife Erdbeere. Die eben-
falls rosa blühenden Tausengüldenkräuter 
gehören zu den Enziangewächsen. Ihr deut-
scher und ihr wissenschaftlicher (Centau-

rium) Gattungsname verweisen auf die 
griechische Mythologie: Der verwundete 
Kentaur (Pferdemensch) Chiron oder Chei-
ron, ein berühmter Medizinmann, soll 
durch das Kraut geheilt worden sein, daher 
«Centaurium», das man dann fälschlich mit 
Hundertgüldenkraut (lat. centum = hun-
dert und aureus = golden) übersetzte. Da-
raus wurde im Volksmund das Tausendgül-
denkraut, weil hundert für dieses bedeu-
tende Heilkraut zu wenig erschien. In 
Thüringen heisst es deswegen sogar Mil-
lionstausendgüldenkraut. Die uralte, ver-
schiedene Bitterstoffe enthaltende Heil-
pflanze wird gelegentlich noch bei Appetit-
losigkeit und Verdauungsstörungen ein-
gesetzt.
In einem Weiher blühte in grosser Zahl die 
sehr seltene Wasserfeder oder Wasserpri-
mel. Ihr Same ist wahrscheinlich von Stock-
enten von einem der letzten natürlichen 
Standorte im Aargau, der Aare bei Wildegg/
Holderbank, hierher verschleppt worden. 
Aus der grossen Familie der Orchideen 
fanden wir nur drei Arten: Fuchs` Knaben-
kraut, Spitzorchis und Bienen-Ragwurz. 
Letztere blühte im Jahre 2016 an einer 
sonnenexponierten Stelle in grosser Zahl, 

Die Goldammer brütet im Eriwis. Echtes Tausendgüldenkraut. Die seltene Wasserfeder.
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und im Folgejahr konnten wir kein einziges 
Individuum mehr finden. Dies ist allerdings 
bei einer Orchideenart, die sich selbst be-
stäuben kann, nichts Aussergewöhnliches.
Die in der Eriwis meistens dominierende 
Blütenfarbe ist gelb. Dementsprechend er-
mittelten wir nebst der Gelben Schwertlilie 
sieben verschiedene Habichtskraut-, fünf 
Hahnenfuss-, vier Pippau-, drei Johannis-
kraut- und je zwei Bocksbart- und Gilbwei-
dericharten. Blau blühen die Rapunzel-
Glockenblume, der Gemeine Natterkopf, 
das Dunkelgrüne Lungenkraut und sieben 
verschiedene Ehrenpreisarten. Als Vertreter 
der Blütenfarbe Rot sind je zwei Mohn- 
und Weidenröschenarten, der Blutweide-
rich und mehrere Rosen zu nennen. 
Besondere Erwähnung verdienen zudem 
der Türkenbund, der Europäische Wolfsfuss 
und fünf Wolfsmilcharten. 

Gelbbauchunke und Beilfleck-
Widderchen
Die übrigen Tierarten suchten und erfass-
ten wir nicht systematisch. Wir schrieben 
einfach auf, was uns gerade über den Weg 
kroch oder flog. Namentlich erwähnen 
möchte ich die Gelbbauchunken, die in 
grosser Zahl in den vielen Karrengleisen 
und andern Pfützen anzutreffen waren, 
sowie bei den Wirbellosen die grosse Blaue 
Holzbiene, das seltene Beilfleck-Widder-
chen und den auffallend schönen Roten 
Scheckenfalter.
Die vollständige Liste der Pflanzen und 

Vögel und die Liste der übrigen Tierarten 
stelle ich Interessierten jederzeit gerne zur 
Verfügung.
Im Jahre 2012 fanden Franziska Schmid und 
Andreas Müller von der Entomologischen 
Sammlung der ETH Zürich in der Eriwis gut 
100 Wildbienenarten, wovon 28 Arten in 
der Nordschweiz selten oder gefährdet sind 
laut Roter Liste. Eine Art, Nomada kohli, 
galt sogar als ausgestorben und konnte 
zum ersten Mal seit über 40 Jahren in der 
Schweiz wieder nachgewiesen werden.

Viel Handarbeit nötig
Über die Pflege des Reservates wacht eine 
fünfköpfige Pflegekommission, zusammen-
gesetzt aus der Geschäftsführerin und einem 
Vorstandsmitglied von BirdLife Aargau, 
zwei Vorstandsmitgliedern der Naturwerk-
statt und einem Kantonsvertreter der Sek-
tion Natur und Landschaft. Ein Teilzeitan-
gestellter der Naturwerkstatt und bis zu 
fünf Zivildienstleistende führen die eigent-
liche Handarbeit durch. Hin und wieder 
leisten auch Lehrlinge und/oder Angestellte 
von Firmen Freiwilligenarbeit. Da Tonböden 
nährstoffreich und somit sehr produktiv 
sind, müssen ständig aufkommende Bäume 
und anderes Pflanzenmaterial, insbeson-
dere Brombeeren, Goldruten und Schilf, 
entfernt werden, um einer generellen Ver-
buschung und Verwaldung vorzubeugen. 
Das verbleibende Landwirtschaftsland und 
insbesondere auch der Obstgarten sind zur 
Nutzung und Pflege an lokale Landwirte 

verpachtet. Vermietet an einen Liebhaber 
ist auch die Feldgrubenbahn.
Da in einer Grube immer eine gewisse Rut-
schungsgefahr besteht, verlangt der Kanton 
eine ständige Überwachung durch ein spe-
zialisiertes Unternehmen. An der tiefsten 
Stelle der Grube sammelt sich das Wasser 
in einem ansehnlichen Weiher. Mit einer 
Pumpe muss dieses dann von Zeit zu Zeit 
über den Grubenrand hinaus befördert 
werden. Nun ist geplant, die Grubenwand 
im Süden zu durchbohren und dem Wasser 
so zu einem natürlichen Abfluss zu verhel-
fen. Die Pumpe müsste dann nur noch im 
Notfall, bei Verstopfung des Abflussrohres, 
betätigt werden.
Wir hoffen, dass danach der Umzonung 
des Reservates Eriwis von der Materialab-
bauzone in die Naturschutzzone von kan-
tonaler Bedeutung im Richtplan nichts 
mehr im Wege steht.

Adolf Fäs

16 Milan 1_ 2018

Wie jedes Jahr 
um diese Zeit 
stellt der 
pensionierte 
Arzt Adolf Fäs 
eines der 
insgesamt 30 
Reservate von 
BirdLife Aargau 
vor. Zusammen 

mit Hans Althaus und Martin Bolliger 
verbrachte er unzählige Stunden seiner 
Freizeit, um alle Vogel- und Pflanzenar-
ten des Reservats zu inventarisieren. 
BirdLife Aargau dankt den dreien für 
diesen grossen Einsatz ganz herzlich.

Gelbbauchunken bei der Paarung. Foto: Thomas Reich
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Fig. 35. Atomic Gardening
1955, Atoms for Peace Initiative USA
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Fig. 36. 7KH�'HYLOµV�ṘFLDO�&RDW�RI�$UPV
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Fig. 37. Oxfordian Jurassic, United Kingdom
Example of Bufonite, also known as Toadstones
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Fig. 38. Gösgen, Däniken 
Gravel Pit



3 - 2

NEIGHBOURHOOD

Fig. 39. Däniken, Switzerland, 2021
Surrounding industrial and 

vernacular Architecture
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Fig. 40. Däniken, Switzerland, 2019
Roundabout with City Icon



3 - 4

NEIGHBOURHOOD

Fig. 41. Saltech AG, Däniken, Schweiz, 2021
Local Weapnos Factory
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Fig. 42. 
Saltech AG, Däniken, Schweiz, 2021

CBD Cannabis Plantation
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Fig. 43.
Documentation of Land Sale Däniken 

2018
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Fig. 44. 
Iron Age Castle Ruins of  Obergösgen

ETH , 1910

267

über dem Wasser gelegene Å/DQG]XQJH� PX�WH gegen die /DQGVHLWH hin
völlig sicher JHVWHOOW werden GXUFK Wälle XQG Graben.
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Fig. 45. Protests against the Construction of 
the Power Plant, 1970
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Fig. 46. Gösgen, Switzerland, 1975
Construction of the Power Plant
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Fig. 47. Gösgen, Switzerland, 1975
Construction of the Power Plant
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Fig. 48. Gösgen, Switzerland, 1976
Construction of the Power Plant
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Fig. 49. Gösgen, Switzerland, 19756
Construction of the Power Plant

Inside view of the Reactor‘s metal Hull
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Fig.  50.  Gösgen, Switzerland, 1982
Control Room  AKW

ATOMIC ERA
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Fig. 51. Power Output AKW Gösgen
1980 - 2020
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Fig. 52. 
Annual Power Load of the AKW Gösgen 
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Fig. 53. Funds for the Shut-Down and Dis-
posal of Atomic Waste
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Fig. 54. 
Hot Cell for handling of radio active Material 

Paul Scherrer Institute, Switzerland
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Fig. 55. Power Meter 
Power Plant in Stade, Germany 

2003
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Fig. 56. 
On how to dismantle an Atomic Power Plant
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Fig. 57. 
Safe Storage Casks for atomic Waste
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Fig. 58. Würenlingen, Switzerland 2006
Dismantling of the research Reactor Diorit
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Fig. 60. Hamm, Germany 2021
Collapsed Cooling Tower
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Fig. 61. Information Pamphlet NAGRA
How could Deep Storage look like?
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Fig. 62. Bözberg, Switzerland
Potential Site for Deep Storage
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Fig. 63. Bern, Switzerland, 2021
Swiss Safeguard Regulation

1 

Safeguardsverordnung 
(SaV)  
vom 4. Juni 2021 (Stand am 1. Juli 2021) 

 
Der Schweizerische Bundesrat, 
gestützt auf Artikel 101 Absatz 1 des Kernenergiegesetzes vom 21. März 20031 
(KEG), 
auf die Artikel 4, 11 und 22 Absatz 1 des Güterkontrollgesetzes  
vom 13. Dezember 19962 (GKG)  
sowie auf die Artikel 17 Absatz 2 und 47 Absatz 1 des Strahlenschutzgesetzes  
vom 22. März 19913 (StSG), 
verordnet: 

1. Abschnitt: Allgemeine Bestimmungen 

Art. 1 Gegenstand und Zweck 
1 Diese Verordnung regelt insbesondere den Vollzug des Abkommens vom 6. Sep-
tember 19784 zwischen der Schweizerischen Eidgenossenschaft und der Internatio-
nalen Atomenergie-Organisation (IAEO) über die Anwendung von Sicherungsmass-
nahmen im Rahmen des Vertrages über die Nichtverbreitung von Kernwaffen 
(Safeguardsabkommen) und des Zusatzprotokolls vom 16. Juni 20005 zum Safe-
guardsabkommen. 
2 Sie hat zum Zweck sicherzustellen, dass Materialien und Tätigkeiten, die diesen 
Abkommen unterstehen, nur friedlichen Zwecken dienen. 

Art. 2 Geltungsbereich 
1 Diese Verordnung gilt für: 

a. folgende Materialien: 
1. Ausgangsmaterialien nach Artikel 1 Absatz 1 Buchstabe a der Kern-

energieverordnung vom 10. Dezember 20046 (KEV) und besondere 
spaltbare Materialien nach Artikel 1 Absatz 1 Buchstabe b KEV, 

2. radioaktive Abfälle, die Materialien nach Ziffer 1 enthalten, 
3. Erze, aus denen Uran oder Thorium gewonnen werden;   

  

 AS 2021 359 
1 SR 732.1 
2 SR 946.202 
3 SR 814.50 
4 SR 0.515.031 
5 SR 0.515.031.1 
6 SR 732.11 

732.12  
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Fig. 64.
International Atomic Energy Agency

Safeguard Implementation Handbook
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Fig. 65. Vienna, Austria 1969 
Some Consideration on 
Rector Instrumentation
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Fig. 66. Yvette, France 2006  
On Radiation Damage Induced by Neutrons 

cross-section must be averaged. The multigroup
approximation [33], allows to calculate accurate
cross-sections over an important energy range with
an accurate precision. The energy domain is splitted
into groups ([Eg,Eg+1]). Following such a proce-
dure, the displacement cross-section is sampled in
distinct energy groups ([Eg,Eg+1]) labelled g and
calculated for each group as:

rg
d ¼

R Egþ1

Eg
rdðEÞ/ðEÞdE

/g
; ð7Þ

where /g ¼
R Egþ1

Eg
/ðEÞdE.

Integrating Eq. (6) in the group g gives:

rg
d ¼

X

k

Z 1

%1

dl
Z þ1

0

dE0
Z Egþ1

Eg

dE/ðEÞrkðEÞ

& f kðl;E;E0Þ
2p

mkðT kðl;E;E0ÞÞ=/g. ð8Þ

Expanding the function fk in terms of Legendre
polynomials to describe the anisotropy of the reac-
tion, gives the general formula for the total displace-
ment cross-section:

rg
d ¼

X

k

X

h

Xnl

l¼0

2lþ 1

2
alðkÞg!h

&
Z 1

%1

dlmkðT kðl;Eg;EhÞÞP lðlÞ ð9Þ

the terms alðkÞg!h are the coefficients of the multigroup
matrix extracted from the nuclear evaluation and

averaged thanks to a multigroup procedure
[34,35]. Eg is the mean energy of the group g.

In a similar way, primary and weighted spectra
can be obtained following the same procedure.
The dpa production rate P, becomes the sum of
the total displacement cross-section multiplied by
the neutron flux /g in a defined group (P ¼P

grg/g). These estimators integrate all informa-
tions associated to the physical nature of the solid,
the description of neutron–atom interactions as well
as the characteristic of the nuclear plant.

Fig. 6 illustrates the effect of the flux on recoil
spectra. The total primary (left) and weighted recoil
(right) spectra associated to neutron 93Nb interac-
tions have been plotted versus the recoil energy of
93Nb atoms for PWR, FRB and HTR. Increasing
the number of neutrons with a kinetic energy above
100 keV leads to a shift towards high kinetic energy
of the primary recoil spectrum. This effect is less
important for the weighted recoil spectrum as the
number of displaced atoms are of the same order
of magnitude for all reactors.

Fig. 7 presents the comparison of the multigroup
displacement cross-section rk

g associated to the con-
tinuum inelastic interaction between a neutron and
a 58Ni atom. The full line represents the multigroup
displacement cross-section obtained from Eq. (9)
and the dotted line is computed from the IECN
model. The anisotropy of the interaction has clearly
an impact on the displacement cross-section. As
expected, this impact is important for neutrons with
a kinetic energy above 3 MeV in agreement with
results presented in Fig. 2.

3.2. Application to ceramics

Figs. 8 and 9 show the comparison of the total
multigroup displacement cross-sections as a function
of the neutron energy in two polyatomic targets, SiC
and LiAlO2. These displacement cross-sections are
calculated within the formalism developed here
(solid line) and from the IECN model (SPECOMP
program [31]) (dotted line). The differences between
these two programs lie in the models used to estimate
the number of displacements per atom and in the
treatment of neutron atom interactions. Below
4 MeV, only elastic collisions occur in SiC. The use
of the NRT formula in SPECOMP to calculate the
number of dpa in polyatomic solids is responsible
for the difference between different cross sections
(cf. Fig. 8). Above 4 MeV, the anisotropy of inelastic
nuclear collision is mainly responsible for the large

Fig. 5. Typical neutron flux spectra per lethargy unit, u
(u ¼ logð E

E0
Þ where E0 = 1 MeV) versus the neutron kinetic energy

for three types of nuclear plants (dots for PWR, dashed line for
HTR and solid line for FBR).
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where vk(E,T) characterizes the kth interaction and
mk(T) is the number of displacements created by the
recoil of energy T by the kth interaction and can be
directly given by the resolution of Lindhard’s equa-
tions. D(E) is the normalization constant associated
to the weighted recoil spectrum.

Whatever the nature of impinging particles, ions
or neutrons, the production rate of displacements is
linked to the particle flux via the total displacement
per atom cross-section. Each interaction between a
neutron and an atom of the medium, generates a
displacement per atom cross-section. The computa-

tion of the total displacement cross-section is then
achieved by summing all displacement cross-sec-
tions associated and can be computed as

rdðEÞ ¼
X

k

Z Tmax

0

vkðE; T ÞmkðT ÞdT

¼
X

k

Z þ1

0

dE0

%
Z lkðEd ;E;E0Þ

1

dlrkðl;E;E0ÞmkðT kðl;E;E0ÞÞ.

ð6Þ

The energy Tmax is the maximum energy which can
be transferred to the recoil atom.

The neutron–atom cross-section r(l,E,E 0) is
responsible for the energy distribution of recoil
and then the shape of recoil spectra and the dis-
placement cross-section. A description of neutron–
atom cross-sections, taking into account anisotropic
effects, allows then to compute accurate recoil spec-
tra and dpa production rate.

3. Calculation of the damage functions

To compare the damage induced in a material by
different nuclear plants, the displacement cross-
section and recoil spectra have to be weighted by
neutron fluxes, i.e. the number of incident neutron
per surface, time and energy unit. To compute the
dpa production rate, the product of the differential
flux, /(E), by the displacement cross-section,
rd(E), must be integrated over the energy spectrum
of the flux. Fig. 5 presents neutron fluxes produced
in PWRs, FBRs and HTRs [32]. As the cross-sec-
tions describing nuclear interactions present very
sharp resonances versus the neutron energy, the
multigroup approximation is used to compute dis-
placement cross-section and different recoil spectra
taking into account neutron flux associated to a
define nuclear plant.

3.1. The multigroup approximation

To describe the sharp resonances associated to
particular nuclear reactions, the ponctual nuclear

Table 1
Values of displacement threshold energies of different elements of solids studied in this work

Element C Zr Si Al O Zn Ti Ni Nb Li

Ed (eV) 31 40 25 27 30 30 40 40 40 10

Fig. 4. Evolution of the number of displaced atoms induced by a
Zr projectile in a polyatomic target the spinel ZnAl2O4. The
number of displaced atoms is calculated from the SRIM-2003
Monte-Carlo program (dots), the NRT analytical formulation
(dotted line) and the Lindhard’s equations (full line). The insert
presents the relative errors (SRIM taken as the reference) on the
number of displaced atoms calculated with the NRT (black
squares) and Lindhard’s equation (open dots). The Lindhard’s
equation calculates a number of displacements closer to the one
extracted from Monte-Carlo simulations.

94 L. Lunéville et al. / Journal of Nuclear Materials 353 (2006) 89–100

of magnitude than this characteristic length. In this
case, the number of displaced atoms computed
within this formalism overestimates the real amount
of defects produced by irradiation. Therefore, such
a formalism requires only a description of inter-
atomic potentials accurate at distances less than
equilibrium distances in a defined solid. As the
screening of nuclear charges is not negligible in the
velocity regime considered here, the Thomas Fermi
statistical model for Coulomb potential describes
accurately this interaction. The main interest of
such a model is to treat all atoms as identical aside
from scaling factors. Following the seminal work
of Lindhard on the subject [29,30], an universal
cross-section function derived from the Thomas
Fermi potential describes the interaction cross-
section between an incident particle and an atom
of the medium. As collisions can be considered
as binary encounters, the sample size is always
much larger than the particles mean free path.
Neglecting the crystal state of the material, a
one-dimensional integral equation [30], is able to
handle the evolution of energetic particles in the
medium. In a polyatomic target composed of p
elements, within the BCA framework [24,25],
(p + 1) integro-differential equations allow to
define the number of displacements per atom mij
versus the energy E:

SjðEÞ
dmijðEÞ
dE

¼ cj

Z kijE

Edj

v$ijðE; T ÞRijðT ÞdT

þ
Xp

l¼1

cl

Z kilE

Edl

v$ilðE; T ÞmljðT ÞdT ; ð3Þ

where mij is the number of displacements of atoms j
generated by atoms of type i, Sj(E) is the nuclear
and electronic stopping power, cj is the atomic con-
centration of the atom j, Edj is the displacement
threshold associated to atom j, kijE is the maximum
energy transferable in a head collision between the
atoms i and j, v$ijðEÞ is the elastic differential cross-
section between atoms i and j. This differential
cross-section is obtained from the Lindhard’s uni-
versal cross-section. Rij is a probability function
describing the replacement of an atom i by an atom
j. The interest of such a formalism, compared to the
classical NRT formula, is that displacement thresh-
old energies associated to each sublattice are
correctly taken into account, i.e. subthreshold dis-
placements can be computed [26]. The displacement

threshold energy values used in this paper are
extracted from previous works [31] and presented
in Table 1.

Fig. 4 presents the number of displaced atoms in
ZnAl2O4 as a function of Zr incident energy. The
number of displaced atoms is calculated from
Monte-Carlo simulations (SRIM-2003), the analyt-
ical NRT formulation and the resolution of
Eq. (3). The NRT formulation always underesti-
mates the number of displacements per atoms
whereas the Lindhard’s formulation slightly overes-
timates the number of displacements per atoms.
This example justifies the use of the Lindhard’s for-
mulation for the calculation of the number of dis-
placement per atoms for polyatomic solids.

2.3. Calculation of recoil spectra and the dpa
production rate

To compare different irradiations produced by
different projectiles, the primary recoil spectrum
must be computed. This primary recoil spectrum is
the probability distribution which describes the
ability of a recoil atom to be ejected with a kinetic
energy in the range [T,T + dT] for a defined kth
interaction. The calculation of the primary recoil
spectrum is achieved by the following formula:

SpðE; T Þ ¼
1

CðEÞ
X

k

Z T

Ed

vkðE; SÞdS

¼ 1

CðEÞ
X

k

Z þ1

0

dE0

&
Z lkðEd ;E;E0Þ

lkðT ;E;E0Þ
dlrkðl;E;E0Þ; ð4Þ

where the function lk(T,E,E 0) is the inverse func-
tion of Tk for the kth interaction (cf. Appendix
A). C(E) is the normalization constant associated
to the primary recoil spectrum.

The primary recoil spectrum is thus able to define
the averaged amount of energy transferred to recoils
in a material by a given irradiation. To handle
the total number of displaced atoms, a model of
displacement per atom must be introduced. The ele-
mentary interactions between projectiles and atoms
must then be weighted by a defined number of dis-
placement per atoms. A more realistic comparison
of different kinds of irradiation can then be obtained
from the calculation of the weighted recoil spec-
trum. This spectrum is expressed as
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shows the comparison between K(E,T) versus the a
particle energy, T, calculated according to the IECN
model (dashed line) and to the formalism presented
in this paper (full line) for the 6Li(n, t)He reaction.
The mean value of the recoil energy and the shape

of the two functions are very different. The gauss-
ian-like shape of the normalized function calculated
from the IECN model is replaced by a window func-
tion in the formalism presented here. The shape and
the range of the recoil energy associated to this win-
dow function agrees quite well with measured and
simulated values [28].

The detailed analysis of the shape of v(E,T) for
inelastic scattering and multiple particle emission
reactions then shows that the formalism presented
is able to describe more efficiently than the IECN
model these interactions. Damage produced in
absorbing materials or in particular ceramics such
as B4C, HfB2 and LiAlO2 can then be efficiently
computed in fission nuclear reactors.

2.2. The calculation of the damage production
within the BCA framework

To estimate the number of displaced atoms gen-
erated by incident particles in a medium, a model
describing the multiple collisions between incident
particles and recoils inside a solid must be
introduced.

The BCA formalism is able to describe damage
induced by the slowing down of particles inside a
material as long as the mean free path of the moving
particles remains larger than the characteristic
length in the solid. The BCA breaks down for
particles with mean free paths of the same order
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Fig. 2. Comparison of normalized differential cross-sections
K(E,T) associated to neutron 58Ni inelastic continuum interac-
tion computed taking into account anisotropy and within the
IECN model framework. For 10 MeV neutrons, the IECN model
(black diamonds) and the anisotropic model (dotted line) give
similar results. For 14 MeV neutrons, the anisotropy of the
reaction (line) becomes important and induces drastic changes of
K(E,T) compared to its valuation extracted from the IECN
model (circles).
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Fig. 3. Comparison of different functions K(E,T) computed taking into account anisotropy (solid line) and within the IECN model
framework (dashed line) associated to the 6Li(n, t)He nuclear reaction induced by a 0.1 MeV neutron. Depending on the model used to
describe the nuclear reaction, the energy of emitted particles are very different.
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the evaporation model used in the IECN model
does not accurately calculate the energy distribution
of emitted particles during nuclear reactions [15,17].
New nuclear evaluations [20,21] give now informa-
tion about the spectral and angular distribution of
emitted particles.

On the other hand, the determination of the
number of displacements per atom generated by
atoms can be obtained thanks to numerical simula-
tions. Therefore, the use of Monte-Carlo programs
like SRIM [11] to compute the dpa production rate
induced by neutrons within the BCA framework is
time consuming. As the variance associated to the
dpa profile is roughly inversely proportional to the
square root of the number of shoots, few minutes
are necessary to obtain accurate dpa profiles.
Within these simulations, such a calculation must
be performed for each recoil energy associated to
a define neutron–atom interaction. Because a fine
energy sampling (about 100 points) is needed to
describe a neutron–atom interaction, a long time is
necessary to compute the dpa production rate and
recoil spectra. At last, analytical approximations
like the Norgett Robinson and Torrens [22,23]
approximation (NRT) are not accurate enough to
calculate dpa in polyatomic solids such as ceramics
[24–26]. These two points lead us to use the classical
formalism defined by Lindhard [27] to calculate dpa
for polyatomic solids. Within the Lindhard’s theory
framework, few seconds are needed to compute dpa
versus recoil energy. With this calculation, the dpa
production rate and recoil spectra can then be com-
puted in few minutes for a fission reactor.

2.1. The neutron–atom interactions

The treatment of neutron–atom interactions
needs a mathematical description of interactions
[15] like elastic scattering (n,n), inelastic scattering
(n,n 0), charged particle emission such as (n,p),
(n,d), (n, t), (n,a), (n, 3He) and multiple particle
emission such as (n,2n). In such reactions, the
energy of recoil atoms, T, depends on the angle h
between the incident and emitted particles, the
energy of the incident particle E and, the energy
of the emitted particle E 0 in the laboratory frame
(Fig. 1). Defining l as the cosine of h, the cross-
section describing the neutron–atom interaction is
written as

rðl;E;E0Þ ¼ rðEÞf ðl;E;E0Þ=2p; ð1Þ

where r(E) is the reaction cross-section and charac-
terizes the intensity of the interaction and f(l,E,E 0)
is the normalized distribution function which de-
fines the angular and energetic spectrum of the emit-
ted particles. Such a function describes the spatial
anisotropy of the considered interaction. The
neutron–atom differential cross-section v(E,T) can
be written as

vðE; T Þ ¼ rðEÞKðE; T Þ

¼ rðEÞ
Z þ1

0

dE0 f ðl;E;E0Þ
2p

1
oT ðl;E;E0Þ

ol

!!!
!!!
. ð2Þ

The normalized distribution function f(l,E,E 0),
which describes the anisotropy of the interaction,
appears explicitly in the definition of the PKA
differential cross-section v(E,T).

Fig. 2 presents the comparison between K(E,T)
for the neutron-58Ni inelastic diffusion calculated
taking into account the anisotropy of the reaction
and within the IECN model framework [16] for 10
and 14 MeV neutron. For 14 MeV neutrons, the
anisotropy of this interaction induces a spread of
the energy of recoil atoms below the energy broad-
ening estimated by the IECN model. Such a broad-
ening of the recoil energy modifies the shape of
recoil spectra and then dpa production rate.

Even if such a treatment of the inelastic interac-
tions induces minor improvement in the calculation
of v(E,T) and then the determination of dpa
production rate and recoil spectra for nuclear fission
reactors, this correction is important for fusion
facilities like the European Spallation Source
(ESS) and the International Fusion Material Irradi-
ation Facility (IFMIF).

For multiple particle emission reactions, proper
conservation laws for the momentum and kinetic
energy are used to derive mathematical relations
between T, E, E 0 and l (cf. Appendix A). Fig. 3

E’

T

θ

E

Fig. 1. Schematic description of the interaction between an
incident particle (for instance a neutron) and a target atom. E is
the incident particle energy, E 0 is the emitted particle energy, T is
the recoil atom energy and h is the angle between the incident
particle direction and the emitted particle direction in the
laboratory frame.
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alloys or ceramics are maintained in such a nonequi-
librium thermodynamic state by irradiation. Typical
examples are provided by solids exposed to neutron
irradiation in nuclear reactors. The structural stabil-
ity and then the physical properties of such driven
materials are largely modified. It is now well known
that the kinetic evolution of defects, which is ulti-
mately responsible for irradiation changes in mate-
rial properties, is controlled by the irradiation
temperature and the defect production rate [1]. This
defect production rate is linked to elementary phys-
ical mechanisms associated to neutrons impinging
solids [2] in nuclear reactors. This calculation
incorporates, at least, to a first approximation, the
impact of neutrons on material at the atomic scale.
During neutron–atom collisions, a large amount of
neutrons kinetic energy is transferred to atoms of
the target. These recoils produce inside the crystal
an important amount of defects during their slowing
down. To estimate the defect production rate pro-
duced by neutrons and recoils, the dpa production
rate can be calculated. One of the most useful way
to estimate the defect production rate is to estimate
at least the displacement per atom production rate
[3].

The general topic of ion irradiation as a surro-
gate for neutron damage irradiation has been the
topic of numerous conferences and research over
the past 30 years [4–8]. As particle accelerators can
induce damage in solids over a large range of inci-
dent particles fluxes and temperatures, without acti-
vation of materials, they are efficient tools to test
different physical models able to describe the behav-
iour of materials in nuclear plants. Therefore, the
nature and the energy of incident particles produced
by accelerators need to be chosen in order to pro-
duce radiation damages similar to those produced
in nuclear reactors. To reach such a goal, it is
important to calculate and then to compare the pri-
mary and weighted recoil spectra as well as dpa pro-
duction rate due to neutron–atom collisions [9,10] in
nuclear reactors and ion–atom collisions in particle
accelerators. The primary recoil spectrum can be
exactly calculated from basic physical principles
and measured neutron cross-sections for all neu-
tron–atom interactions. Moreover, the number of
displacements produced by recoil atom is also a
key parameter to compare the behaviour of materi-
als under irradiation [3]. Therefore, such calcula-
tions, leading to the calculation of the weighted
recoil spectrum, require some models to describe
in a more realistic way, the effects of recoils on a

solid. The simplest way to calculate the weighted
recoil spectra and dpa production rate in solids is
to use the binary collision approximation (BCA)
[11]. Therefore, it is now clearly admitted that the
BCA overestimates defects in solids because the
atomic relaxation of atoms in the displacement cas-
cades is not taken into account. The correct descrip-
tion of displacement cascades implies in fact a
description of interatomic forces in defined solids
to handle the relaxation processes. The molecular
dynamics technique is now extensively used to
describe these relaxation phases in the displacement
cascades for metals and alloys [12]. However, even if
the molecular dynamics seems to be a useful tool to
compute primary damage in solids, it is not possi-
ble, until now, to simulate the impact of neutrons
on a defined solid. Moreover, the use of such a tech-
nique is more doubtful for ceramics because the
inelastic energy loss and the dynamical charge of
different ions are not taken into account [13].

In this work, a formalism describing neutron–
atoms interactions is presented in detail. This for-
malism is used to calculate the dpa production rate
and the primary and weighted recoil spectra pro-
duced in a nuclear reactor. The comparison of these
spectra computed for nuclear reactors and particle
accelerators allows to define the nature of particles
able, in an accelerator, to simulate the evolution
of solids irradiated by neutrons. These estimators
have also been calculated for different facilities
and for different ceramics which can be potential
candidates for structural materials of the new gener-
ation of nuclear reactors.

2. Description of the formalism

When a neutron impacts on an atom, recoils are
created and generate damages. The neutron–atom
interaction processes are numerous [14,15] and
create various types of recoil atoms of different ener-
gies. So, an accurate description of the neutron–
atom interactions, i.e. elastic scattering, inelastic
diffusion and charged particles emission, is essential
to obtain a precise determination of recoil energies.
The isotropic emission compound nucleus model
(IECN) is usually used to estimate the energy of
recoil atoms [16,17]. Within the IECN theory frame-
work, particles emitted by the inelastic collisions
and nuclear reactions are isotropically distributed
in space. Therefore, the important anisotropy of
emitted particles modifies drastically the energy
distribution of recoil atoms [14,18,19]. For instance,
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Abstract

Many years have been devoted to study the behaviour of solids submitted to impinging particles like ions or neutrons.
The nuclear evaluations describe more and more accurately the various neutron–atom interactions. Anisotropic neutron–
atom cross-sections are now available for many elements. Moreover, clear mathematical formalism now allows to calculate
the number of displacements per atom in polyatomic targets in a realistic way using the binary collision approximation
(BCA) framework. Even if these calculations do not take into account relaxation processes at the end of the displacement
spike, they can be used to compare damages induced by different facilities like pressurized water reactors (PWR), fast bree-
der reactors (FBR), high temperature reactors (HTR) and fusion facilities like the European Spallation Source (ESS) and
the International Fusion Material Irradiation Facility (IFMIF) on a defined material. In this paper, a formalism is pre-
sented to describe the neutron–atom cross-section and primary recoil spectra taking into account the anisotropy of nuclear
reactions extracted from nuclear evaluations. Such a formalism permitted to compute displacement per atom produc-
tion rate, primary and weighted recoil spectra within the BCA. The multigroup approximation has been used to calcu-
late displacement per atom production rate and recoil spectra for a define nuclear reactor. All these informations are
useful to compare recoil spectra and displacement per atom production rate produced by particle accelerator and nuclear
reactor.
! 2006 Elsevier B.V. All rights reserved.

PACS: 61.80.Az; 61.72.Bb

1. Introduction

Submitted to irradiation by energetic particles
such as ions or neutrons, atoms are displaced from

their equilibrium positions in a crystal. These dis-
placed atoms drastically increase the concentration
of point defects in the crystal. The material is then
driven by irradiation in a metastable thermody-
namic state that can be very different from its
thermodynamical equilibrium state [1]. The over-
concentration of defects induced by irradiation is
responsible for important structural modifications
of the solid. There are many cases of interest where
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Table 3
Calculation of the fast neutrons effective removal cross-sections for the samples.

Ele. SR/r (cm2g¡1) Sample A
Density (gcm#3)¼ 1.99 l
(cm)¼ 17.33

Sample B
Density (gcm#3)¼ 1.97 l
(cm)¼ 17.54

Sample C
Density (gcm#3)¼ 1.96 l
(cm)¼ 17.82

Sample D
Density (gcm#3)¼ 1.99 l
(cm)¼ 17.33

Sample E
Density (gcm#3)¼ 1.97 l
(cm)¼ 17.48

Sample F
Density (gcm#3)¼ 1.96 l
(cm)¼ 17.57

Ele. Conc Partial SR

By Wt Density (cm#1)
Ele. Conc Partial SR

By Wt Density (cm#1)
Ele. Conc Partial SR

By Wt Density (cm#1)
Ele. Conc Partial SR

By Wt Density (cm#1)
Ele. Conc Partial SR

By Wt Density (cm#1)
Ele. Conc Partial SR

By Wt Density (cm#1)

Mg 3.33E-02 1.44E-02 2.86E-02 9.51E-04 1.44E-02 2.84E-02 9.46E-04 1.11E-02 2.18E-02 7.26E-04 0.00Eþ00 0.00Eþ00 0.00Eþ00 0.00Eþ00 0.00Eþ00 0.00Eþ00 0.00Eþ00 0.00Eþ00 0.00Eþ00
Al 2.93E-02 3.54E-01 7.04E-01 2.06E-02 2.38E-01 4.69E-01 1.37E-02 2.08E-01 4.07E-01 1.19E-02 3.59E-01 7.15E-01 2.09E-02 3.51E-01 6.91E-01 2.03E-02 3.61E-01 7.07E-01 2.07E-02
Si 2.96E-02 5.59E-01 1.11Eþ00 3.29E-02 6.59E-01 1.30Eþ00 3.84E-02 6.39E-01 1.25Eþ00 3.71E-02 5.52E-01 1.10Eþ00 3.25E-02 5.68E-01 1.12Eþ00 3.31E-02 5.58E-01 1.09Eþ00 3.24E-02
P 2.82E-02 0.00Eþ00 0.00Eþ00 0.00Eþ00 3.32E-04 6.53E-04 1.84E-05 2.96E-02 5.79E-02 1.63E-03 0.00Eþ00 0.00Eþ00 0.00Eþ00 0.00Eþ00 0.00Eþ00 0.00Eþ00 0.00Eþ00 0.00Eþ00 0.00Eþ00
Cl 2.52E-02 6.40E-04 1.27E-03 3.21E-05 4.12E-04 8.12E-04 2.05E-05 4.69E-03 9.20E-03 2.32E-04 7.04E-04 1.40E-03 3.53E-05 0.00Eþ00 0.00Eþ00 0.00Eþ00 0.00Eþ00 0.00Eþ00 0.00Eþ00
K 2.47E-02 1.74E-02 3.47E-02 8.57E-04 2.19E-02 4.31E-02 1.06E-03 1.34E-02 2.62E-02 6.46E-04 6.68E-02 1.33E-01 3.28E-03 6.59E-02 1.30E-01 3.21E-03 6.53E-02 1.28E-01 3.16E-03
Ca 2.43E-02 2.70E-03 5.37E-03 1.31E-04 3.19E-03 6.29E-03 1.53E-04 2.96E-04 5.80E-04 1.41E-05 2.79E-03 5.55E-03 1.35E-04 1.28E-03 2.51E-03 6.11E-05 1.31E-03 2.56E-03 6.22E-05
Ti 2.05E-02 8.58E-03 1.71E-02 3.50E-04 1.09E-02 2.15E-02 4.41E-04 1.97E-04 3.86E-04 7.92E-06 5.12E-04 1.02E-03 2.09E-05 4.73E-04 9.32E-04 1.91E-05 5.04E-04 9.87E-04 2.02E-05
V 2.13E-02 1.56E-04 3.10E-04 6.60E-06 0.00Eþ00 0.00Eþ00 0.00Eþ00 8.79E-04 1.72E-03 3.67E-05 0.00Eþ00 0.00Eþ00 0.00Eþ00 0.00Eþ00 0.00Eþ00 0.00Eþ00 7.28E-05 1.43E-04 3.04E-06
Cr 2.09E-02 9.88E-05 1.97E-04 4.11E-06 1.21E-04 2.38E-04 4.97E-06 9.23E-02 1.81E-01 3.78E-03 4.76E-05 9.46E-05 1.98E-06 0.00Eþ00 0.00Eþ00 0.00Eþ00 0.00Eþ00 0.00Eþ00 0.00Eþ00
Mn 2.03E-02 4.58E-04 9.12E-04 1.85E-05 5.74E-04 1.13E-03 2.30E-05 2.77E-05 5.44E-05 1.10E-06 1.68E-04 3.33E-04 6.77E-06 1.03E-04 2.03E-04 4.12E-06 1.55E-04 3.04E-04 6.16E-06
Fe 2.14E-02 4.18E-02 8.32E-02 1.78E-03 4.98E-02 9.82E-02 2.10E-03 1.36E-04 2.67E-04 5.71E-06 1.68E-02 3.35E-02 7.16E-04 1.28E-02 2.52E-02 5.38E-04 1.32E-02 2.58E-02 5.53E-04
Cu 1.86E-02 1.51E-05 3.00E-05 5.58E-07 2.53E-05 4.98E-05 9.26E-07 0.00Eþ00 0.00Eþ00 0.00Eþ00 0.00Eþ00 0.00Eþ00 0.00Eþ00 0.00Eþ00 0.00Eþ00 0.00Eþ00 0.00Eþ00 0.00Eþ00 0.00Eþ00
Zn 1.83E-02 5.73E-05 1.14E-04 2.09E-06 7.78E-05 1.53E-04 2.80E-06 0.00Eþ00 0.00Eþ00 0.00Eþ00 1.26E-04 2.52E-04 4.60E-06 7.34E-05 1.45E-04 2.65E-06 9.98E-05 1.96E-04 3.58E-06
Rb 1.64E-02 1.05E-04 2.08E-04 3.41E-06 1.01E-04 1.99E-04 3.26E-06 1.11E-03 2.17E-03 3.56E-05 6.32E-04 1.26E-03 2.06E-05 4.69E-04 9.23E-04 1.51E-05 5.86E-04 1.15E-03 1.88E-05
Zr 1.56E-02 4.56E-04 9.08E-04 1.42E-05 8.61E-04 1.70E-03 2.65E-05 0.00Eþ00 0.00Eþ00 0.00Eþ00 0.00Eþ00 0.00Eþ00 0.00Eþ00 0.00Eþ00 0.00Eþ00 0.00Eþ00 0.00Eþ00 0.00Eþ00 0.00Eþ00
Total 1.0000 0.0577 1.0000 0.0570 1.0000 0.0561 1.0000 0.0577 1.0000 0.0572 1.0000 0.0569
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Fig. 4. (a) Simulation setup (b) 3-D view of set up obtained from MCNPX Visual Editor (Version X_22S).

Fig. 5. The effective removal cross section of the clay-materials and concrete materials.

Fig. 6. The mean free path of the clay-materials and concrete materials.
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Table 2
WinNC Output: The SR/r, SR and l of Ball Clay and Kaolin using its Elemental Compositions.

Element
Sample A Sample B Sample C Sample D Sample E Sample F

Density (gcm"3) ¼ 1.99
l (cm) ¼ 17.38

Density (gcm"3) ¼ 1.97
l (cm) ¼ 17.63

Density (gcm"3) ¼ 1.96
l (cm) ¼ 17.88

Density (gcm"3) ¼ 1.99
l (cm) ¼ 17.39

Density (gcm"3) ¼ 1.97
l (cm) ¼ 17.55

Density (gcm"3) ¼ 1.96
l (cm) ¼ 17.59

Ele.Conc
By Wt

SR/r

(cm2g"1)
SR

(cm"1)
Ele.Conc
By Wt

SR/r

(cm2g"1)
SR

(cm"1)
Ele.Conc
By Wt

SR/r

(cm2g"1)
SR

(cm"1)
Ele.Conc
By Wt

SR/r

(cm2g"1)
SR

(cm"1)
Ele.Conc
By Wt

SR/r

(cm2g"1
SR

(cm"1)
Ele.Conc
By Wt

SR/r

(cm2g"1)
SR

(cm"1)

Mg 1.44E-02 3.33E-02 9.50E-04 1.44E-02 3.33E-02 9.44E-04 1.11E-02 3.33E-02 7.25E-04 0.00Eþ00 0.00Eþ00 0.00Eþ00 0.00Eþ00 0.00Eþ00 0.00Eþ00 0.00Eþ00 0.00Eþ00 0.00Eþ00
Al 3.54E-01 2.93E-02 2.06E-02 2.38E-01 2.93E-02 1.37E-02 2.08E-01 2.93E-02 1.19E-02 3.59E-01 2.93E-02 2.09E-02 3.51E-01 2.93E-02 2.02E-02 3.61E-01 2.93E-02 2.07E-02
Si 5.59E-01 2.95E-02 3.28E-02 6.59E-01 2.95Eþ02 3.82E-02 6.39E-01 2.95E-02 3.69E-02 5.52E-01 2.95E-02 3.24E-02 5.68E-01 2.95E-02 3.29E-02 5.58E-01 2.95E-02 3.23E-02
P 0.00Eþ00 0.00E-02 0.00Eþ00 3.32E-04 2.83E-02 1.84E-05 2.96E-02 2.83E-02 1.64E-03 0.00Eþ00 0.00Eþ00 0.00Eþ00 0.00Eþ00 0.00Eþ00 0.00Eþ00 0.00Eþ00 0.00Eþ00 0.00Eþ00
Cl 6.40E-04 2.52E-02 3.21E-05 4.12E-04 2.52E-02 2.04E-05 4.69E-03 2.52E-02 2.32E-04 7.04E-04 2.52E-02 3.53E-05 0.00Eþ00 0.00Eþ00 0.00Eþ00 0.00Eþ00 0.00Eþ00 0.00Eþ00
K 1.74E-02 2.47E-02 8.56E-04 2.19E-02 2.47E-02 1.06E-03 1.34E-02 2.47E-02 6.46E-04 6.68E-02 2.47E-02 3.28E-03 6.59E-02 2.47E-02 3.20E-03 6.53E-02 2.47E-02 3.16E-03
Ca 2.70E-03 2.43E-02 1.30E-04 3.19E-03 2.43E-02 1.53E-04 2.96E-04 2.43E-02 1.41E-05 2.79E-03 2.43E-02 1.35E-04 1.28E-03 2.43E-02 6.10E-05 1.31E-03 2.43E-02 6.23E-05
Ti 8.58E-03 2.05E-02 3.50E-04 1.09E-02 2.05E-02 4.40E-04 1.97E-04 2.05E-02 7.91E-06 5.12E-04 2.05E-02 2.08E-05 4.73E-04 2.05E-02 1.91E-05 5.04E-04 2.05E-02 2.03E-05
V 1.56E-04 2.13E-02 6.59E-06 0.00Eþ00 0.00Eþ00 0.00E-00 8.79E-04 2.13E-02 3.67E-05 0.00Eþ00 0.00Eþ00 0.00Eþ00 0.00Eþ00 0.00Eþ00 0.00Eþ00 7.28E-05 2.13E-02 3.04E-06
Cr 9.88E-05 2.08E-02 4.08E-06 1.21E-04 2.08E-02 4.93E-06 9.23E-02 2.08E-02 3.76E-03 4.76E-05 2.08E-02 1.97E-06 0.00Eþ00 0.00Eþ00 0.00Eþ00 0.00Eþ00 0.00Eþ00 0.00Eþ00
Mn 4.58E-04 2.03E-02 1.85E-05 5.74E-04 2.03E-02 2.29E-05 2.77E-05 2.03E-02 1.10E-06 1.68E-04 2.03E-02 6.76E-06 1.03E-04 2.03E-02 4.11E-06 1.55E-04 2.03E-02 6.17E-06
Fe 4.18E-02 2.14E-02 1.78E-03 4.98E-02 2.14E-02 2.10E-03 1.36E-04 2.14E-02 5.71E-06 1.68E-02 2.14E-02 7.15E-04 1.28E-02 2.14E-02 5.37E-04 1.32E-02 2.14E-02 5.53E-04
Cu 1.51E-05 1.86E-02 5.57E-07 2.53E-05 1.86E-02 9.23E-07 0.00Eþ00 0.00Eþ00 0.00Eþ00 0.00Eþ00 0.00Eþ00 0.00Eþ00 0.00Eþ00 0.00Eþ00 0.00Eþ00 0.00Eþ00 0.00Eþ00 0.00Eþ00
Zn 5.73E-05 1.83E-02 2.09E-06 7.78E-05 1.83E-02 2.80E-06 0.00Eþ00 0.00Eþ00 0.00Eþ00 1.26E-04 1.83E-02 4.60E-06 7.34E-05 1.83E-02 2.64E-06 9.98E-05 1.83E-02 3.58E-06
Rb 1.05E-04 1.63E-02 3.39E-06 1.01E-04 1.63E-02 3.23E-06 1.11E-03 1.63E-02 3.54E-05 6.32E-04 1.63E-02 2.05E-05 4.69E-04 1.63E-02 1.05E-05 5.86E-04 1.63E-02 1.87E-05
Zr 4.56E-04 1.56E-02 1.41E-05 8.61E-04 1.56E-02 2.64E-05 0.00Eþ00 0.00Eþ00 0.00Eþ00 0.00Eþ00 0.00Eþ00 0.00Eþ00 0.00Eþ00 0.00Eþ00 0.00Eþ00 0.00Eþ00 0.00Eþ00 0.00Eþ00
Total 1.0000 0.0290 0.0575 1.0000 0.0289 0.0575 1.0000 0.0286 0.0559 1.0000 0.0289 0.0575 1.0000 0.0290 0.0570 1.0000 0.0290 0.568
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It has been discovered that Clays have all the desired physi-
ochemical properties for good shielding-materials such as high
melting point, good thermo-chemical stability, and higher me-
chanical strength at an elevated temperature, better shock resis-
tance and high resistance to corrosion [12,13]. Interestingly, Clay
constituents low-Z elements and has good capability to retain
water (H2O). These properties make it suitable for neutron-
shielding [6]. On the other hand, Clay-materials are abundantly
available thus proves to be cost-effective and eco-friendly com-
posite-material [14].

In this study fast-neutron-shielding behaviour (FNSB) for clay-
materials found at Ile-Ife (South-western Nigeria has been carried
out. Various shielding parameters such as effective fast-neutrons

removal cross section, SRðcm"1Þ , mass removal cross section,
SR=rðcm2g"1Þ and mean free path, l (cm) have been used to
ascertain FNSB. These parameters have been computed using
WinNC-Toolkit; MCNPX; GEANT4 and direct calculation [15e17].
For neutron energies between 2 and 12 MeV, the effective removal
cross-section is considered to be approximately constant [18].
Various researchers [7e10,19e21] have confirmed that these pa-
rameters provide good information regarding neutron-shielding
behaviour of sample-material.

2. Theoretical method

WinNC-toolkit has been designed to provide theoretical

Fig. 1. Ball clay baked at different temperature.

Fig. 2. Kaolin baked at different temperature.

Table 1
Comparison of WinNC-Toolkit results with literature values for the validation of the code.

Concrete Samples Density (gcm"3) Measured values of SR (cm"1)

WinNC-Toolkit [15] Manual Calculation [15, 43] Experimental Measurement[15, 43]

Ordinary-concrete 2.30 0.0930 0.0937 0.1083
Hematite-serpentine 2.50 0.0978 0.0967 0.1160
Ilmenite-limonite 2.90 0.0943 0.0950 0.1433
Basalt-magnetite 3.05 0.1108 0.1102 0.1270
Ilmenite 3.50 0.1111 0.1121 0.1625
Steel Scrap 4.00 0.1226 0.1247 0.1654
Steel-magnetite 5.11 0.1421 0.1420 0.1680
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a b s t r a c t

The fast-neutron shielding behaviour (FNSB) of two clay-materials (Ball clay and Kaolin)of Southwestern
Nigeria (7.49!N, 4.55!E) have been investigated using effective removal cross section, SRðcm#1Þ, mass
removal cross section, SR=rðcm2g#1Þ and Mean free path, l (cm). These parameters decide neutron
shielding behaviour of any material. A computer program - WinNC-Toolkit has been used for compu-
tation of these parameters. The toolkit evaluates these parameters by using elemental compositions and
densities of samples. The proficiency of WinNC-Toolkit code was probe by using MCNPX and GEANT4 to
model fast neutron transmission of the samples under narrow beam geometry, intending to represent
the actual experimental setup. Direct calculation of effective removal cross section (cm#1) of the samples
was also carried out. The results from each of the methods for each types of the studied clay-materials
(Ball clay and Kaolin) shows similar trend. The trend might be the fingerprint of water content retained
in each of the samples being baked at different temperature. The compositions of each sample have been
obtained by Particle-Induced X-ray Emission (PIXE) technique (Tandem Pelletron Accelerator: 1.7 MV,
Model 5SDH). The FNSB of the selected clay-materials have been compared with standard concrete. The
cognizance of various factors such as availability, thermo-chemical stability and water retaining ability by
the clay-samples can be analyzed for efficacy of the material for their FNSB.
© 2019 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The nuclear-technology is useful in several fields such as in-
dustry, medicine, agriculture and scientific research. It is a reliable
and clean power-source [1]. Besides numerous advantages of this
technology some precautions should be taken to avoid the expo-
sure to hazardous ionizing-radiations such as neutrons, gamma-
rays, charged-particles and fission-fragments. The risk of
radiation-hazard put major restriction on excessive use nuclear-
technology to fulfill the increasing demand of power.

Various studies have shown that exposure to the ionizing-

radiations can cause havoc to both living and non-living things
[2e4]. This potential radiation risk must be assessed and controlled
to minimize the menace to the public and associated property [3].
During reactor-shielding, the shielding of neutrons and g-rays are
the major concern. Since any material that attenuates neutrons and
g-rays, effectivelyattenuates other type of nuclear-radiations [4e10].

According to Oak ridge national laboratory [11], origin of radi-
ation shielding research can be intimately tied to the operation of
the world's first self-sustaining chain nuclear reactor during the
year 1943. Several materials have been investigated for the
radiation-shielding purpose. Beside from good radiation-shielding
behaviour of a material, it should possess necessary physi-
ochemical properties such as melting point, corrosion, thermo-
chemical instability etc. Thus, for innovatory applications of the
nuclear-technology in different fields necessitate the continuous
search for better shielding-materials.
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HYPOXIC ARCHIVE

Fig. 69. Sursee, Switzerland
National Library Storage Center
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Projektdaten

Projekt Neubau Kooperative Speicherbibliothek Schweiz
Adresse Grabmattenstrasse 15, 6233 Büron

Bauherrschaft Speicherbibliothek AG
 vertreten durch
 Dienststelle Immobilien,  

Stadthofstrasse 4, 6002 Luzern

Gesamtplaner / Architekt / gzp architekten ag, 6003 Luzern
Baumanagement 
Bauingenieur Basler & Hofmann Innerschweiz AG, Luzern
HLK Planer Amstein + Walthert AG, Zürich
Sanitärplaner Josef Ottiger + Partner AG, Luzern
(OHNWURSODQHU� -XOHV�+lÀLJHU�$*��/X]HUQ
Bauphysik Ragonesi Strobel & Partner, Luzern
/RJLVWLN����%HWULHEVSODQXQJ� 5$/2*�(QJLQHHULQJ�$*��=R¿QJHQ
Fassadenplanung Metallbaupartner AG, Adligenswil
 Eleconstruct AG, Emmen

Projektablauf / Termine Öffentlicher Wettbewerb Sommer 2013
 Volksabstimmung  November 2013
 Planungbeginn  Herbst 2013
 Baubeginn  August 2014
 Bezug  Februar 2016
 Bauzeit  18 Monate

%DXNHQQZHUWH� *UXQGVW�FNVÀlFKH� ��¶����P2

� *HElXGHJUXQGÀlFKH� 6,$����� �¶����P2

� %HDUEHLWHWH�8PJHEXQJVÀlFKH� �¶����P2

� *HVFKRVVÀlFKH� 6,$����� �¶����P2

� (QHUJLHEH]XJVÀlFKH� �¶����P2

� *HElXGHYROXPHQ� ��¶����P3

� 'DFKÀlFKHQ� �¶����P2

� )DVVDGHQÀlFKHQ� ��¶����P2

$QODJHNRVWHQ� %.3���*UXQGVW�FN� )U�� �¶���¶���
� %.3���9RUEHUHLWXQJVDUEHLWHQ� )U�� �¶���¶���
� %.3���*HElXGH� )U����¶���¶���
� %.3���%HWULHEVHLQULFKWXQJHQ� )U�� �¶���¶���
� %.3���8PJHEXQJ� )U�� ���¶���
� %.3���%DXQHEHQNRVWHQ� )U�� �¶���¶���
� %.3���$XVVWDWWXQJ� )U�� ���¶���
 
� 7RWDO�$QODJHNRVWHQ� )U����¶���¶���

/DJHU� .DSD]LWlW� ����0LR��:HUNH�����0LR��LP�9ROODXVEDX�
� 'LPHQVLRQHQ� �����P�[������P�[������P��O�[�E�[�K�
� )DFKODVW� PD[�� ����NJ
� )HOGODVW� PD[���¶����NJ

ein Projekt der  
SuPerlative

Die Kooperative Speicherbibliothek 
Schweiz ist ein Gemeinschaftsprojekt 
der Zentral- und Hochschulbibliothek 
Luzern, der Zentralbibliothek Zürich, 
der Universitätsbibliotheken von 
Basel und Zürich und der Zentralbibli-
othek Solothurn.

Die Bibliotheken leiden seit längerer 
Zeit unter Platznot in ihren Magazinen 
und müssen deshalb Aussenlager 
realisieren. Ein grosses, gemeinsames  
Aussenlager gilt als wirtschaftliche  
XQG�HI¿]LHQWH�/|VXQJ�I�U�GLH�3ODW]SUR�
bleme, bei der auch konservatorische 
und bibliothekstechnische Anforde-
rungen vollumfänglich erfüllt werden 
N|QQHQ��'XUFK�GLH�9HUVFKLHEXQJ�YRQ�
Beständen in die Kooperative Spei-
cherbibliothek Schweiz wird in den 
Stammhäusern Platz frei für andere 
Bedürfnisse. Dabei bleiben die Werke 
weiterhin ausleihbar.

Die Kooperative Speicherbibliothek 
Schweiz konnte als richtig innovatives 
Lager realisiert werden: ein automa-
tisiertes Hochregallager, modular 
erweiterbar, in dem die Bücher in 
Behältern lagern. Das erlaubt eine 
K|FKVW�YHUGLFKWHWH�/DJHUDUW��LQ�GHU�
zudem der Lagerbereich inertisiert 
ist, d.h. im Lagerbereich wird der 
Sauerstoffgehalt so gesenkt, dass 
kein Feuer entstehen kann – die 
ein fachste, kostengünstigste Art der 
Brandverhütung! Es ist erst das  
zweite Bibliothekslager der Welt,  
das so ausgerüstet ist; das erste hat 
die British Library wenige Jahre  
früher erstellt. 

GeSchichte und  
Motivation

Mit der Erkenntnis, dass die Digital-
isierung noch lange nicht und viel-
leicht nie die Aufbewahrung von 
JHGUXFNWHQ�%HVWlQGHQ�XQQ|WLJ�PDFKHQ�
wird, dass überdies die Magazinie-
rung in zentraler Stadt-Lage (wo Bi-
bliotheken normalerweise domiziliert 
sind), untragbar teuer wird, begannen 
die Bibliotheken neu nachzudenken 
über die beste Art der Aufbewahrung 
dieser Print-Bestände, auch ausser-
halb der Städte. Die ZHB Luzern 
startete 2005 eine intensive, detail-
lierte Evaluation von verschiedenen 
/DJHUP|JOLFKNHLWHQ��PLW�GHP�=LHO��GLH�
kostengünstigste und konservatorisch 
DP�EHVWHQ�JHHLJQHWH�9DULDQWH�]X�
¿QGHQ��1DFK�]ZHL�-DKUHQ�XQG�YLHOHQ�
Detail-Kostenrechnungen führte die 
Evaluation zum fundierten Schluss, 
dass ein automatisiertes Hochregal- 
Behälterlager mit Inertisierung und  
einem Standort ausserhalb von 
6WDGW�]HQWUHQ�GLH�EHVWH�/|VXQJ�VHL��
=XGHP�LGHQWL¿]LHUWH�GLH�$UEHLWVJUXSSH� 
VLJQL¿NDQWHV�6\QHUJLHSRWHQWLDO�LQ�
der Zusammenarbeit von mehreren 
%LEOLRWKHNHQ�±�©JU|VVHU�XQG�JHPHLQ-
sam ist günstiger»! Daraufhin lud der 
Regierungsrat des Kantons Luzern 
2009 die Träger von mehreren Biblio-
theken ein, an der Realisierung eines 
gemeinsamen Aussenlagers mitzu-
arbeiten. 2013 musste das Projekt 
EHLP�JU|VVWHQ�3DUWQHU��GHP�.DQWRQ�
/X]HUQ�I�U�½VHLQH¾�=+%��HLQH�9RONVDE-
stimmung bestehen; als sie erfolg-
reich verlaufen war und die anderen 
7UlJHU�LKUH�GH¿QLWLYH�=XVWLPPXQJ�
zur Realisierung ebenfalls gegeben 
hatten, wurde das Unternehmen 

konkret: Zum einen wurde die Pla-
nung des Baus mit der Wahl eines 
Generalplaners vorangetrieben, und 
zum anderen wurden die rechtlichen 
Formen der Trägerschaft realisiert, 
mit der Aktiengesellschaft für das Ge-
ElXGH�XQG�GHP�9HUHLQ�GHU�EHWHLOLJWHQ�
Bibliotheken für alle betrieblichen 
Fragen. Im August 2014 wurde mit 
dem Bau begonnen, ein Jahr später 
Aufrichte gefeiert, und Ende Janu-
ar 2016 konnte das Gebäude den 
%HWUHLEHUQ��EHUJHEHQ�ZHUGHQ��1DFK�
einem Jahr intensiver Ersteinlagerung 
sind bereits 1.6 Mio. Bände (von rund 
2.5 Mio. angemeldeten Bänden der 
ersten fünf Bibliotheken) eingelagert.

konzePt

9RUJDEH�I�U�GLH�3ODQXQJ�ZDU�HLQH�
automatisierte Lagerhalle und ein 
9HUZDOWXQJVWUDNW��GLH�EHLGHQ�1XW-
zungen sollten in einem Gebäude 
verschmolzen werden. Ebenfalls zu 
GHQ�9RUJDEHQ�JHK|UWH�GLH�PRGXODUH�
Erweiterbarkeit des Hochregallagers 
RKQH�6W|UXQJ�GHV�ODXIHQGHQ�%HWULHEV��
XQG��GHU�%DX�VROOWH�HQHUJLHHI¿]LHQW��
die Fassade unterhaltsarm, erweiter-
bar und nachhaltig gebaut sein. Die 
6HW]XQJ�GHV�9HUZDOWXQJVWUDNWHV��GHU�
auch die Technik beinhaltet, bildet 
nun den Ankerpunkt der Anlage, an 
dem die Lagerhalle angehängt ist. 
'LH�OlQJOLFKH�$QRUGQXQJ�GHV�9HU-
ZDOWXQJVWUDNWHV�KDW�GHQ�9RUWHLO��GDVV�
durch die grosse Fassadenabwick-
lung die Arbeitsplätze gut besonnt 
werden. Die Lagerhalle konnte durch 
GLH�9HUZHQGXQJ�YRQ�%HWRQHOHPHQWHQ�
HI¿]LHQW�HUVWHOOW�ZHUGHQ��'LHVH�]ZHL-
schaligen, dünnwandigen Elemente 

DXV�%HWRQ�VLQG�OHLFKW��N|QQHQ�YRUID-
briziert und schnell versetzt werden. 
9RU�2UW�ZHUGHQ�VLH�PLW�%HWRQ�DXV-
gegossen und wirken mit der bereits 
im Element eingelegten Armierung 
wie eine monolithische, 36 cm starke 
Stahlbetonwand. Fachwerkträger aus 
Stahl überspannen die rund 75 m lan-
ge und 20 m breite Halle stützenlos.

Bei einer Erweiterung kann die vor-
gehängte Fassade an der Rückseite 
des Gebäudes demontiert, der Bau 
um ein Modul verlängert und die  
Fassade wieder angesetzt werden. 
Die Betonelemente der Rückwand 
bleiben bestehen: sie besitzen vor  -
markierte Öffnungen für die Erweite-
UXQJ�GHU�KRUL]RQWDOHQ�)|UGHUDQODJH��
Die gesamte Halle ist luftdicht ab-
gedichtet und inertisiert. Der abge-
senkte Sauerstoffgehalt verhindert 
Entstehung und Ausbreitung von Feuer.

FaSSadenkonStruktion 
und FaSSadenGeStaltunG

Die Gebäudehülle ist mit einer hinter-
lüfteten Metallfassade aus witterungs-
festem Baustahl (Corten-Stahl) 
ver kleidet. Eine Legierung aus Kupfer, 
&KURP�XQG�JJI��1LFNHO�ELOGHW�HLQH�
Sperrschicht, welche den Stahl vor 
weiterer Abrostung schützt. Die Witte-
rung mit Feuchtigkeit, Regen und Tro-
ckenheit bildet beim Corten-Stahl, wie 
beim normalen Stahl, Rost. Durch die 
Legierungselemente wird aber eine 
komplexe und fest haftende, undurch-
lässige Sperrschicht zwischen dem 
Grundwerkstoff (Stahl) und der bereits 
vorhandenen Rostschicht gebildet. 
'LHVHU�9RUJDQJ�GDXHUW�UXQG�HLQ�ELV�
]ZHL�-DKUH��,Q�GLHVHU�=HLW�LVW�GLH�2EHU-
ÀlFKH�XQUHJHOPlVVLJ�DQJHURVWHW��ELV�
sich die Rostschicht gleichmässig 
über die gesamte Fläche verteilt hat 
XQG�GHU�9RUJDQJ�GHV�5RVWHQV�]XP�
6WLOOVWDQG�NRPPW��'LH�2EHUÀlFKH�I�KOW�
sich zwar rau an, die Rostpartikel sind 
aber gebunden.

Die Analogie der Begriffe Bücherlager 
= Wissensspeicher sowie Erweite-
rungsetappen = Wissens- / Spei-
chererweiterung ist den Architekten 
wichtig. Dem Industriebau soll auch 
der ländlich-industrielle Charakter 
angesehen werden. Die farbliche 
1lKH�YRQ�=LHJHOGlFKHUQ�XQG�bFNHUQ�
¿QGHW�VLFK�LQ�GHU�)DUELJNHLW�GHU�URKHQ�
Stahlplatten wieder. Ebenso über-
zeugt auch die Langlebigkeit des 
Stahls, der gleichzeitig auch den 
Alterungsprozess sichtbar macht. Die 
abgekanteten Bleche sind geknickt, 
was einerseits das grosse Bauvolumen 
optisch verkleinert und andererseits 

GLH�JHSODQWH�9HUJU|VVHUXQJ�GHV�*H-
bäudes, wie bei einer Ziehharmonika, 
versinnbildlicht. Die starke Lichtbre-
chung bei den Knicken führt zu einem 
kontrastreichen Schattenbild, das 
dem Gebäude von weither ein unver-
kennbares Gesicht verleiht.

Der Knick in den Blechen hat auch 
eine aussteifende Funktion für die  
Bleche, was der Statik zu Gute 
kommt und Material spart. Ein Loch-
band in den obersten Blechen deutet 
fein den Dachrand an und dient auch 
der Hinterlüftung der Fassade. Die 
/RFKXQJ�¿QGHW�VLFK�DXFK�EHL�GHU�
Beschriftung wieder, die in diesem 
Bereich mit grünem Blech hinterlegt 
ist. Der Sockel besteht aus Beton-
elementen mit Kanneluren für das 
JHI�KUWH�$EÀLHVVHQ�GHV�0HWHRUZDV-
VHUV��(LQH�XQNRQWUROOLHUWH�9HUIlUEXQJ�
der Betonelemente durch Rostwasser 
wird so verhindert.

Bau, technik,  
inFraStruktur

Das Gebäude der Kooperativen 
Speicherbibliothek Schweiz ist ein 
zweckmässiger Industriebau im 
Minergiestandard. Es verfügt über 
modernste Gebäudetechnik und  
ein grosses, inertisiertes Behälter- 
Hochregallager. Erdsonden, Photo-
voltaik und modernste Wärmerück-
JHZLQQXQJ�VRUJHQ�I�U�HLQH�|NR�ORJLVFK�
EHVWJHQXW]WH�(QHUJLHHI¿]LHQ]�

Gebäude
 Ŷ Das Grundstück weist eine Fläche 
von 11’606 m2 auf.

 Ŷ 'LH�1HWWRJHVFKRVVÀlFKH�EHWUlJW�
4’360 m2.

 Ŷ Es steht auf 259 Betonpfählen und 
ist erdbebensicher.

 Ŷ Das Gebäude hat 5 Geschosse: 
(*����± ���2*�

 Ŷ Modularer Aufbau: das erste  
Modul hat eine Kapazität von  
3.1 Mio. Bänden, die mit weiteren 
Modulen auf bis zu 14 Mio.  
Bände ausgebaut werden kann.

 Ŷ Gesichert wird der Bau durch eine 
Brand- und Einbruchmeldeanlage 
sowie einer Umzäunung.

 Ŷ 'HU�*HElXGHYRUSODW]�HUP|JOLFKW�
das Anfahren der drei Laderam-
pen und Wenden mit Liefer- und 
Lastwagen.

Inertisierung
Die Sauerstoffreduktionsanlage 
reduziert den Sauerstoffgehalt im La-
gerraum von ca. 21 % auf 13.2 – 13.4 
9RO�������GDV�HQWVSULFKW�HWZD�GHU�$W-
mosphäre auf dem Gipfel des Eiger). 
Damit ist Entzündung und Brand 
von Papier ausgeschlossen – eine 
viel einfachere und kostengünstige-
re Art der Brandverhütung als eine 
Sprinkleranlage, die zudem Wasser-
schäden am Lagergut verursachen 
würde. Allerdings darf der Lagerraum 
mit sauerstoffreduzierter Atmosphäre 
nur zu Instandhaltungszwecken (In-
spektion, Wartung, Instandsetzung) 
und nur von medizinisch geprüftem 
Personal betreten werden. 

Logistische Infrastruktur
2EZRKO�LP�1DPHQ�½%LEOLRWKHN¾�YRU-
kommt, ist die Speicherbibliothek ein 
Industriebetrieb mit besonderen Ge-
fahren: ein automatisiertes Hochre-
gallager mit Sauerstoffreduktion. Die 
$QODJH�LVW�I�U�GLH�(UVWHOOHU¿UPD�]ZDU�
grundsätzlich Industriestandard, 
aber dennoch in manchen Aspekten 
weltweit einzigartig.

Technische Daten Lager
 Ŷ Kapazität  112’000 Plätze
 Ŷ $QODJHK|KH� �����P
 Ŷ Anlagelänge 69.5 m
 Ŷ Anlagebreite 19.8 m
 Ŷ Regaltiefe 1’138 mm
 Ŷ Fachlast max. 120 kg
 Ŷ Feldlast  max. 3’260 kg

Ablauf der Bestellabwicklung
Eine vom Bibliothekssystem ein-
gehende Bestellung wird über das 
Lagerverwaltungssystem verarbeitet. 
Dieses erteilt dem Regalbediengerät 
(RBG) den Auftrag zur Auslagerung. 
Das RBG holt den Behälter mit dem 
gewünschten Band aus dem Lager. 
hEHU�GHQ�/LIW�XQG�GLH�%HKlOWHU�)|U-
deranlage gelangt er schliesslich an 
den Kommissionierplatz. Der Logis-
tiker entnimmt den Band aus dem 

%HKlOWHU�XQG�EHUHLWHW�LKQ�I�U�GHQ�9HU�
sand oder für Kopie/Scan vor. Aus 
der Sicht der Bibliotheksnutzenden 
LVW�GHU�6WDQGRUW�GHV�0HGLXPV�Y|OOLJ�
unwichtig: sie bestellen das Medium 
– woher es kommt, ist reine Biblio-
thekstechnik.

Standort

Büron hat rund 2’300 Einwohner und 
liegt im Surental an zentraler Lage 
±�QXU�ZHQLJH�0LQXWHQ�Q|UGOLFK�YRP�
Autobahnanschluss Sursee entfernt.  
'LH�3DU]HOOH�1U������EH¿QGHW�VLFK�LQ�
der Industriezone.

orGaniSation und  
FinanzierunG

Die Kooperative Speicherbibliothek 
Schweiz ist eine unabhängige, pri-
vatrechtlich organisierte Institution. 
Sie wird durch die Speicherbiblio-
thek AG getragen, die Land und 
*HElXGH�EHVLW]W�XQG�GLH�¿QDQ]LHOOHQ�
0LWWHO��UXQG����0LR��&+)��]XU�9HUI�-
gung gestellt hat. Sie vermietet das 
*HElXGH�GHP�9HUHLQ�.RRSHUDWLYH�
Speicherbibliothek Schweiz, dem 
alle beteiligten Bibliotheken ange-
K|UHQ��%H]RJHQH�'LHQVWOHLVWXQJHQ�
für Lagerung, Ausleihen und andere 
bibliothekarische Dienstleistungen 
werden den beteiligten Institutionen 
kostendeckend verrechnet.

Verein Kooperative  
Speicherbibliothek Schweiz
Grabmattenstrasse 15 
CH-6233 Büron
7����������������� 
ZZZ�VSHLFKHUELEOLRWKHN�FK

Grundriss Erdgeschoss

*UXQGULVV����2EHUJHVFKRVV

Situationsplan

Querschnitt

Vereinsmitglieder
 Ŷ Öffentliche Bibliothek der  
Universität Basel

 Ŷ Zentral- und Hochschulbibliothek 
Luzern

 Ŷ Zentralbibliothek Solothurn
 Ŷ Bibliothek der Universität  
St. Gallen

 Ŷ Bibliotheken der Universität Zürich
 Ŷ Zentralbibliothek Zürich

 
Mitarbeitende
,P�9HUHLQ�VLQG�ZHQLJHU�DOV����0LWDU-
EHLWHQGH�LQ�9ROO��XQG�7HLO]HLWSHQVHQ�
angestellt. Diese arbeiten in den 
Bereichen Logistik, Bibliothekari-
sches, Facility Management, Rech-
nungswesen, Administration und 
Geschäftsführung.

Umwelttechnik
 Ŷ Das Flachdach ist mit einer  
Photovoltaikanlage bestückt.

 Ŷ Der Energieertrag der 
Photovoltaik anlage beträgt 
162’600 kWh/a.

 Ŷ Der Eigennutzungsgrad beläuft 
sich auf 80 %.

 Ŷ Die Beheizung des Gebäudes 
erfolgt durch 60 Energiepfähle / 
Erdsonden und Wärmepumpen.

 Ŷ Die Abwärme der Sauerstoffreduk-
tionsanlage wird der Gebäudehei-
zung zugeführt.

 Ŷ Minergiebau (Minergie P, nicht 
]HUWL¿]LHUW��GD�/DJHUJHElXGH�QLFKW�
]HUWL¿]LHUW�ZHUGHQ�N|QQHQ��

 Ŷ Das Auftreten von Grauenergie 
ZXUGH�EHLP�%DX�P|JOLFKVW� 
vermieden.


