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Use of 7Be to document soil erosion associated with a short

entral
d land
ted to
e, but
paper
g the
May

infall
of the
ment

risons
some

ciated

s in
efore
ution
FAO,

www.elsevier.com/locate/jenvrad
Journal of Environmental Radioactivity 99 (2008) 35e49
period of extreme rainfall

A. Sepulveda a,b,1, P. Schuller a, D.E. Walling c,*, A. Castillo a

a Universidad Austral de Chile, Facultad de Ciencias, Instituto de Fı́sica, Casilla 567, Valdivia, Chile
b Universidad Austral de Chile, Facultad de Ciencias Agrarias, Escuela de Graduados, Casilla 567, Valdivia, Chile

c University of Exeter, Department of Geography, Amory Building, Rennes Drive, Exeter EX4 4RJ, UK

Received 1 February 2007; received in revised form 26 June 2007; accepted 27 June 2007

Available online 30 August 2007

Abstract

Intensification and expansion of agricultural production since the 1970s have increased soil erosion problems in south-c
Chile. Quantitative information on soil loss is needed for erosion risk assessment and to establish the effectiveness of improve
management practices. Since information from traditional sources, such as erosion plots, is limited, attention has been direc
the use of environmental radionuclides for documenting erosion rates. Cs-137 has been successfully utilised for this purpos
only provides information on medium-term erosion rates. There is also a need to document event-related soil erosion. This
outlines the basis for using 7Be measurements to document short-term erosion and reports its successful use for quantifyin
erosion that occurred within an arable field, as a result of a period of heavy rainfall (400 mm in 27 days) occurring in
2005. The study field had been under a no-till, no-burning system for 18 years, but immediately prior to the period of heavy ra
the harvest residues were burnt. The erosion recorded therefore reflected both the extreme nature of the rainfall and the effects
burning in increasing surface runoff and erosion. The sampled area corresponded to that used previously by the authors to docu
the medium-term erosion rates associated with both conventional tillage and the subsequent switch to a no-till system. Compa
between the erosion documented for the period of heavy rainfall in 2005 with these medium-term erosion rates permits
tentative conclusions regarding the importance of extreme events and the impact of burning in increasing the erosion asso
with the no-till system.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Intensification and expansion of agricultural production since the 1970s have increased soil erosion problem
south-central Chile (CONAF, 1994). These problems relate to both on-site reduction in soil productivity, and ther
sustainable soil management, and to the off-site impacts of eroded sediment and problems of diffuse source poll
of water courses and degradation of aquatic ecosystems, and therefore to environmental protection (INIA, 2001;

* Corresponding author. Tel.: þ44 1392 263345; fax: þ44 1392 263342.
E-mail address: d.e.walling@exeter.ac.uk (D.E. Walling).
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2002a,b). Cereals and legumes are the main crops of the region and the traditional land management practices are
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known to increase erosion risk. Burning of stubble and crop residues after harvest and subsequent ploughing
disc harrowing for seed bed preparation leave large areas of bare soil, often on slopes as steep as 15e20%, exp
to the heavy rains that occur during the winter period. In response to these problems, there has been a sh
minimum-till and no-till systems throughout much of the region (Acevedo, 2003).

Against this background, there has been an increasing need for quantitative information on rates of soil loss u
both conventional and no-till/minimum-till systems within the region (Ellies, 2000). This information is need
order to provide an improved assessment of erosion risk and its on-site and off-site impacts and to evaluate the e
tiveness of no-till systems in reducing erosion. However, the information available from traditional sources, su
erosion plots, is very limited. With support from the International Atomic Energy Agency, attention has therefore
directed to the potential for using environmental radionuclides, and more particularly caesium-137 (137Cs) mea
ments, as a means of obtaining information on past and recent erosion rates (see Schuller et al., 2004, 2007). Sch
et al. (2004) report the development of a novel approach for using 137Cs measurements to compare erosion rate
sociated with conventional tillage and subsequent no-till operations at the same site, where the shift from convent
tillage to a no-till system occurred in the 1980s. Using this approach at a site on Buenos Aires farm in the Co
Mountains of south-central Chile, Schuller et al. (2007) were able to demonstrate that the implementation of
till system, including crop residue management, reduced the net erosion rate by about 87%, thereby confirmin
benefits of implementing no-till systems within the region.

Further investigation and evaluation of soil erosion problems in south-central Chile require information on
eral other aspects of erosion risk. These include assessment of the impact of high magnitude, low frequency ra
periods on erosion and the potential role of post-harvest burning of crop residues in increasing erosion assoc
with no-till systems. In the first case, it is important to determine whether soil loss is an essentially continuous
cess or whether it is more discontinuous and dominated by those years in which the winter rains are particu
heavy. Equally, it is important to confirm that the no-till systems introduced to reduce erosion are as effective d
periods of high magnitude rainfall as under more normal conditions. In the second case, the no-till system s
times includes burning of the crop residues after harvest and there is concern that this may reduce the effectiv
of the no-till system in reducing soil erosion. In the standard no-till system, there is no burning of crop res
(NTNB e no-till, no burning). The residue of the harvested crop is left on the soil surface and direct seedi
undertaken using seed drills, which cut through the crop residue and open slots in the soil into which
seed and fertilizer are placed (see Schuller et al., 2007). Where burning of the crop residue is introd
(NTWB e no-till with burning), the residue is burnt in late summer (e.g. March), shortly after harvesting.
leaves the soil bare during the subsequent autumn rains, which commonly commence around May. The exp
of the bare soil to the autumn rains increases its susceptibility to raindrop impact and surface sealing. In add
it is likely that the burning will increase the bulk density of the surface soil, through removal of organic m
destroy the soil aggregates, thereby increasing the potential for soil crusting, and reduce the hydraulic conduc
of the surface horizons. There is also evidence that burning may result in hydrophobic conditions at the soil su
(Limon-Ortega et al., 2006). All of these changes are likely to lead to increased surface runoff and thus incr
erosion risk.

In order to investigate further these aspects of soil erosion risk, there is a need for information on the short
erosion and soil redistribution associated with individual periods of heavy rain. This would permit the relative
tribution of periods of high magnitude, low frequency, rainfall to the longer-term soil loss to be established an
effects of introducing burning into the no-till system to be explored. In view of the past success of the authors in
137Cs measurements to document medium-term erosion rates in south-central Chile and the impact of the shift
conventional to no-till systems in reducing soil erosion rates, attention has been directed to exploring the potenti
using beryllium-7 (7Be) measurements to document the erosion associated with individual periods of heavy rai
curring during the autumn. In contrast to 137Cs, 7Be is a short-lived, naturally occurring, cosmogenic radionuclide
a half-life of only 53 days. This makes it particularly useful for documenting event-based erosion and it has been
successfully in such applications by several workers, including Wallbrink and Murray (1993), Blake et al. (1
Walling et al. (1999), Wilson et al. (2003) and Schuller et al. (2006).

This paper reports the use of 7Be measurements to document soil redistribution within a field at Buenos Aires
in south-central Chile, associated with a period of very heavy rainfall in autumn 2005. The field investigated had
cultivated using a NTNB system for about 18 years, but, because of the slow decomposition of the residual st



after the 2005 harvest, the crop residue was burnt in early March 2005, leaving the field bare at the onset of the autumn
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rains in May 2005. The results obtained therefore provide information on the role of high magnitude, low frequ
rainfall events in contributing to the longer-term erosion from the site and permit some preliminary conclusion
garding the influence of burning within NTWB systems in increasing soil loss.

2. Using 7Be measurements to document short-term soil redistribution

2.1. Background

Beryllium-7 is a natural radionuclide generated through the cosmic ray spallation of nitrogen and oxygen n
in the stratosphere and upper troposphere (see Papastefanou and Ioannidou, 2004; Ioannidou and Papastef
2006). It can therefore be assumed that, on a given date, the atmospheric concentration of 7Be over a small
will be almost uniform (Doering et al., 2006). Beryllium-7 attaches to aerosol particles and is removed from
atmosphere by dry and wet fallout (Papastefanou, 2006). Wet fallout commonly accounts for about 97% of the
7Be deposition flux to the soil surface (Salisbury and Cartwright, 2005). Beryllium-7 reaches the soil surface
marily as the Be2þ ion, which is extremely competitive for cation exchange sites, because of its high charge de
(Kaste et al., 2002). When 7Be comes into contact with the soil, it is therefore rapidly and strongly fixed (Ha
et al., 1986; Wallbrink and Murray, 1996; Kaste et al., 2002) and remains predominantly in the upper centime
the soil profile (Blake et al., 1999; Walling et al., 1999; Doering et al., 2006). Existing field and laboratory evid
suggest that the initial vertical distribution of the 7Be mass activity density, Bq kg�1, within the soil is characte
by a strong exponential decrease with depth, with most of the radionuclide being found within the upper few m
metres of the surface soil (Walling and Woodward, 1992; Blake et al., 1999; Schuller et al., 2006). Because the
life of 7Be is short, relative to the rate of operation of processes potentially responsible for downward transfer o
radionuclide, it is rare to find 7Be at depths of >2 cm and any 7Be found below ca. 2 cm can usually be explain
the downward movement of soil particles through fissures formed during relatively dry periods (e.g. Olsen e
1985) and/or by bioturbation by soil fauna that can transport 7Be to greater depths (e.g. Wallbrink and Mu
1996; Kaste et al., 2007).

The successful use of 7Be to document both the magnitude and spatial pattern of short-term (event-based) so
distribution on agricultural land and the associated erosion and deposition has been reported by Blake et al. (1999
Walling et al. (1999). The approach used is based on comparison of the 7Be areal activity density, Bq m�2, measu
a sampling point with a reference areal activity density determined for a nearby stable reference site, where ne
erosion nor deposition has occurred. Depletion of the 7Be areal activity density, relative to the reference value
vides evidence of erosion, whereas areas of sediment deposition are associated with increased areal activity dens
By coupling information on the extent of the decrease or increase in the areal activity density with information o
characteristic depth distribution of 7Be within the surface soil of the reference site, the depth or amount of soil er
or deposited can be estimated.

Taking account of the known rapid and strong fixation of 7Be fallout to surface soils and of existing inform
regarding the depth distribution of 7Be in soils, it can be assumed that the initial vertical distribution of the mas
tivity density of 7Be within the soil will be characterized by an exponential decrease with depth. Based on this pre
Blake et al. (1999) and Walling et al. (1999) proposed a simple conversion model for estimating the intensity o
redistribution from measurements of the extent of the increase or decrease in the areal activity density, relative t
reference value. The components of this model as presented by Schuller et al. (2006) are described below, using t
defined according to ICRU (2001).

2.2. The initial depth distribution of 7Be in the soil

With x, kg m�2, representing the mass depth of the soil measured from the surface (positive downward) and
Bq kg�1, the mass activity density of 7Be at mass depth x, the initial exponential depth distribution can be repres
as:

CðxÞ ¼ Cð0Þexpð � x=hoÞ;
epth.
where C(0) is the initial mass activity density of the surface soil (at x¼ 0) and ho, kg m�2, is the relaxation mass d



The reference areal activity density, Aref, Bq m�2, represents the initial total areal activity at an uneroded stable site

ð2Þ
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or reference site in the study area:

Aref ¼ Að0Þ ¼
Z N

0

CðxÞdx ¼ hoCð0Þ:
:
Considering the initial distribution, the areal activity density below mass depth x, A(x), Bq m�2, is thereforeZ N
ð3Þ
AðxÞ ¼ CðxÞdx ¼ Arefexpð � x=hoÞ:
nsity
elow
x

The relaxation mass depth term describes the shape of the initial depth distribution of both the mass activity de
(Eq. (1)) and the areal activity density (Eq. (3)) of 7Be in the soil. According to Eq. (3), the areal activity density b
ð4Þ

the relaxation mass depth is:

AðhoÞ ¼ 0:368Aref :
ently,
63.2% of the total areal activity density of 7Be will therefore be found within the 0 to ho soil layer. Consequ
the greater the value of ho, the greater the penetration of the radionuclide into the soil.
e ref-
epths
nsity

site,
oded
ity at

ð5Þ
By measuring the mass activity density, C, in individual depth increments of the soil cores collected from th
erence site and establishing the mass depth of each depth increment, the values of A(x) for corresponding mass d
x down the reference profile can be calculated. Logarithmically transforming Eq. (3), ho and the areal activity de
Aref can be deduced from a linear regression between Ln[A(x)] and x.

2.3. Estimating soil loss at a sampling point

Assuming that erosion has removed a thin layer of mass depth, R, kg m�2, at a sampling point within the study
the 7Be areal activity density remaining at this eroded point, A, Bq m�2, will be lower than Aref. The soil mass er
per unit area, R, is equal to the mass depth removed. By setting x¼ R in Eq. (3), the remaining areal activity dens
the sampling point can be calculated as:

A¼ AðRÞ ¼ Arefexpð �R=hoÞ:
The mass of soil per unit area eroded from the sampling point, R, can therefore be calculated as:� �

ð6Þ
R¼ ho Ln Aref=A :
2.4. Estimating sediment deposition at a sampling point
Aref,
a, R0,
nsity

ð7Þ
When the measured 7Be areal activity density, A0, Bq m�2, for a sampling point within the study site exceeds
deposition is assumed to have occurred at this point. An estimate of the sediment mass deposited per unit are
kg m�2, can be obtained by dividing the areal activity density in excess of Aref by the mean 7Be mass activity de
of the deposited sediment, Cd, Bq kg�1, i.e.,

R0 ¼
�
A0 �Aref

��
Cd:
areal
The 7Be mass activity density of the sediment eroded from a point, Ce, Bq kg�1, can be estimated from the
activity density lost at that point divided by the mass of sediment eroded per unit area, i.e.,
ð8Þ
Ce ¼
�
Aref �A

�
=R¼ Aref ½1� expð �R=hoÞ�=R:
ghted
Consequently, the mean 7Be mass activity density of the deposited sediment Cd can be estimated as the wei
mean mass activity density, Ce, of sediment mobilised from the upslope contributing area S:
ð9Þ
Cd ¼
R

S
CeR dSR :

S

R dS



Using the parameters Aref and ho established for the initial 7Be vertical distribution in the soil (i.e., for the reference
area,
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site) and Eqs. (6) and (7), the amounts of soil eroded or deposited at individual sampling points within a study
and thus the spatial pattern of soil redistribution, can be established.

2.5. Key assumptions of the 7Be technique

Use of the 7Be method outlined above to estimate soil redistribution involves three key assumptions (see Wa
et al., 1999; Schuller et al., 2006):

(1) Prior to the erosion event to be investigated, any pre-existing 7Be within the soil should be uniformly distrib
across the study area.

(2) The deposition of 7Be fallout associated with the erosion event should also be spatially uniform across the
area.

(3) The 7Be deposited during an erosion event will be rapidly fixed by the soil particles and can only be redistrib
by mobilisation and redistribution of soil particles.

Considering the first assumption, any pre-existing spatial variability of the 7Be areal activity density introduc
soil redistribution caused by previous erosion events will rapidly disappear through radioactive decay, providin
erosion episodes are separated by a period of sufficient length (e.g. longer than ca. two half-lives). Contributions
7Be areal activity density in the soil, associated with low intensity rainfall, that does not cause significant soil r
tribution, can be assumed to be uniform. The second assumption can be expected to be fulfilled at the scale of a
field, where the spatial distribution of both rainfall input and 7Be fallout can be considered to be spatially uniform
third assumption has been widely confirmed by experimental investigations of the fixation of 7Be fallout inputs b
particles, such as those reported by Wallbrink and Murray (1996) and Blake et al. (1999).

Other important assumptions of the 7Be technique include the assumption that the relationship between the ac
density of 7Be and mass depth documented for the reference site is representative of the main sampled area, and
there is no significant grain size selectivity in the mobilisation and deposition of soil particles. In the first case,
is a need to ensure that the soil properties, surface condition and surface hydrology of the reference site are essen
similar to those of the main sampled area. Use of mass depth, as an alternative to linear depth, when establishing th
depth distribution limits the importance of any minor contrasts in bulk density between the reference site and the
sampling site. In the second case, it is important to recognise that, as with other fallout radionuclides, 7Be is likely
preferentially associated with the finer soil particles (see He and Walling, 1996) and that selective removal of fines c
invalidate the use of the relationship between the activity density of 7Be and the mass depth to estimate the amount o
removed by erosion. If selective erosion of fines occurs, the amount of erosion may be overestimated. Equally, if s
tive deposition of coarser particles with lower 7Be activity occurs, Eq. (7) may underestimate the amount of depos
Particle size correction factors, such as those employed in conversion models developed for use with 137Cs mea
ments (see Walling and He, 1999), could be used to overcome this problem, but in most instances the precise relatio
between the grain size distribution of the bulk soil and that of soil particles mobilised by erosion or deposited elsew
on the slope, as well as the distribution of 7Be activity density within the soil according to its grain size fractions w
unknown. Against this background, it is necessary to ensure that size selective mobilisation and deposition are lik
be of limited importance, or to incorporate an appropriate correction factor in the conversion model.

3. The study site and the sampling programme

3.1. The study site

The study site is the same as that used by Schuller et al. (2004, 2007) to document changes in soil erosion
associated with the shift from conventional tillage to a NTNB system using 137Cs measurements. They rep
the medium-term erosion and deposition rates and their spatial distribution within the same site for the two pe
with contrasting tillage systems. The conventional tillage period extended from the onset of 137Cs fallout in 19
the shift to the NTNB system in 1986 and the NTNB study period extended from 1986 to 2003, the sampling year
site is located within a cultivated field at Buenos Aires farm in the Coastal Mountains of south-central Chile (38



73�040W). The soils are Araucano series Ultisols, Typic Hapludult (Soil Survey Staff, 1993) and are texturally clas-
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sified as very fine clay (clay 45%, silt 34% and sand 21% within the upper 10 cm of the soil profile) (Cent
Información de Recursos Naturales e CIREN, 2002). This textural property is described as providing a high
retention capacity and plasticity within the soil profile. The topography of the sampled area comprises a 1
long slope with a gradient of about 11%. The location is characterized by a temperate climate, with high ra
intensities between autumn and spring and a mean annual precipitation of 1100 mm. A tipping bucket rain g
installed at the site provided a continuous record of the precipitation with a resolution of 0.2 mm.

The present investigation was undertaken when the management of the field shifted to a no-till with burning o
crop residue (NTWB) system, two years after the study undertaken by Schuller et al. (2007). The field had previ
been managed with a NTNB system for 18 years. After harvesting in early 2005 (summer) and before the wet se
began, the crop residue remaining on the field was burnt in March 2005, leaving the soil bare until the onset of a p
of very heavy rainfall in early May 2005 (autumn).

The rainfall record for the period between January 1 and June 1, 2005 is shown in Fig. 1. After a prolonge
period with little precipitation, extending from January 1 to May 2, a period with an unusually high amount o
cipitation occurred, extending from May 3 to 29, 2005. This period was characterized by a total rainfall of 400.5
in 27 days, including a 1-h period on May 18 during which 11.4 mm of rain fell. In the absence of a long rainfall r
for the study site, it is not possible to provide a value for the recurrence interval of this period of heavy rainfall. H
ever, based on the 52-year record of monthly rainfall for the measuring station at Temuco, some 45 km from the
site, it is estimated that a monthly rainfall of this magnitude has a recurrence interval of ca. 15 years. On May 30
day after the termination of this period of heavy rainfall, the field was sampled for 7Be measurements, usin
methods described by Walling et al. (1999).

3.2. Field sampling and laboratory procedures

To determine the parameters Aref and ho, required for applying the 7Be conversion model, a reference site, lo
within a flat area at the top of the study slope, and permanently under the same tillage system as the main sampled
was identified. This reference site conformed to the standard requirements and represented an essentially flat s
area, which provided no visible evidence of the occurrence of either erosion or sedimentation during the peri
extreme rainfall. Two sets of nine cores (10.6 cm in diameter and 4 cm long) were collected from this site at th
tersections of the lines defining two 2 m� 2 m grids. To document the variation in areal activity density acros
study slope, produced by erosion and deposition associated with the period of heavy rainfall, soil cores were coll
from 10 to 11 sampling points located at 15-m intervals along three slope transects spaced 15 m apart (see Fig. 3
each sampling point, two soil cores were collected, using the same corer as used at the reference site. Additio
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Fig. 1. The daily precipitation record for the study site for the period from January 1 to June 1, 2005. The arrow shows the date of collection of the

soil samples used for 7Be measurements (May 30, 2005).



along the lower part of the transects, where deposition of sediment might be expected, six cores were collected, in
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order to document the vertical distribution of Be mass activity density and to observe the depth of Be penetr
into the soil.

To determine Aref and ho, each group of nine cores collected from the reference site was sectioned into 2-mm s
and the slices from each group representing specific depth increments were bulked for measurement as a single
posite sample. To document the depth of 7Be penetration in the lower part of the transects, where deposition mig
expected, the six cores collected from this area were sliced into 2-mm layers to a greater depth, to establish wh
sediment containing 7Be mobilised from upslope had been deposited at these sampling points. The six slices obt
for each depth increment were bulked for 7Be measurement. A special device was used to facilitate slicing the c
This device was designed and successfully used by Schuller et al. (2006) and comprised a piston (with the sam
ameter as the internal diameter of the core tube), the movement of which is controlled by a screw thread. The pis
inserted into the base of the core tube and can be used to extrude 1 mm of core per full turn of the screw. The 2
slices of soil extruded by rotating the screw two turns were separated from the remaining core using a sharp p
knife.

The soil cores collected from the transects down the study slope were not sectioned, but were analysed as
cores. It was therefore necessary to determine the portion of the core that should be analysed, in order to maxi
the gamma counting efficiency. If the cores were too shallow, they would not include the full inventory. If, how
they were too deep, the overall 7Be mass activity density of the bulk core would be reduced (diluted) by incorpor
soil containing no 7Be. The vertical distribution of the 7Be mass activity density observed at the reference site was
to determine the depth down to which the 7Be concentration exceeds the detection limit (referred to as the penetr
depth). Soil from above this depth, plus an additional 4 mm layer, was analysed to allow for the possible vertica
tension of the 7Be depth distribution, as a result of sediment deposition. These cores were subdivided, to recove
portion to be assayed, and the remainder of the core was discarded.

Prior to the measurement of their 7Be activity, all samples were air dried and then dried for 48 h at 105 �C
oven and weighed to determine the mass depth for each 2 mm depth increment. After sieving, each sample was m
for 25 min using a shaker mixer (Turbula T2 F, Willy A. Bachofen Maschinenfabrik, Basel, Switzerland) to ho
enize the 7Be content. The samples (62e92 g) were then placed into 81.3 ml Petri dishes, in preparation for ga
counting. The 7Be mass activity density (Bq kg�1) of the samples was measured by gamma spectrometry us
Canberra high-purity Ge detector (Canberra Industries, Inc., Meriden, CT, USA) with a relative efficiency of
at the Instituto de Fı́sica, Universidad Austral de Chile, Valdivia, Chile. The detector was calibrated for the sel
measuring geometry using a standard gamma solution supplied by the Physikalisch-Technische Bundesanstalt (
Braunschweig, Germany). Spectra were analysed using Genie 2000 software (Canberra Industries, Inc., Meriden
USA). Due to the low 7Be concentrations in the soil samples analysed, the count time was set to 20 h per sam
which provided a detection limit of about 10 Bq kg�1 (�10% at the 95% level of confidence).

To assess the impact of burning the harvest residue on the density of the soil within the upper part of the profile
12 mm), four shallow soil cores were collected from the reference site after the burning and the measurements ma
these cores were compared with those obtained for cores collected from the same location prior to the burning. T
cores were sectioned into 2 mm depth increments, using the device described above, and the slices were air dried,
dried at 105 �C for 48 h and subsequently weighed, to determine their bulk density and its depth distribution.

The change in the permeability of the soil caused by the burning of the crop residue was also assessed by comp
measurements of the saturated hydraulic conductivity (Ksat) obtained from representative points within the study
before and after the burning. These measurements were made using a Guelph Permeameter (Soil Moisture Equip
Corp., USA, model 2800KI).

4. Results and discussion

4.1. Estimation of the magnitude of the soil redistribution associated with the period of heavy rainfall

During the four months prior to May 2005, the small amounts of precipitation documented for the study
(Fig. 1), coupled with the high water retention capacity of the soil, limited the potential for surface runoff gener
and associated sediment mobilisation. The lack of both surface runoff and soil redistribution during this period
confirmed by field observations. The lack of soil redistribution ensured that the key assumption of an essen



uniform distribution of 7Be areal activity density across the study field immediately prior to the onset of the period of
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heavy rainfall on May 3, 2005, was fulfilled.
The mean reference inventory measured for the two groups of cores collected from the reference site

473� 50 Bq m�2. The linear regression between the natural logarithm of the mean areal activity density, Ln[A
and the mean mass depth, x, based on the two groups of sectioned cores collected from the reference site sh
a high correlation coefficient (r¼ 0.997), which is significant at the 99% level of confidence, and confirm
expected exponential decrease of the areal activity density with depth. The values for the relaxation mass d
ho, and the reference areal activity density, Aref, obtained from this relationship were 3.4� 0.1 kg m�2

499� 10 Bq m�2, respectively.
The calculated relaxation mass depth indicates that, at the reference site, 63% of the total areal activity density

found in the soil above a mass depth of 3.4 kg m�2, i.e., the upper 2.5 mm. Removal of the upper 1 mm (
1.4 kg m�2) of the soil by erosion would result in a 34% reduction in the 7Be areal activity density at an eroding p
Due to the low value of the relaxation mass depth and the exponential depth distribution of the areal activity de
small amounts of erosion and deposition, associated with individual events or short periods of rainfall, will be refl
by significant decreases or increases in the areal activity density, relative to the reference value, Aref. The 7Be m
is therefore highly sensitive to relatively small amounts of erosion and deposition.

Fig. 2 depicts the depth distribution of the mean 7Be mass activity density (Fig. 2A) and the mean 7Be areal ac
density (Fig. 2B) at the reference site. The exponential form of both distributions is characterized by the relax
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Fig. 2. The depth distribution of 7Be at the reference site, showing (A) the exponential decrease of the 7Be mass activity density and (B) the 7Be

areal activity density, with mass depth.



mass depth. By setting ho¼ 3.4 kg m�2, Aref¼ 499 Bq m�2 and C(0)¼ Aref/ho¼ 147 Bq kg�1 (Eq. (2)) in Eqs. (1) and
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(3), the resulting expressions for the mass activity density and areal activity density are:

CðxÞ ¼ 147expð � x=3:4Þ and
AðxÞ ¼ 499expð � x=3:4Þ:
elow
epth
These functions are shown as continuous lines in Fig. 2A and B, respectively. Because the 7Be activity falls b
the detection limits at mass depth 11.8 kg m�2 (w12 mm), the 7Be areal activity density contained below this d
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was subtracted from the total areal activity density estimated using the linear regression, i.e.,

499�
Z N

11:8

147expð � x=3:4Þdx ¼ 483 Bq m�2:

The resulting value, 483 Bq m�2, is in very close agreement with the mean areal activity densit
473� 50 Bq m�2 measured at the reference site and the former value was used as the reference areal activity de
when estimating the magnitude of soil redistribution.

Due to the time-variant nature of 7Be reference inventories and their known global and regional variability, it
possible to make direct comparisons between values reported for different locations. However, the reference inve
obtained for the study site, shortly after the period of heavy rainfall, is consistent with the magnitude of those rep
for other studies undertaken in the southern hemisphere. Beryllium-7 areal activity densities reported in Australia
from 176 to 778 Bq m�2 for undisturbed soils (Doering et al., 2006) and from 90 to 990 Bq m�2 for clear-felled
(Wallbrink and Murray, 1996). For clear-felled forest soils in the River Region of Chile, a value of Aref¼ 573 Bq
was reported by Schuller et al. (2006).

The mean 7Be areal activity density obtained for the lower part of the sampled transects, based on the com
ite samples produced by slicing the six individual cores, was 275� 10 Bq m�2. This value is significantly l
than the estimated Aref, and indicates that this zone of the slope experienced net erosion, with the sediment b
transported towards a filter strip covered by native shrub vegetation, which formed the lower border of the
vated field.

The magnitude (kg m�2) and pattern of soil redistribution associated with the period of heavy rainfall occurri
May 2005, estimated from the 7Be measurements for the 32 points (64 samples) located on the three slope tran
using Eqs. (6) and (7), are shown in Fig. 3. Summary statistics for the data presented in Fig. 3 are provided in Ta
Estimates of the uncertainty associated with these estimates, due to the precision of the laboratory measurement
the sampling procedures are provided in Table 1. These results indicate that about 81% of the sampled area ex
enced erosion, whereas deposition occurred over 19% of the area. The mean erosion estimated for the eroding
was 1.7 kg m�2 (17 t ha�1) and the mean sedimentation for the areas experiencing deposition was 0.9 kg
(9 t ha�1). Combining these data, the net erosion from the sampled area was estimated to be 1.2 kg
(12 t ha�1), indicating that a large proportion of the soil mobilised by erosion from the sampled area during the p
of heavy rainfall was transported beyond that area.

The results presented above confirm the potential for using 7Be measurements to document soil redistributio
sociated with individual periods of heavy rainfall and the 7Be technique should be seen as representing a val
complement to 137Cs measurements for soil erosion investigations in south-central Chile. The magnitude of the v
of short-term soil redistribution presented above can usefully be compared with the longer-term values of mean an
net erosion of 0.14 kg m�2 year�1 (1.4 t ha�1 year�1) and 1.1 kg m�2 year�1 (11 t ha�1 year�1) reported for the
field under the NTNB system and the original conventional tillage system, respectively, by Schuller et al. (2
These data indicate that, whilst the value of net erosion recorded for the 27-day period of extreme rainfall in
2005 was an order of magnitude greater than the mean annual rate of net erosion reported for the field for the p
of 16 years when it was managed with a NTNB system, it is little different from the mean annual rate of net er
reported for the previous 32 years when the field was managed under a conventional system. Further discussion o
relative importance of the period of high magnitude rainfall and the burning of the harvest residue in influencing
sion within the study field is provided below.



4.2. The impact of burning the crop residue
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Fig. 3. The magnitude, kg m�2, and spatial pattern of soil redistribution (erosion¼ negative values and deposition¼ positive values) in the study

field associated with the period of heavy rainfall occurring in May 2005, estimated using the 7Be measurements. The dashed lines represent con-
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As indicated above, the net erosion documented for the period of heavy rainfall that occurred at the study site
ing May 2005 was almost an order of magnitude higher than the mean annual rate of net erosion associated wit
preceding 16-year period, when the study field was managed under a NTNB system. The relatively high amount o
erosion associated with the period of heavy rainfall could be seen as reflecting both the extreme nature of the ra
and the impact of the burning in modifying the NTNB system. It is not possible to ascribe a relative importan
these two controls, due to their close interaction and the availability of only a single measurement of event-b

Table 1

The soil redistribution documented for the study site for the period of heavy rainfall in May 2005 following burning of stubble, based on t
measurements

Zone Amount

Eroding zone

Mean erosion (kg m�2) 1.7� 0.2

Fraction of total area (%) 81

Aggrading zone
Mean sedimentation (kg m�2) 0.9� 0.2

Fraction of total area (%) 19

Total area
Net erosion (kg m�2) 1.2� 0.2



soil redistribution for a period of heavy rainfall. A more comprehensive measurement programme, based on an exper-
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imental (factorial) design and involving several periods of rainfall of different magnitude with the presence
absence of burning, would be necessary to isolate the effects of the two controls. Some tentative conclusions
nevertheless, be drawn from the available information.

The literature contains many reports of studies that have demonstrated the adverse impact of burning crop res
in decreasing infiltration rates and increasing surface runoff and erosion (e.g. Steichen et al., 1987; Albrecht e
1995; Wuest et al., 2005), and the post-harvest burning in the study field prior to the period of heavy rain is l
to have had a similar effect. Fig. 4 depicts the change of the bulk density in the upper soil layer of the study
caused by burning of the crop residues and provides clear evidence of the effects of the burning in increasin
bulk density of the upper 4 mm of the soil profile. The greatest effect is found near the surface and the bulk de
of the upper 2 mm of the soil profile measured after burning the crop residue was found to be 1.6 times higher tha
equivalent value for the period prior to burning. This change in bulk density reflects the partial destruction o
organic rich surface horizon, which can in turn be expected to increase the susceptibility of the soil to erosio
reducing infiltration and increasing surface runoff. The likely reduction in infiltration is further confirmed by the
surements of the saturated hydraulic conductivity of the soil (Ksat, cm h�1) obtained prior to and after the burni
the crop residue. These showed a significant decrease as a result of the burning, reducing by almost 50%, from 7.
4.24 cm h�1. These values are consistent with the reports of increased saturated hydraulic conductivity assoc
with the adoption of NTNB management practices provided by other studies (e.g. Lipiec et al., 2006; S
et al., 2006). In addition to the effects of burning the crop residue in increasing the bulk density of the surfac
and reducing the saturated hydraulic conductivity, it is likely that burning the crop residue destroyed the soil a
gates and the soil structure, increasing the occurrence of slaking and crust formation, which would further re
infiltration (see Limon-Ortega et al., 2006).

The above evidence suggests that the burning of the crop residue immediately prior to the period of heavy ra
had a significant effect in increasing surface runoff generation and associated soil redistribution. Because valu
soil redistribution and net erosion are available for essentially the same area of the study field for the period of ext
rainfall and the preceding periods under NTNB and conventional tillage, it is useful to compare these data in
detail. However, when comparing the soil redistribution associated with the period of heavy rainfall wit
medium-term mean annual soil redistribution rates for the NTNB and conventional tillage systems, it is impo
to consider in more detail the extent to which the period of heavy rainfall should be seen as an ‘extreme ev
Both of these aspects are explored below.
4.3. The period of heavy rainfall as an ‘extreme event’

5) re-
area.
In the absence of a long-term rainfall record for the study site, use has been made of the 52-year (1954e200
cord of monthly rainfall totals available for Temuco (38�450S 72�380W) some 45 km to the east of the study
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nthly

mm
rain-
ean-

sents
is in-
ss of
total

ted to
ng of
g de-

Monthly precipitation (mm)
0 50 100 150 200 250 300 350 400 450 500

0

20

40

60

80

100

120

140

160

200

180

Fr
eq

ue
nc

y
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for Temuco and 1100 mm for Buenos Aires farm, indicating that the two records are similar. However, the mo
rainfall total recorded at Temuco for May 2005 was 344.5 mm, a value that is somewhat lower than the 400.5
recorded for Buenos Aires farm during the same month. This situation emphasises the local variability of heavy
fall, but it is, nevertheless, suggested that the longer-term record available for Temuco can be used to provide a m
ingful assessment of the likely frequency of high magnitude monthly rainfall totals at the study site. Fig. 5 pre
a frequency distribution of monthly rainfall totals based on the 52-year (624 month) record for Temuco, and th
dicates that a monthly rainfall in excess of 350 mm was only recorded on six occasions and that a total in exce
400 mm was only recorded on three occasions. This information emphasises the extreme nature of the 400.5 mm
recorded at the study site in May 2005, and, as indicated above, a monthly total of this magnitude has been estima
have a recurrence interval of approximately 15 years. A monthly rainfall of 400 mm must therefore be seen as bei
high magnitude, in terms of both absolute magnitude and its likely recurrence interval and clearly merits bein
scribed as an ‘extreme event’.
4.4. Comparison of the soil redistribution caused by the period of heavy rainfall with the mean annual soil
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Table 2 compares the soil redistribution documented at the study site for the period of heavy rainfall that occurr
May 2005 with the medium-term mean annual rates of soil redistribution for the study site under both NTNB (19
2003) and conventional tillage (1954e1986), based on 137Cs measurements, reported by Schuller et al. (2007)
cause the downslope length of the sampled area was increased in the present study to incorporate an area of pot
deposition, it is important that the comparison should be based on the same slope length (130 m) as used in the
reported by Schuller et al. (2007). The results obtained from the increased length of slope (170 m) sampled durin
present study failed to show any deposition within the additional portion of the slope (Fig. 3) and the results for
2005 presented in the first main column of Table 2 for both slope lengths are very similar, when the small differ
are seen in the context of the uncertainty associated with the individual estimates. Further comparison of the so
distribution associated with the three periods is therefore based on the 130 m slope length. Based on this compar
several observations, related to the impact of both the burning of the crop residue and the heavy rainfall associated
the May 2005 event on soil redistribution rates within the study area, can be made.

(1) The net erosion associated with the period of heavy rainfall is of similar magnitude to the mean annual ra
net erosion from the study field during the period under conventional tillage. Because it reflects an ext
event, the net erosion associated with the period of heavy rainfall is likely to considerably exceed the longer



mean annual rate of net erosion associated with the NTWB system. It is therefore suggested that annual rates of

n the
rease
ever,
stem
that
nual

n the
rain-

osion
eases
infall
olute
iated

three
pled

infall
area

gnif-
st an
f the

the
infall
erod-
llage,
pled

eriod

Table 2

A comparison of the soil redistribution documented for the study site for the period of heavy rainfall in May 2005, based on the 7Be measurements,

with estimates of the mean annual soil redistribution rate for the same area for the periods under NTNB (1986e2003) and conventional tillage

(1954e1986) systems, derived using 137Cs measurements

No-till with burning No-till, no burning Conventional tillage

For the 27-day period

of heavy rainfall,

estimated using 7Be

Mean annual

values for a 16-year period

estimated using 137Cs, based

on Schuller et al. (2007)

Mean annual

values for a 32-year period

estimated using 137Cs, based

on Schuller et al. (2007)

Year 2005 1986e2003 1954e1986

Period 1 month 16 years 32 years

Precipitation 400 mm 1100 mm year�1 1100 mm year�1

Length of the slope (m) 170 130 130 130

Sampling points 32 27 34 34

Eroding zone

Mean erosion 1.7� 0.2 kg m�2 1.8� 0.2 kg m�2 1.3� 0.2 kg m�2 year�1 1.1� 0.2 kg m�2 year�1

Fraction of total area (%) 81 78 57 100

Aggrading zone

Mean sedimentation 0.9� 0.2 kg m�2 0.9� 0.2 kg m�2 1.4� 0.2 kg m�2 year�1 0.0 kg m�2 year�1

Fraction of total area (%) 19 22 43 0

Total area

Net erosion 1.2� 0.2 kg m�2 1.2� 0.2 kg m�2 0.14� 0.2 kg m�2 year�1 1.1� 0.2 kg m�2 year�1
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soil erosion associated with the NTWB system are substantially less than under conventional tillage.
(2) The net erosion associated with the period of heavy rainfall is almost an order of magnitude greater tha

mean annual rate of erosion from the study field during the period under NTNB system. Part of this inc
reflects the extreme nature of the rainfall event and part the impact of burning the crop residues. How
if, following (1) above, it is assumed that the longer-term mean annual rate of soil loss under NTWB sy
is approximately 33% of that under conventional tillage (i.e., ca. 0.4 kg m�2 year�1), it can be suggested
the net erosion associated with the extreme event is approximately three times greater than the mean an
rate of net soil loss under the NTWB system, whilst the latter is approximately three times greater tha
mean annual net soil loss under NTNB. In this situation, it can be suggested that the extreme nature of the
fall, rather than the burning of the crop residue, is the more important control on the high amount of er
documented for the period of heavy rainfall. Under the above scenario, the mean annual net soil loss incr
from 0.14 kg m�2 year�1 under NTNB to 0.40 kg m�2 year�1 under NTWB, but the period of extreme ra
increases the annual soil erosion for the year including the study period to >1.2 kg m�2 year�1. In abs
terms, the increase associated with the extreme rainfall is therefore about three times greater than that assoc
with the introduction of burning.

(3) There are important differences between the magnitude and nature of the soil redistribution reported for the
periods shown in Table 2. Under conventional tillage there was no net deposition of sediment within the sam
area. However, significant deposition occurred during both the period of NTNB and the period of heavy ra
following the burning. In the case of the period under NTNB, the erosion rates documented for the eroding
were essentially the same as those estimated for the period of conventional tillage, but the occurrence of si
icant rates of deposition over nearly half (43%) of the sampled area resulted in a net erosion rate that is almo
order of magnitude less than that associated with the period under conventional tillage. The key impact o
introduction of the NTNB system was therefore to increase redeposition of the sediment mobilised from
eroding areas, rather than to reduce rates of erosion from those areas. In the case of the period of heavy ra
in May 2005, which followed the burning of the harvest residue, the soil mobilisation, kg m�2, within the
ing zone was greater than the mean annual rates reported for the periods under NTNB and conventional ti
but, in contrast to the situation under conventional tillage, some deposition occurred over 22% of the sam
area and, as a result the net erosion was similar to the mean annual rate of net erosion reported for the p
under conventional tillage.



5. Conclusions
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The study reported clearly confirms the potential for using 7Be measurements to document gross and net er
on agricultural land in south-central Chile, associated with short periods of heavy rainfall. The informatio
event-related erosion generated by the 7Be measurements provides a useful complement to that provided by
measurements, which have been used previously by the authors to document the mean annual erosion rates assoc
with both conventional tillage and no-till systems. In combination, the two radionuclides provide a valuable mea
investigating soil erosion and assessing erosion risk in the study area. Although the use of 7Be measurements inv
a number of important requirements and assumptions, related to both the preceding conditions and the occurren
a discrete period of heavy rainfall that can be expected to cause significant erosion, the approach is likely
applicable in many parts of the world, in addition to south-central Chile. The successful use of 7Be measurem
in a similar context has already been reported from the UK by Blake et al. (1999) and Walling et al. (1999)
from the USA by Wilson et al. (2003).

By documenting short-term erosion rates associated with individual periods of heavy rainfall, 7Be measurem
greatly extend the potential for using environmental radionuclides in soil erosion investigations. In the study rep
here, for example, they have permitted a preliminary assessment of the impact of burning of the harvest res
within the no-till management system on erosion amounts and of the significance of extreme events in the lo
term erosion and sediment mobilisation from agricultural landscapes. A more rigorous experimental design, invo
the monitoring of several events, would be necessary to provide definitive findings on these two facets of erosio
in the study area, but the results obtained have permitted some preliminary conclusions regarding the importan
extreme events and the role of burning harvest residues in increasing erosion.
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bre el estado de degradación del recurso suelo en el paı́s, 15. Boletı́n INIA, Chill�an.



Ioannidou, A., Papastefanou, C., 2006. Precipitation scavenging of 7Be and 137Cs radionuclides in air. J. Environ. Radioact. 85, 121e136.

Kaste, J., Norton, S., Hess, C., 2002. Environmental chemistry of beryllium-7. Rev. Mineral. Geochem. 50, 271e289.

anting

s. Soil

210Pb.

.

l prop-

de and

timate

66.

bution

lage to

redis-

2.

ed soil

10. In:

e977.

ration,

49A. Sepulveda et al. / Journal of Environmental Radioactivity 99 (2008) 35e49
Kaste, J.M., Heimsath, A.M., Bostick, B.C., 2007. Short-term soil mixing quantified with fallout radionuclides. Geology 35, 243e246.

Limon-Ortega, A., Govaerts, B., Deckers, J., Sayre, K., 2006. Soil aggregate and microbial biomass in a permanent bed wheatemaize pl

system after 12 years. Field Crops Res. 97, 302e309.
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Schuller, P., Walling, D.E., Sepúlveda, A., Castillo, A., Pino, I., 2007. Changes in soil erosion associated with the shift from conventional til

a no-tillage system, documented using 137Cs measurements. Soil Tillage Res. 94, 183e192.

Soil Survey Staff, 1993. Soil Survey Manual. Handbook No. 18. Department of Agriculture, Washington D.C., United States, 437 pp.

Steichen, J., Hooker, M., Powell, D.M., 1987. Straw burning reduces infiltration in winter wheat. J. Soil Water Conserv. 42, 364e366.

Wallbrink, P., Murray, A., 1993. The use of fallout radionuclides as indicators of erosion processes. Hydrol. Process. 7, 297e304.

Wallbrink, P., Murray, A., 1996. Distribution of 7Be in soils under different surface cover conditions and its potential for describing soil

tribution processes. Water Resour. Res. 32, 467e476.

Walling, D.E., He, Q., 1999. Improved models for estimating soil erosion rates from 137Cs measurements. J. Environ. Qual. 28, 611e62

Walling, D.E., He, Q., Blake, W., 1999. Use of 7Be and 137Cs measurements to document short- and medium-term rates of water-induc

erosion on agricultural land. Water Resour. Res. 35, 3865e3874.

Walling, D.E., Woodward, J., 1992. Use of radiometric fingerprints to derive information on suspended sediment sources. IAHS Publ. No. 2

Erosion and Sediment Transport Monitoring Programmes in River Basins. IAHS Press, Wallingford, UK, pp. 153e164.

Wilson, C., Matisoff, G., Whiting, P., 2003. Short-term erosion rates from a 7Be inventory balance. Earth Surf. Process. Landforms 28, 967

Wuest, S.B., Caesar-TonThat, T.C., Wright, S.F., Williams, J.D., 2005. Organic matter addition, N, and residue burning effects on infilt

biological and physical properties of an intensively tilled silt-loam soil. Soil Tillage Res. 84, 154e167.


	Use of 7Be to document soil erosion associated with a short period of extreme rainfall
	Introduction
	Using 7Be measurements to document short-term soil redistribution
	Background
	The initial depth distribution of 7Be in the soil
	Estimating soil loss at a sampling point
	Estimating sediment deposition at a sampling point
	Key assumptions of the 7Be technique

	The study site and the sampling programme
	The study site
	Field sampling and laboratory procedures

	Results and discussion
	Estimation of the magnitude of the soil redistribution associated with the period of heavy rainfall
	The impact of burning the crop residue
	The period of heavy rainfall as an ‘extreme event’
	Comparison of the soil redistribution caused by the period of heavy rainfall with the mean annual soil redistribution rates under NTNB and conventional tillage systems

	Conclusions
	Acknowledgements
	References


