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This analysis studies changes in the variation *'°Pb,, inventory in soil in response to soil erosion on uncultivated land. A model
was created to fit the response of 2'°Pb,, inventory to variations in soil erosion rates on uncultivated land using the principle of
mass balance. By numerical simulation of the variation in the soil erosion rate in soil of uncultivated land, we prove: (1) past use
of what has long been considered the best method of determining *'Pb,, levels over the past 100 to 200 years is not scientifically
accurate; (2) the model shows that variation in 2°Pb,, inventory as a function of time varies according to the index law after vari-
ation of soil erosion rates in uncultivated land is considered; and (3) the time needed for the variation in 2!°Pb,, inventory to reach
a steady-state is affected by changes in the rate of soil erosion and the quality and depth of relaxation in soil of uncultivated land.

The results of this research can guide efforts to measure soil erosion rates.
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The radioactive isotope Caesium-137 is not produced natu-
rally. This artificial radionuclide is found in soil worldwide
as *'Cs fallout from nuclear tests or nuclear leaks. Most of
the fallout occurred from 1950 through 1970. "*’Cs has a
half-life of about 30.2 years. The '*’Cs technique has been
used to study average soil erosion rates. Globally, *'Cs
fallout has been widely used in erosion studies, especially
for measuring medium-long term (about 40 years) soil ero-
sion rates and fruitful results have been achieved [1-13].
Quantifying measurements of "*’Cs in the soil is becoming
more and more difficult because '*'Cs levels continue to
decline in soil profiles. Only a few places in the world have
had measurable '*'Cs deposition since nuclear weapon tests
started but the rate of fallout must be known in order to use
the *’Cs method to study soil erosion. Also, the application
of this radioactive element as a soil erosion tracer is gener-
ally difficult for regions in the Southern Hemisphere, where
the overall '*’Cs inventory is low. Determining the contri-
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butions of the Chernobyl nuclear accident to the "*’Cs in-
ventory in some countries and regions of Europe has proved
difficult. As a result, natural fallout of the radionuclide un-
supported lead-210 (called excess—>'"Pb,y) can offer a viable
alternative to Caesium-137 as a sediment tracer in many
environments.

Recently, some scholars have explored the measurement
of soil erosion using 21OPbex [14-16]. meex, a radioactive
isotope in the **U (half-life 3.8 days) decay chain, is con-
tinuously produced by the decay of atmospheric “*Rn gas,
which has a half-life of about 22.6 years. *'°Pb,, is derived
from the decay of gaseous **’Rn, a daughter of **’Ra (half-
life 1622 years). ***Ra occurs naturally in soils and rocks
and will generate *'°Pb in equilibrium with its parent mate-
rial. 2'°Pb is composed of two parts in soil. Some is directly
from the decay of soil and rock. Some is from the absorp-
tion of decayed *'°Pb in the atmosphere by the soil through
sedimentation. Upward diffusion of a small portion of the
*22Rn produced in the soils and rocks introduces *'°Pb into
the atmosphere, and its subsequent deposition as fallout
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provides an input of this radionuclide to surface soils and
sediments that will not be in equilibrium with its parent
26Ra. This fallout-derived *'°Pb is commonly termed un-
supported or excess *'’Pb (*'°Pb,) when incorporated into
soils to distinguish it from the *'°Pb produced in situ by the
decay of *Ra. The *'°Pb then attaches to aerosol particles
and settles out of the atmosphere as dry fallout or is washed
out during rainfall events [17]. As a fallout radionuclide,
which is rapidly and strongly adsorbed by surface soil, un-
supported *'°Pb will behave in a similar manner to "*’Cs.
Both are seldom lost by leaching or absorption by plants,
although they may move with soil particles [18].

At present, the use of meex as a tracer to measure soil
erosion has produced gratifying results [19-23]. The total
inventory of "’Cs in soil continues to decrease over time
through soil erosion and natural decay. The distribution of
37Cs in soil is unstable. 210Pbex inventory remains stable as
long as environmental conditions remain stable. While meas-
uring soil erosion in agricultural lands using *'°Pb,,, Walling
and He [19] provided a 21OPbex mass balance model for es-
timating soil erosion rates within stable cultivated land.
They assumed 210pp, inventory is stable for a cultivated
land environment and studied long-term erosion processes,
e.g. >100 years. "’Cs has been widely used to establish the
measurement of soil erosion rates during the past 40-50
years and 210Pbex for the past 100-200 years [20,21]. In our
recent study of uncultivated land, it takes 100 years for the
21%pp,, inventory to stabilize after soil erosion rates change
on cultivated land. 100 years are not a point in time used to
measure soil erosion rates using meex. Our results are con-
sistent with the stable period of *'°Pb,, inventory value on
cultivated land observed by Zhang et al. [22]. In this paper,
we explain the response mechanism of *'°Pb., inventory to
changes in erosion rates in soil of uncultivated land. Based
on the established mass balance model, the time response of
21%pp,, inventory to changes in erosion rates is quantified.
The objective is to correct the error of characterization of
time during which the measurement of *'°Pb., accurately
reflects soil erosion rates.

1 Response mechanism of 21()Pbex inventory to
changes in erosion rates in cultivated and
uncultivated lands

1.1 Response mechanism of meex inventory to
changes in erosion rates in cultivated lands

Previous studies have shown *'°Pb, is almost uniformly
cultivated in the deep plough layer in cultivated lands. The
219pp,. inventory value in the bottom of the plough layer is
very low [14,23]. Zhang et al. [22] established the following
simplified model to fit the response of *'°Pb,, inventory to
variation of soil erosion rates in soil of cultivated land in a
steady state, based on the principle of mass balance.
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I=(A+h/H)A. (1)

Zhang et al. [23] suggested the relationship between
219pp,, disposition deposition fluxes and the reference value
can be approximated as

I=24,, ©

where A.r (Bq m’z) is the 210Pbex reference value.

Based on egs. (1) and (2), the relationship between the
area of activity (A) and yearly erosion thickness (%) for cul-
tivated land in a steady state can be represented by the fol-
lowing equation, which can be used to calculate the average
rate of soil erosion over many years

A(A/A-1)=h/H. 3)

If rates of soil erosion changed, original mass balances of
20pp,_in cultivated land would be broken. The following
model can be established to fit the response of 210Pbex in-
ventory to release, decay and deposition, based on the dif-
ferential equation of area activity changes over time

ﬂzl—[/ﬂﬂj@. )
dt H

If the erosion rate changed from hy to h,, eq. (4) is re-
duced to

A — A’Aref + ( A’Aref /IArel' je(;ﬁrha/[‘])f . (5)

A+h /H \A+h/H A+h /H

The proportion of *'°Pb,, area activity and reference val-
ue in cultivated land at the time ¢ is therefore

R=—" +[ R Je“*"ﬂ/’”’. (6)
" A+h/H \A+h/H A+h/H
Based on the above-mentioned study and with results by
Zhang et al. [22], it is possible to establish a model to fit the
response of *'°Pb,, inventory to the changes of erosion rates
in uncultivated land. A detailed analysis follows.

1.2 Relationship between 210Pbex inventory and soil
erosion rate for uncultivated land in a steady state

In uncultivated lands, physicochemical processes and bio-
turbation such as the rainfall regime, the soil physical and
chemical properties and surface enrichment are the primary
factors responsible for the distribution of fallout *'°Pb,,. The
distribution of fallout *'°Pb,, is in an approximately steady
state and its concentration decreases approximately expo-
nentially in the soil profile [14]. Because of soil erosion and
radioactive decay, concentrations of H0pp,  decrease with
increasing soil depth. The deposition of atmospheric *'°Pbe,
causes surface enrichment in the soil. Based on the contin-
ued deposition from the atmosphere, natural decay and
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losses caused by soil erosion, a steady state dynamic mass
balance of 210Pbex in soil will eventually occur.

The *'°Pb,, concentration in uncultivated lands generally
exhibited a broad peak near the soil surface with a down-
ward tail in concentration extending into the lower part of
the profile. Its concentration decreases approximately ex-
ponentially with cumulative mass depth. The distribution of
fallout '°Pb,, can be approximated as

A =Ae™", (7

where A, (Bq m2) is the area activity density of 219pp,. be-
low mass depth x, A (Bq m™) is the area activity density of
21%pp,, in the soil, H (kg m™) is the *'°Pb,, relaxation cu-
mulative mass depth of the initial distribution in the soil and
x is the mass depth.

The loss of soil from erosion in uncultivated land esti-
mated by eq. (7) is (1-e"™A. Here, the simplified mass
balance model of fallout meex from the uncultivated land
in a steady state can be expressed as

= (/1+1 —e M )A, (8)

where 4 (0.031 a™") is the decay constant of 20pp, 1 (Bq m?
a') is the deposition flux of *'°Pb.,, i (kg m™) is the yearly
eroded mass depth, H (kg m™) is the relaxation mass depth
and A (Bq m?) is the area concentration of *'°Pb,, in uncul-
tivated land.

It is clear from Eqgs. (2) and (8) that the yearly eroded
mass depth (%) from the uncultivated land in a steady state
can be represented by the following equation:

h=—HIn(A+1- 1A /A). )

Eq. (9) can be used to estimate the average erosion rate
over many years from the uncultivated land in a steady
state.

1.3 Response mechanism of Hopp,, inventory to
changes in erosion rates in uncultivated lands

The radionuclide *'°Pb,, in rain water will be adsorbed by
the surface soil during the infiltration process. When rainfall
ceases and water has penetrated completely into the soil, a
stable distribution of water in the surface soil will be tem-
porarily established and the fallout *'°Pb,, remaining in the
water will be gradually adsorbed by soil particles. The re-
sulting initial distribution of fallout 21%pp in surface soil
will therefore depend upon the rainfall intensity and dura-
tion, and the physical and chemical properties of the soil
[18,19]. *'°Pb, inventory in the soil can be used as a means
of estimating rates of soil erosion [24,25]. In uncultivated
land, the area activity of 20pp,  decreases with increasing
soil erosion rates. The concentration of fallout meex in
uncultivated lands decreases more or less exponentially.
Figure 1 shows the fallout *'°Pb,, inventory for different
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Figure 1 Relationship between erosion rates and fallout 20pp,, profiles in
uncultivated land.

erosion rates in uncultivated land. The soil erosion rate has
been increasing with increasing losses to erosion of *'Pb,.
21%pp,, area activity in the soil profile decreases until a
steady state dynamic mass balance of *'°Pb, in soil is
reached through receiving continuous atmospheric fallout
inputs. The soil erosion rate has been decreasing with in-
creasing area activity of *'°Pb,, through gradual accumula-
tion in the soil profile until continuous fallout *'°Pb,, inputs
and outputs enter a new approximate steady state in the un-
cultivated land.

2 Modeling the response of Aopy, inventory to
changes of erosion rates in uncultivated lands

2.1 Model establishment

Taking into account the radionuclide decay effect and the
changes of erosion rates in uncultivated land, the variation
of the 2!°Pb,, area activity in uncultivated land with the time
in the soil profile can be represented by the following dif-
ferential equation:

dAr —h/H
—L=]—(A+l-e , 10
=1 )4, (10)
where 7 (a) is the time elapsed after the erosion rate changes
and h (kg m™~ a™') is yearly eroded mass depth after the ero-
sion rate changes.

When =0, A=A,. The mass activity of fallout Hopp,
before the change of erosion rate can be approximated by eq.
(9) as

AA

Tri-e (1

A

where hy (kg cm™ a™') is the yearly eroded mass depth be-
fore the change of erosion rate.
When the erosion rate changed from hj to &,, the response
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of fallout *'°Pb,, area activity over time can be obtained
through eq. (4) as

AA

—ref
A= A+l—e/ "
+ ﬂAref _ ﬂ'Aref *(lﬂfe’h'-‘/ﬁ)t .
A+l—e /" Ji1—e

The solution A, to eq. (12) is the area activity of fallout
H0pp,  over time after the change of erosion rates in uncul-

tivated land. When the time ¢ >100, ef</HH M) <107,
which can be approximated as 0. The area activity reaches a
state of equilibrium. The distribution of fallout *'°Pb,, in
uncultivated lands is in a new approximate steady state. The
same results were obtained by He and Walling [14]. For
land which has been under cultivation for >100 years and
where the erosion rates were well-distributed, it can be as-
sumed that the distribution of fallout meex in the soils is in
an approximate steady state [14]. A minimum duration time
(100 years) is needed to obtain a steady state for the fallout
210Pbex in the eroded soils. The view stating fallout 21OPbex
could be used to characterize soil erosion rates over the long
term (in the last 100 years) is not scientifically reasonable.
Eq. (9) given in this paper is suitable to estimate the erosion
rates in uncultivated lands under steady state conditions of
the fallout *'°Pby,.

2.2 Simulating the response process of *'°Pb,, inventory
to changes of erosion rates in uncultivated land

The proportion between the fallout >'°Pb,, area activity and
the reference value in the soils at the time ¢ can be repre-
sented as

R =i, (13)

ref

where R, is the proportion between 21OPbex fallout in the area
activity and the reference value in the soils at the time 7.

When the time r— oo, the area activity of fallout 21OPbe,(
in the uncultivated lands is in an approximate state of equi-
librium. A, can be approximated as

lAref (14)

Al

where A, (Bq m‘z) is the area activity of fallout 21OPbex at the
yearly erosion mass depth 4, in a steady state. Solution of
egs. (12) and (13) yields

A
A+1—g /M

A A ~(a1=ealt )
" /1+1—e"k’/H_/1+1—e_"“/H ¢ ’

Eq. (15) has been used to simulate the changes of the

=

15)
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proportion between the fallout *'°Pb,, area activity and the
reference value in the soils at the time . Figure 2 presents
the changes of fallout 21OPbex concentration in the soils over
time. When H=250 kg m™> urve A1l shows the er0510n rate
decreased from A, (10 kg m~2a’)toh, (1 kg m~2a') and
the erosion rate increased from £, (1 kg m?Zal)toh, (10 kg
m~> a') in curve A2. As Figure 2 shows, the proportion
between fallout 2'°Pb,, area activity and reference value in
the soils changes approximately exponentially over the time.
Fallout *'°Pb,, area activity has been decreasing with the
increasing erosion rate and vice versa. If t—+oo, the fallout
21%pp,, area activity in the soils becomes the steady state
corresponding value under the erosion rate (h,). Levels of
fallout *'°Pb,, area activity in the soils drop rapidly in the
first several years after the erosion rate changes, then ap-
parently changes slowly after 20 years, with very little
change after 50 years, and reaches a state near equilibrium
after 100 years. At the time 14 years, curves Al and A2 in-
tersected. The proportion value in curve Al increased from
0.442 to 0.614. The change in volume is 0.172; for curve A2,
the proportion value decreased from 0.886 to 0.608, with the
change in volume being 0.278. Theoretically, soil erosion
rates, estimated by fallout ZIOPbex mass balance model, for
the uncultivated lands should reach a steady state after 100
years. In reality, it is often difficult to obtain the history of
soil erosion changes and land use at the sampling sites.
Some sampling plots may not be located in the uncultivated
lands in a continuous steady state for more than 100 years.
If fallout >'°Pby, in the uncultivated lands is not in a steady
state, based on the *'°Pby, area activity in the sampling sites,
it can be seen that the erosion rates (corresponding value in
the longitudinal axis on the right side of Figure 2) estimated
by using fallout '°Pb,, mass balance model have some er-
rors compared to actual values. The error decreased with the
increasing number of years since the change in the erosion
rates. Finally, the estimated change in erosion rate is close
to the actual one.

Figure 3 depicts the response of fallout *'°Pb,, inventory
to the changes of erosion rate in the different uncultivated
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Figure 2 Response of fallout *'°Pb,, concentration to the changes of
erosion rates in the uncultivated lands.
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Figure 3 Response of fallout 21%pp,, inventory to the changes of erosion
rate in the different uncultivated lands.

lands. B1 curve shows the erosion rate decreased from #,
(4 kg m>al)toh, (1 kg m~2 a™h); for B2 curve from hy (10
kgmZa™)toh, (1 kgm?a™). Figure 3 shows that it requires
26 years for the erosion rate to decrease to 2 kg m ™~ a™" for
B1 curve or 46 years for B2 curve. Also, it takes 44 years
until the erosion rate decreased to 1.5 kg m™~ a™' for Bl
curve or 64 years for B2 curve. These data illustrated that
with a smaller change of volume of the erosion rate, less
time is needed for fallout *'°Pb,, reaching a steady state, and
vice versa.

Figure 4 shows the response of fallout *'°Pb,, inventory
to the changes of erosion rate in the uncultivated lands at
the different relaxation mass depths. C1 and C2 curves rep-
resent the uncultivated lands at the relaxation mass depth H
(H=250 kg m’z); and for C3 and C4 curves, H=150 kg m>
As Figure 4 shows, the changes of volume for erosion rates
are different in the uncultivated lands at the different relaxa-
tion mass depths within the same time. Figure 4 shows the
same soil erosion rate changes. After 20 years, C1 and C3
curves demonstrate the increasing of erosion rate, from 1 to
6.40 kg m~>a' and from 1 to 7.19 kg m™* a™, respectively;
C2 and C4 curves represent the decreasing of erosion rate,
from 10 to 3.93 kg m~ a™' and from 10 to 3.28 kg m ™~ a™’,
respectively. After 40 years, the erosion rate depicted in
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Figure 4 Response of fallout *'°Pb,, inventory to the changes of erosion
rate in the uncultivated lands at the different relaxation mass depths.
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C1 and C3 curves increased to 8.95 and 9.50 kg m™> a™'
respectively and decreased 2.25 and 1.88 kg m™ a™' depict-
ed in C2 and C4 curves, respectively. Theoretically, in the
uncultivated lands at the different relaxation mass depth, the
time needed for a steady state for the distribution of fallout
*1%pp, tends to infinity. Changes in relaxation mass depth
can affect erosion rates in the uncultivated lands. The
smaller the relaxation mass depth, the greater the soil ero-
sion rate change, and vice versa.

Figure 5 shows the response of fallout *'’Pb,, inventory
to the changes of erosion rate in the uncultivated and culti-
vated lands. Here, we make a comparison between the re-
sponse model of fallout *'°Pb,, inventory to the changes of
erosion rate in the uncultivated lands established in this pa-
per and the response model in cultivated lands obtained by
Zhang et al. [22]. At the relaxation mass depth H (H=250 kg
m™), two curves are obtained under the conditions of the
different erosion rate change trend, increasing from %, (1 kg
m?2a)toh, (10 kg m~Za’')and decreasing from h (10 kg
m> a"l) to h, (1 kg m™? a’l), respectively. D1 and D2 curves
represent response models in the uncultivated land, and D3
and D4 curves in the cultivated land given by Zhang et al.
[22]. As Figure 5 shows, D1 and D3 curves coincide, as do
D2 and D4 curves. The results show that no matter whether
the uncultivated or cultivated lands are discussed, the re-
sponse mechanism of fallout *'°Pb,, inventory to the chang-
es of erosion rate is almost uniform. In this paper, we
proved the modeling for the response of fallout *'°Pb, in-
ventory to the changes of erosion rate in the cultivated soil
is correct. Furthermore, this paper gives some supplementary
information and alternative views for the model by Zhang et
al. [22]

3 Conclusion

The view that fallout meex could be used to characterize
average soil erosion rates over the long term (in the last 100
or 200 years) is not scientifically reasonable. One can conclude
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Figure 5 Response of fallout 20pp,, inventory to the changes of erosion
rate in the uncultivated and cultivated lands.
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a minimum duration time (100 years) should be needed to
obtain a steady state for the fallout meex concentration in
the soil profiles after the changes of the erosion rate in the
uncultivated lands. The duration time (100 years) is not the
time characterized by soil erosion rates by using *'’Pb,
measurement.

When the rate of erosion changed in the uncultivated
lands, *'’Pb, area activity in the soil profile responded rap-
idly and decreases or increases approximately exponentially
with the passage of time. The area activity increases with
the decreasing rates of soil erosion, and vice versa. The rate
of soil erosion is inversely proportional to the *'°Pb,, con-
centration. Fallout *'°Pb,, area activity in the soils drops
rapidly in the first several years after the erosion rate
changes, then apparently changes slowly after 20 years,
with very little change after 50 years, and reaches a state
near equilibrium after 100 years.

In the uncultivated lands, the changes in erosion rates are
related to the relaxation mass depth and the time needed for
a steady state of fallout *'°Pb,, to develop. The data illus-
trates the smaller the change of volume of erosion rate, the
smaller the time needed for fallout 2'°Pb,, to reach equilib-
rium, and vice versa. Changes in the relaxation mass depth
can affect erosion rates in the uncultivated lands. The
smaller the relaxation mass depth, the greater the soil ero-
sion rate change, and vice versa.

In this paper, we make a comparison between the re-
sponse model of fallout *'°Pb,, inventory to the changes of
erosion rate in the uncultivated land and the response model
in cultivated lands obtained by Zhang et al. [22]. The results
show that no matter whether uncultivated or cultivated lands
are being discussed, the tracing mechanism is almost uni-
form. The similar behavior of fallout meex in soils makes
it a satisfied alternative to '*’Cs for measuring soil erosion
rates. Fallout *'’Pb,, can not only be used to quantify the
rate of soil erosion for a past 100 years but also investigate
the response of soil erosion to the recent land use change.
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