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 6 
1. List of changes made to the manuscript due to a change in the soil fraction considered 7 

While discussing a reply to a comment of Referee #1 (AR1 #5), our team encountered a significant 8 
reporting mistake in how the physical processing of the samples was conducted. At some point in the 9 
past (the samples were already processed in 2012; see l. 134), a typo shifted the measured soil fraction 10 
from <2 mm to <20 µm. This mistake was then carried further, since it appeared a logical step to focus 11 
on this fraction. The truth is, however, that there was not enough original sample material left to separate 12 
the needed amount of <20 µm material (sandy soils). Thus, all measurements (137Cs, 210Pbex, 239+240Pu) 13 
were conducted on the <2 mm fraction, i.e. the measurements include the bulk soil. 14 

While this is a good example for the need of proper sample processing documentation, the issue brings 15 
a few changes to the data interpretation. Note, however, that the numbers as presented in the manuscript 16 
do either not change at all (measurements) or do not change significantly (correlations). An advantage 17 
is that we can now conveniently state bulk soil nuclide inventories instead of concentrations. In the 18 
following lines, we track the changes made to the manuscript arising from interpreting nuclide activities 19 
in the bulk soil, instead of the <20 µm fraction: 20 

ll. 29-30: Updated for inventories: Specifically, the original inventories of both 137Cs and 239+240Pu are 21 
approximately halved after ~20-40 years of cropping. 22 

l. 102: Updated to: … possibly as a consequence of selective removal in this fraction and a relatively 23 
higher input of organic matter from crops, … 24 

l. 171: Added “chemical”: “The chemical sample preparation for plutonium …” 25 

l. 173: Rephrased to: The physical preparation of the samples was conducted at the Institute of Crop 26 
Science and Resource Conservation, Bonn (sieving), and at the Commonwealth Scientific and Industrial 27 
Research Organisation, Land and Water Laboratories (CSIRO), Canberra (homogenisation). 28 

l. 174: Rephrased to: In short, samples were sieved to obtain the <2 mm fraction and afterwards 29 
homogenised using a planetary mill. 30 

ll. 174-175: Sentence deleted, since we did not focus on the fraction <20 µm. 31 

ll. 175-176: Rephrased to: For AMS, about 20 g per sample were dried at 105°C to constant weight. 32 

ll. 176-177: Sentence deleted, since we did not focus on the fraction <20 µm. 33 

ll. 195-197: Rephrased to: To measure 137Cs, 50-70 g of the same homogenised material used for AMS 34 
were pressed into cylindrical counting discs to ensure a well-defined geometry. 35 

ll. 197-198: Rephrased to: These sample measurements were conducted at CSIRO. 36 

ll. 225-227: Rephrased to: From these 239+240Pu activities per mass (here also termed “specific 37 
activities”) we derived inventories, i.e. activities per area, by including sampling depth and bulk density 38 
data (Table S1). 39 

ll. 240-241: Updated for inventories. 40 

l. 258: Updated for bulk soil. 41 



2 
 

ll. 259-260: Updated for inventories: The measured inventories in the top 20 cm of soil span a wide 42 
range between 0.43 ± 0.01 mBq cm2 (KR98/0-20) and 1.95 ± 0.06 mBq cm2 (TW0/0-20). 43 

ll. 261-263: Updated for inventories: Similarly, the other samples from the uncultivated plots in the other 44 
two agroecosystems also have the largest inventories in their respective agroecosystems (HS0/0-20 1.44 45 
± 0.08 mBq cm2; KR0/0-20 0.98 ± 0.03 mBq cm2). 46 

ll. 264-270: Updated for inventories (R2 = 0.76). 47 

l. 270: Sentence added: Sample KR2.5/0-20 shows an elevated relative inventory of 103.84 ± 4.22% 48 
(relative concentration 99.93 ± 3.00%) but does overlap within uncertainties with the defined initial 49 
activity. Hence, the sample was excluded from the fit. 50 

ll. 270-271: Updated for inventories: From the fit, Ieq equals 56.03 ± 6.01% (1σx), and τ equals 6.86 ± 51 
3.03 years. 52 

l. 276: Deleted: … in the <20 µm fraction … 53 

l. 284: Updated for inventories. 54 

ll. 287-291: Updated for inventories: The results indicate that inventories are generally much lower than 55 
in the top 20 cm, ranging from ~5 to 36% of what is measured in the corresponding topsoil sample 56 
(Table 2; Fig. 5). Sample HS45/20-40 is, however, a conspicuous exception with a surprisingly high 57 
inventory of 1.01 ± 0.03 mBq cm2 in the 20-40 cm interval, which is even higher than the 0.70 ± 0.03 58 
mBq cm2 measured in the uppermost 20 cm of the soil (HS45/0-20). 59 

l. 294: Updated for bulk soil. 60 

l. 301: Sentence added: In line with this argumentation, the 239+240Pu inventories obtained from the native 61 
grassland composite samples are in the range expected for surface samples located within 20-30°S, 62 
which has been constrained to be 1.44 ± 0.59 mBq cm-2 (Hardy et al. 1973). 63 

Ll. 305-307: Updated for bulk soil: Equation (2) predicts a minor excess of 239+240Pu activities (5.4 ± 64 
1.9 mBq kg-1) as compared to 137Cs activity in the soils. Exceeding 239+240Pu has been proposed to reflect 65 
grain-size dependent preferential adsorption patterns (e.g. Everett et al., 2008, Xu et al., 2017), and 66 
such a pattern could become important in case of selective erosion. 67 

l. 316: Updated for bulk soil. 68 

ll. 338-341: Updated for inventories: Equation (1) predicts a decline in the 239+240Pu inventory of ~6% 69 
to ~2% per year during the first 10 years of cropping. After ~20-40 years, the measured inventories 70 
approach the equilibrium level at ~56% of the initial reference values, here constrained by a drop in 71 
the decline rate below 0.1% per year. Hence, Eq. (1) predicts that about half of the initial aerial 72 
activities in the soil is retained over the long term. 73 

l. 347: Updated for inventories. 74 

l. 350: Updated for inventories and bulk soil. 75 

l. 354: Updated for inventories. 76 

l. 355: Updated for bulk soils. 77 

ll. 361-363: Updated for inventories: The relative 239+240Pu inventories obtained from arable land with 78 
a cultivation history exceeding 35 years mostly plot below the equilibrium asymptote defined by Eq. (1) 79 
in Fig. 2A, i.e. the weighted mean of these data points is 39.2 ± 3.7% (arithmetic mean 46.2 ± 11.0%). 80 

ll. 381-391: Updated and rephrased to: Bulk SOC has been shown to approach an equilibrium 81 
concentration of 39.4 ± 2.0% of the initial values after 33.6 ± 8.0 years of cropping, with τ = 6.7 ± 1.7 82 
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years (Fig. 2B; Lobe et al., 2001; their exponential model). The SOC equilibrium concentration differs 83 
from the Pu inventory equilibrium (and, likewise, the Pu concentration equilibrium, Fig. S5). This 84 
deviation may to a certain extent be explained by the cut-off of Pu data included in the fit after 35 years 85 
of cropping (Sect. 4.3). On the other hand, the similarity in time constants might indicate that the 86 
plutonium was similarly distributed as SOC in the upper 20 cm of the soil soon after initial ploughing, 87 
as homogenisation appears to be generally achieved rapidly (Sect. 2.1). Consequently, SOM contents 88 
and Pu activities both reflect largest rates of decline during the first years after native grasslands were 89 
converted to arable land. This similar behaviour of 239+240Pu activities and SOM content over time 90 
indicates a strong linkage between both variables. The relationship is underscored by high correlation 91 
coefficients (R2 = 0.56 to 0.99; Fig. 2C) between the plutonium concentrations (1963-1998) and bulk 92 
soil SOC contents as measured by Lobe et al. (2001) (Table S5). Similar R2 values (0.63 – 0.99) are 93 
obtained when 239+240Pu is correlated to total N contents (Fig. S1). 94 

ll. 399-401: Updated and rephrased to: Here, we indeed observe a strong correlation between plutonium 95 
activities and SOM contents, and the majority of SOM (80-90%; Lobe et al. 2001) is bound in the <20 96 
µm fraction of the soils. Likewise, Plutonium isotopes are generally considered to be predominantly 97 
bound in that soil fraction (Xu et al. 2017). 98 

ll. 404-405: Sentence deleted, redundant. 99 

ll. 406-410: Updated and rephrased to: It should be noted that the close correlation between bulk SOM 100 
loss and Pu activity decrease includes SOM losses due to particulate organic matter (POM). Due to its 101 
lower density, a certain degree of POM loss by wind erosion is more likely than for similar-sized 102 
clastics. Besides, the fate of mineral associated organic matter and POM can be closely coupled (Lobe 103 
et al., 2001; Lavallee et al., 2020; Sokol et al., 2019), and the formation of new SOM from the crops 104 
was found to be limited at the sites we investigate (Lobe et al., 2005). 105 

l. 417: Updated for bulk soil. 106 

l. 422: Clause deleted since we did not focus on the >20 µm fraction. 107 

l. 429: Only the silt fraction considered now. 108 

Captions of Figs. 2 and 5: Updated accordingly. 109 

Caption of Tab. 2: Updated accordingly. 110 

 111 

 112 

 113 

 114 

 115 

 116 

 117 

 118 

 119 

 120 

 121 

 122 
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2. Updated Figures and Tables 123 

 124 

Figure 2: Changes in topsoil fallout inventories (A) and bulk soil organic carbon (SOC) content (B; Lobe et al., 2001) 125 
over time, and correlation of the SOC and 239+240Pu concentrations (C). The inventories in cultivated soils are shown 126 
relative to those found in adjacent native grassland soils (i.e., 100% at t = 0). The mono-exponential regression (thin 127 
black line, enveloped by grey 68% confidence interval) in panel (A) indicates the approach towards a concentration 128 
equilibrium level after about 20-40 years of cropping. By that time, about 50-60% of the initial 239+240Pu inventory has 129 
been lost. The extrapolated post-35 years cropping equilibrium level is indicated by the dashed line. The relationship 130 
between 239+240Pu and SOC indicates that the decrease of SOC can be traced by measuring 239+240Pu in bulk soil (C). 131 
Most plutonium samples depict replicate measurements; the corresponding activities are weighted means and the 132 
uncertainties either dominated by AMS counting statistics (weighted mean error) or external sources of uncertainty 133 
(standard error). For single measurements, the 1σ measurement uncertainty provided by the AMS facilities dominates 134 
the final uncertainty. All greyed out data points with dashed error bars denote those samples that were taken from plots 135 
with more than 32 years of cultivation history (for discussion see text). Filled circles denote samples from the Harrismith 136 
(HS) agroecosystem; filled triangle those from the Kroonstad (KR) agroecosystem and filled diamonds those from the 137 
Tweespruit (TW) agroecosystem. Numbers in brackets denote correlation coefficients (R2). 138 

 139 

 140 

 141 

 142 

 143 

 144 

 145 

 146 



5 
 

 147 

Figure 4: Correlation of 137Cs and 239+240Pu topsoil activities. 137Cs data are shown with 1σ uncertainties (which equal 148 
the estimated measurement errors). 239+240Pu activities were mostly measured in replicate, and the corresponding 149 
concentrations are weighted means and the uncertainties either dominated by AMS counting statistics (weighted mean 150 
error) or external sources of uncertainty (standard error). For single measurements, the 1σ measurement uncertainty 151 
provided by the AMS facilities dominates the final uncertainty. The majority of samples overlap with the linear 152 
regression (black line) and its 68% confidence interval (in grey). Sample HS0/0-20 has been excluded from the 153 
regression (greyed out; for discussion see text). The extrapolated regression intersects the ordinate at about 0.0050 mBq 154 
g-1 (0.50 mBq kg-1; unit conversion to mBq g-1 due to lower level precision achieved by γ spectrometry). 137Cs data have 155 
been decay-corrected to February 2012 (the time of measurement). 156 

 157 

Figure 5: 239+240Pu inventories at depth (20-40 cm) as compared to corresponding topsoil activities (0-20 cm). The 158 
analysis of plutonium activities at depth has been conducted for n = 6 samples, belonging to the agroecosystems 159 
Tweespruit (0, 32, 40, and 60 years of cultivation) and Harrismith (0 and 45 years of cultivation). At all sites but HS45, 160 
the nuclide concentration is significantly lower at depth than close to the surface. Error bars are 1σ uncertainties (see 161 
Fig. 2 for details). 162 

 163 

 164 
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 165 

Figure S1: Linear correlations between N contents (Lobe et al., 2001) and 239+240Pu concentrations in the bulk soil. Most 166 
plutonium samples depict replicate measurements; the corresponding concentrations are weighted means and the 167 
uncertainties either dominated by AMS counting statistics (weighted mean error) or external sources of uncertainty 168 
(standard error). For single measurements, the 1σ measurement uncertainty provided by the AMS facilities dominates 169 
the final uncertainty. (vertical error bars either represent 1σ from the mean of several replicates or a 1σ error-170 
propagated uncertainty dominated by the AMS measurement uncertainty). Samples from sites that have been cropped 171 
before 1963 were excluded from the regression (greyed out data points). 172 

 173 

Figure S2: Silt fraction as measured by Lobe et al. (2001) and Amelung et al. (2002). Uncertainties are 1σ standard 174 
deviations of the arithmetic means (n >2 replicates per sample). 175 

 176 

 177 

 178 

 179 

 180 
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Table. 2: FRN inventories. 181 

 
YOC Depth   239+240Pu 137Cs 

Ecotope (yr) (cm) n (mBq cm2) (%) (mBq cm2) 

HS 0 0-20 1 1.44 ± 0.08 100.0 ± 5.3 27.14 ± 4.24 

HS 3.5 0-20 1 1.34 ± 0.04 93.3 ± 5.5   -   

HS 5 0-20 2 1.28 ± 0.04 89.3 ± 5.3   -   

HS 8 0-20 2 1.12 ± 0.02 77.6 ± 4.4   -   

HS 10 0-20 2 0.75 ± 0.03 51.8 ± 3.5   -   

HS 30 0-20 2 0.65 ± 0.01 45.1 ± 2.5   -   

HS 45 0-20 1 0.70 - 0.03 48.6 ± 3.5 15.98 ± 2.91 

HS 68 0-20 2 0.68 ± 0.05 47.5 ± 4.5   -   

HS 90 0-20 2 0.72 ± 0.01 49.9 ± 2.8   -   

KR 0 0-20 1 0.98 ± 0.03 100.0 ± 2.9 32.66 ± 3.62 

KR 2.5 0-20 1 1.02 ± 0.03 103.8 ± 4.2   -   

KR 20 0-20 2 0.65 ± 0.02 66.6 ± 2.5   -   

KR 30 0-20 1 0.75 ± 0.03 77.1 ± 3.6   -  

KR 40 0-20 1 0.48 ± 0.01 49.1 ± 1.9 12.08 ± 2.43 

KR 57 0-20 2 0.68 ± 0.04 69.1 ± 4.9   -   

KR 98 0-20 2 0.43 ± 0.01 44.1 ± 1.7   -  

TW 0 0-20 3 1.95 ± 0.06 100.0 ± 3.0 59.57 ± 6.12 

TW 8.0 0-20 3 1.23 ± 0.04 63.3 ± 2.7 39.30 ± 4.61 

TW 12 0-20 3 1.08 ± 0.02 55.3 ± 1.9 30.69 ± 2.79 

TW 22 0-20 1 1.01 ± 0.03 51.8 ± 2.2   -  

TW 32 0-20 2 1.07 ± 0.02 55.0 ± 2.0 30.46 ± 3.54 

TW 40 0-20 3 0.81 ± 0.01 41.6 ± 1.4 24.07 ± 2.68 

TW 60 0-20 3 0.70 ± 0.01 35.9 ± 1.3 15.91 ± 2.22 

TW 90 0-20 2 0.58 ± 0.02 29.7 ± 1.4 15.09 ± 2.80 

HS 0 20-40 1 0.08 ± 0.02 5.2 ± 1.6   -   

HS 45 20-40 - 1.01 ± 0.03 145.0 ± 8.1   -   

TW 0 20-40 2 0.11 ± 0.02 5.4 ± 1.0   -   

TW 32 20-40 2 0.08 ± 0.01 7.8 ± 0.7   -   

TW 40 20-40 - 0.29 ± 0.04 36.3 ± 4.4   -   

TW 60 20-40 - 0.16 ± 0.04 23.0 ± 5.5 below detection limit 

 182 
Sample labelling as presented in the main text includes the abbreviation of the sample agroecosystem, years of 183 
cultivation (YOC) and sampling depth interval: HS - Harrismith, KR - Kroonstad, TW - Tweespruit. The number n of 184 
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239,240Pu replicate measurements includes both CologneAMS and ANU AMS measurement replicates. The quoted 185 
plutonium activities from replicate measurements are weighted means and the uncertainties either dominated by AMS 186 
counting statistics (weighted mean error) or external sources of uncertainty (standard error). For single measurements, 187 
the 1σ measurement uncertainty provided by the AMS facilities dominates the final uncertainty. Percentual activities 188 
of the topsoil samples are relative to the undisturbed reference sample for each agroecosystem. For the depth samples, 189 
the percentage values denote the difference against the corresponding topsoil samples. 137Cs data uncertainties equal 1σ 190 
measurement errors arising from µ spectrometry conducted at CSIRO. All 137Cs has been corrected for decay to 191 
February 2012. 192 

 193 

 194 

 195 

 196 

 197 

 198 

 199 

 200 

 201 

 202 

 203 

 204 

 205 

 206 

 207 

 208 

 209 

 210 

 211 

 212 

 213 

 214 

 215 

 216 

 217 

 218 

 219 

 220 



9 
 

3. Reply to Anonymous Referee #1 221 

Dear Anonymous Referee #1, thank you for reviewing our manuscript and for providing your detailed 222 
assessment. We address the points you raised below. 223 

 224 

AR1 #1: The serious scientific challenge to this study is the use of Pu and SOM concentrations 225 
rather than mass balance, since the latter is required to demonstrate mass redistribution as 226 
typically laid out by erosion studies based on fallout radionuclides (e.g. authors He, Walling, 227 
Wallbrink, Mabit, Alewell, Meusberger etc.). I recognize that the present authors are limited by 228 
the work of their predecessors but nonetheless this issue should require more direct and explicit 229 
treatment here. Else it sounds as though the attribution of declines in Pu and SOM concentrations 230 
with cultivation history to wind erosion is fait accompli, while there is otherwise no direct evidence 231 
of the process of wind erosion per se presented here. 232 

Reply AR1 #1: We agree and add the following information and statements: 233 

l. 105: About 100 km to the northwest of the Tweespruit sites, Wiggs and Holmes (2011) measured dust 234 
fluxes on a flat (<2°) ploughed field belonging to the Grasslands farm near Bloemfontain. The authors 235 
reported a total dust deposition of 48.19 g cm-2 (0.48 g m-2 day-1) from the local, wind-eroding sandy 236 
soils for a timespan ranging 99 days between August and November 2007. For the sites we investigate 237 
in our study, a re-assessment of the silt fraction content [partially unpublished, measured by Lobe et al. 238 
(2001) and Amelung et al. (2002); Tab. S1] reveals a linear increase in south-eastern direction (R2 = 239 
0.73; Fig. S1), which follows the general trajectories of dust plumes in South Africa (Eckard et al. 2020). 240 

l. 170: A clear disadvantage of the applied sampling scheme is the lack of high-resolution depth profile 241 
samples, which was not required for the originally intended sample analyses. As a consequence, we are 242 
unable to present FRN mass depth profile data, and thus cannot reasonably infer mass redistribution 243 
rates as typically presented in FRN studies (e.g. Alewell et al. 2014, Lal et al. 2013, Meusburger et al. 244 
2018). 245 

l. 423: rephrased to: To resolve this issue, longer timescales need to be monitored and high-resolution 246 
depth profiles sampling implemented in future studies. 247 

l. 426: updated to: In our study, we measure the lowest activities in the upwind sites. The composite 248 
grassland sample HS0/0-20 has an activity twice as high as the most north-west located sites (KR0/0-249 
20), generally coinciding with SOM patterns as published by Lobe et al. (2001). This pattern is further 250 
reflected by grain size data, indicating an increase in the silt fraction towards the south-east (Fig. S1). 251 
Consequently, KR soils had the lowest silt fraction of all soils (Fig. S2) by the time of sampling. 252 

 253 

AR1 #2: There are alternative explanations for a change in SOM and Pu concentrations that may 254 
be challenged more directly by the authors. First, the foremost influence on SOM and Pu 255 
concentrations in soil upon first tilling will be the tilling itself, since in native soils the highest 256 
concentrations of both are at the soil surface. If the tilling process is anything but perfectly 257 
homogenizing in the 0-20 cm soil, and there were any bias in sampling depth relative to tilling 258 
depth (say, 20 cm and 30 cm respectively), would the appearance of the concentrations over time 259 
not be exactly what we see in Figure 2? I wonder what assurance the authors provide that the 260 
observed patterns are simply not an artifact of tilling and sampling? 261 

Reply AR1 #2: We interpret your comment as follows (please correct us, if we misunderstood): In native 262 
grassland, SOM and Pu will be stored in the uppermost part of the soil column. Then, the soil is 263 
ploughed, relocating SOM/Pu and shifting the peak concentrations down the profile, i.e. not completely 264 
homogenising it. If we then take our sample, and the sampling depth does not capture the ploughing 265 
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horizon entirely, we would miss a certain fraction of Pu/SOM. This fraction is than brought up again 266 
after more ploughing and incorporated to the range that we sample. By always missing the lower part of 267 
the inhomogeneous ploughing horizon we would face a continuous in- or outflux of Pu/SOM over time. 268 
So, basically, there are three issues to be addressed: homogenisation, ploughing depth and sampling 269 
depth. While we cannot rule out ploughing depth as a source of uncertainty, which we stated in l. 159, 270 
we focus on sampling depth and, more importantly, homogenisation. 271 

Information on homogenisation added to rewritten Section 1.3 (see reply to AR2 #10): Vertical 272 
migration in the soil column can also be achieved due to physical processes, such as bioturbation or 273 
tillage. The latter, which is of special importance to this study, has been shown to homogenise FRN 274 
concentrations throughout the Ap horizon rapidly, e.g. after ~1-4 times of soil inversion (Schimmack et 275 
al. 1994, Hoshino et al. 2015). 276 

l. 162: Information about sampling added: Five subsamples, taken by using a steel cylinder, were 277 
amalgamated per plot to obtain the final sample. 278 

l. 321: Error propagation (which will of course not affect the depth vs. homogenisation issue) and 279 
information about (accurate) sampling added: However, the slight variation in soil densities resulted in 280 
larger uncertainties of the pooled reference samples due to error propagation, when compared to the 281 
ploughed plots. An accurate sampling depth was achieved by using a 20-cm long steel cylinder for 282 
sampling, but we propagate a depth error of 0.5 cm for calculating the inventories. 283 

ll. 381-391: Updated and rephrased to: Bulk SOC has been shown to approach an equilibrium 284 
concentration of 39.4 ± 2.0% of the initial values after 33.6 ± 8.0 years of cropping, with τ = 6.7 ± 1.7 285 
years (Fig. 2B; Lobe et al., 2001; their exponential model). The SOC equilibrium concentration differs 286 
from the Pu inventory equilibrium (and, likewise, the Pu concentration equilibrium, Fig. S5). This 287 
deviation may to a certain extent be explained by the cut-off of Pu data included in the fit after 35 years 288 
of cropping (Sect. 4.3). On the other hand, the similarity in time constants might indicate that the 289 
plutonium was similarly distributed as SOC in the upper 20 cm of the soil soon after initial ploughing, 290 
as homogenisation appears to be generally achieved rapidly (Sect. 2.1). Consequently, SOM contents 291 
and Pu activities both reflect largest rates of decline during the first years after native grasslands were 292 
converted to arable land. This similar behaviour of 239+240Pu activities and SOM content over time 293 
indicates a strong linkage between both variables. The relationship is underscored by high correlation 294 
coefficients (R2 = 0.56 to 0.99; Fig. 2C) between the plutonium concentrations (1963-1998) and bulk 295 
soil SOC contents as measured by Lobe et al. (2001) (Table S5). Similar R2 values (0.63 – 0.99) are 296 
obtained when 239+240Pu is correlated to total N contents (Fig. S1). 297 

 298 

AR1 #3: Next, the authors should acknowledge that the lower boundary of the 0-20 cm soil depth 299 
is not closed. They do point this out with respect to one location that actually as higher Pu in 20-300 
40 cm than 0-20 cm, but this is attributed to deeper tilling. While this actually speaks to my point 301 
(1) above, I also highlight the potential for leakage over time of both SOM and Pu below the 20 302 
cm boundary. The normal migration of organometallic complex at just 0.2 mm y-1 could export 303 
1% of Pu and SOC to deeper soil, for example. Compounded with time this could easily explain 304 
the scale of Pu and SOC loss over decades. 305 

However, it is interesting to observe that the two pulses have different time zeroes. Any SOC pulse 306 
from inherited O-horizon is necessarily timed with onset of cultivation, whereas the Pu pulse is 307 
independent of that. In fact the Pu pulse is centered at a cultivation time of approximately 40 years 308 
... and there appears no obvious pattern in the data related to this (excepting the noted site with 309 
higher Pu >20 cm which I surmised is related to deep tilling near in time to peak Pu deposition). 310 
That the SOC and Pu patterns both reflect time since cultivation would seem therefore to be good 311 
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corroboration that it is some extant property of the soil that is regulating retention of SOC and 312 
Pu that are introduced at the soil surface rather than any artifact of tilling. 313 

Reply to AR1 #3: We tried to address the leakage issue by measuring Plutonium in a selection of depth 314 
samples (Fig. 5). However, we did not put much emphasis on the two samples that indicate elevated 315 
inventories (> 10% w.r.t. the topsoil sample) so far. 316 

l. 236: peak plutonium deposition added and rephrased: Since our sampling strategy included a spatial 317 
averaging of sampling material from each plot investigated (Sect. 2.2), the best explanation for the 318 
elevated plutonium activity in HS45/20-40 may be related to a former ploughing to 40 cm near in time 319 
to peak plutonium deposition that was not recorded during farmers’ interviews or to sample 320 
contamination. Elevated inventories measured in two further depth samples might point to a certain 321 
degree of leakage of plutonium towards greater depths, but not necessarily in the pre-fallout soils (Sect. 322 
4.3). We also note that in a reasonably comparable setting (Bsh climate; Big Spring, USA), 137Cs and 323 
239+240Pu concentrations dropped sharply below the Ap horizon in an Aridic Paleustalf that had been 324 
cultivated since 1915 (Van Pelt et al., 2007; Van Pelt and Ketterer, 2013). 325 

l. 371: leakage added: Likewise, a possible incorporation of Pu-marked plant material into the soil 326 
column after harvesting might have contributed to elevated inventories found in the three depth samples 327 
with cropping histories exceeding 35 years (HS45/20-40, TW40/20-40, and TW60/20-40). In case of wet 328 
fallout deposition, such an enhanced downward migration could also have been promoted by the 329 
physical disturbance of the ploughed soil (cf. Das Gupta et al., 2006). These factors appear not to have 330 
been significant for the plot that was converted after the peak episode of global fallout (TW32/20-40). 331 
However, the topsoil samples TW40/0-20 and TW60/0-20 had the strongest inventory losses of all 332 
samples (Fig. 2a; Table 2), and show the highest negative residues against the exponential model. Thus, 333 
and given the general low scatter of the post-35 YOC data points, we may argue that if significant 334 
migration of Pu-marked soil particles below 0-20 cm has occurred, the two samples in question could 335 
represent the cases of maximum leakage in our dataset. 336 

l. 418: leakage added: Furthermore, a certain degree of leakage of plutonium-marked particles to 337 
greater depths could contribute to a lowering of 239+240Pu activities in the topsoil over time. 338 

 339 

AR1 #4: It should also be noted that SOC and Pu differ in that there are continuous SOC inputs 340 
at the soil surface through ongoing plant growth, whereas there are no ongoing Pu inputs with 341 
possible exception of relatively minor remobilization through erosive process. I wonder if this 342 
difference explains the different long-term trajectories of SOC and Pu in Figure 2 ... Pu continues 343 
to decline due possibly to leakage out the bottom (point above), whereas SOC is at some steady 344 
state with respect to ongoing inputs. 345 

Reply to AR1 #4: We agree that there are different inputs, but emphasise that previous studies also used 346 
biexponential models to capture a continuous decrease in SOM contents in the soils. Lobe et al. (2005) 347 
address the SOC in- and outputs. While there is a replacement in old SOC with new SOC (65% of SOC 348 
is crop-derived after 90 years, on average), in- and output rates are very similar with slightly higher rates 349 
for the outputs (equilibria after ~20 yrs). We find your thoughts exciting but point to the lack of causality 350 
for the topsoil Pu data exceeding 35 years. However, we include the leakage hypothesis as presented for 351 
AR1 #3 (l. 418). We also refer to our reply AR1 #7. 352 

 353 

AR1 #5: Finally, the authors should make clear in this paper (and not through references), the 354 
handling of the samples to produce the <20 um fraction, and especially what % this represents of 355 
the whole sample. Otherwise it remains unclear how the <20 um fraction might relate to soil mass 356 
balance, and whether a decrease in SOC and Pu concentrations in this fraction is truly attributable 357 
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to mass balance, or alternatively to a change in texture or other soil properties that regulate 358 
carbon and fallout metal retention. More details on the <20 um fraction are especially important 359 
since this fraction may now be interpreted as the ‘mineral associated organic carbon’ or MOAC 360 
fraction, which the author touch on tangentially as possibly related to changes in carbon 361 
sequestration over time. 362 

Reply to AR1 #5: As detailed above, this comment revealed our wrong sample processing recordings 363 
(or, to be more precise, how these records were interpreted after a long time of hibernation). We thank 364 
you very much for pushing us there! 365 

 366 

AR1 #6: In arguing for wind erosion to the authors do conclude with some observations on a 367 
possible gradient in Pu concentrations along wind fetch. If this were the case, could this also be 368 
correlated with changes in soil texture or % fines due to deflation? Such a correlation would make 369 
a fine figure and would provide some independent evidence for wind erosion that is otherwise 370 
lacking. 371 

Reply to AR1 #6: True! We have calculated the distance of our sampling sites along a NW-SE transect 372 
(distance = 1 km at the most northwesternmost sampling site) to obtain a correlation (see also new lines 373 
of text as presented in our reply to AR1 #1): 374 

 375 
Figure S2: Soil fraction 2-20 μm and distance in south-eastern direction of individual samples (pooled samples 376 
excluded). The grain size data has been measured by Lobe et al. (2001) and Amelung et al. (2002) (partially 377 
unpublished). 378 

 379 

AR1 #7: Finally, the peculiar problem of a Pu point source some 40 years prior to soil sampling 380 
might be countered if the authors were able to use Pb-210 which was likely measured concurrently 381 
with their Cs-137 measurements. Similar to Cs it may be that the Pb-210 half-life precluded robust 382 
measurement from old archive samples, but even in this case it would be worth including a 383 
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statement to this effect since otherwise Pb-210 could be quite valuable to the study. It would 384 
powerful to show for example that Pb-210 more precisely mirrors SOC due to continuous input 385 
to both through the history of the experiment ... or not! 386 

Reply to AR1 #7: Indeed, 210Pbex has been measured. We did not include it before because of large error 387 
ranges, but include it now: 388 

l. 477: An approach to overcome the problem of a point source in time determined by anthropogenic 389 
global fallout involves the quantification of excess 210Pb, hereafter referred to as 210Pbex. This naturally 390 
occurring FRN has been widely used for erosion studies elsewhere (e.g. Matisoff, 2014; Mabit et al., 391 
2008; Hu and Zhang, 2019; Meusburger et al., 2018), and was measured at CSIRO alongside 137Cs 392 
(Tab. S6). From this data, general trends of concurrently decreasing 210Pbex activities with decreasing 393 
137Cs activities (Fig. S3) and SOC content (Fig. S4) might be inferred. However, the short half-life (~22.2 394 
yrs) of the nuclide plus >10 years of sample storage and generally low environmental concentrations 395 
cause propagated measurement errors of 16-30% of the respective means. Hence, we refrain from 396 
providing a detailed interpretation of 210Pbex activities in our samples. 397 

 398 

 399 

Figure S3: 137Cs and 210Pbex topsoil activities. All data shown with 1σ uncertainties, which equal the estimated 400 
measurement errors for 137Cs and include error propagation for the calculation of 210Pbex. Linear fits are shown for 401 
visual comparison of the <35 YOC (years of cultivation) and >35 YOC samples, respectively (dashed lines). 402 

 403 
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 404 
Figure S2: Soil organic carbon (SOC) contents and 210Pbex activities in the bulk topsoil. 210Pbex data includes error-405 
propagated 1σ measurement uncertainties. 406 

 407 

Table S6: 210Pbex specific activies. 408 

 
YOC Depth 210Pbex 

Ecotope (yr) (cm) (Bq kg-1) 

HS 0 0-20 7.80 ± 2.05 

HS 45 0-20 6.10 ± 1.88 

KR 0 0-20 10.44 ± 1.70 

KR 40 0-20 5.67 ± 1.36 

TW 0 0-20 12.27 ± 2.53 

TW 8.0 0-20 8.76 ± 2.13 

TW 12 0-20 9.58 ± 1.80 

TW 32 0-20 9.15 ± 1.88 

TW 40 0-20 9.37 ± 1.77 

TW 60 0-20 9.31 ± 1.55 

TW 90 0-20 8.28 ± 1.77 

TW 60 20-40 below detection limit 

 409 
210Pbex was measured alongside 137Cs. Measurement procedure as e.g. detailed in Swarzenski (2014). Equilibrium 222Rn 410 
was calculated from the weighted average of 214Pb (295 and 352 keV) and 214Bi (609 keV). To calculate final 210Pbex 411 
activities, 222Rn activities were subtracted from 210Pb (46.5 keV) activities. 412 

YOC: Years of cultivation. 413 

AR1 #8: c.r. line 426: for additional evidence for wind erosion, examine residuals from exponential 414 
fits of SOM and Pu along wind direction ... do concentrations (residuals) for both SOM and Pu 415 
covary tightly? 416 
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Reply to AR1 #8: Assessing the residuals reveals no strong covariation – SOM has a minor tendency to 417 
positive residuals (measured value – modelled value) with increasing distance, while Pu shows a 418 
stronger tendency to decreasing values (the latter for the <35 years data only; linear R2 = 0.47, 0 YOC 419 
excluded). However, as we point out in ll. 419-422, there is no real certainty about the model type, and 420 
we feel that trying more exact fitting would be an over-elaboration given the limited dataset. 421 

 422 

AR1 #9: line 346: please clarify, aggregate size increases with time since cultivation? 423 

Reply to AR 1 #9: Indeed, the aggregate mass >250 increases (relative to total soil mass) with time since 424 
cultivation. 425 

 426 

AR1 #10: line 384: excellent point 427 

Reply to AR 1#10: Very sad to see that the reasoning you liked had to be changed due to the wrong soil 428 
fraction used by us. See our new line of argumentation for ll. 381-391 above. 429 

 430 

AR1 #11: Figure 2: both Pu (panel a) and SOM (panel b) show exponential declines with 431 
cultivation time, but the dropoff appears much more steep for Pu than for SOC. I wonder about 432 
the significance of this, or is it simply a result of intersite variability? It may be due to different 433 
pulse input histories? 434 

Reply to AR 1#11: Similar to reply AR 1#10 – Time constants have changed now. We apologise for the 435 
extra efforts. 436 

 437 

AR1 #12: Figure 3: this is a methods figure and I would recommend placing in supplemental 438 
materials, or simply omitting it while replacing with relevant summary statistics in the methods 439 
section. 440 

Reply to AR1 #12: We have moved the figure to the supplement. 441 

 442 

AR1 #13: Figure 4: it would be nice to indicate the Pu:Cs fallout ratio decay-corrected to 2012. 443 
The correlation here is impressive, but this does not necessarily indicate that both Pu and Cs are 444 
retained to same degree, only that the fraction that IS retained is retained to same degree. This 445 
occurs in lake sediments for example where Pu and Cs are similarly strongly correlated with 446 
depth, but by mass balance as much as half of Cs depositional flux is missing presumably due to 447 
higher solubility in the water column. 448 

Reply to AR1 #13: We have added the Cs/Pu fallout ratio decay-corrected to 2012 (26.69 ± 0.97) to 449 
Figure 4/3. We added the following piece of text: 450 

l. 314: However, any leakage could equally affect the isotope concentrations and may thus not be 451 
reflected by the ratio. 452 

 453 

AR1 #14: Figure 5: high Pu in 40-50 year cultivated sites... did first plowing quickly follow period 454 
of peak Pu deposition, and mix Pu into subsurface 20-40 cm soils thereby minimizing susceptibility 455 
to erosion? What would this mean for mass balance and assumption that Pu is lost to wind erosion 456 
at the soil surface? 457 
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Reply to AR1 #14: We might speculate that the incorporation of Pu-marked plant material into the soil 458 
and/or the physical disruption of the soil during fallout could contribute to this effect. However, we also 459 
need to acknowledge that the two other sites that show elevated Pu inventories at depth have the highest 460 
decrease of all topsoil samples (happy coincidence). See our reply to AR1 #3. 461 

 462 

References 463 

Amelung, W., Lobe, I., and Du Preez, C. C.: Fate of microbial residues in sandy soils of the South 464 
African Highveld as influenced by prolonged arable cropping, European Journal of Soil Science, 53, 465 
29-35, https://doi.org/10.1046/j.1365-2389.2002.00428.x, 2002. 466 
Das Gupta, S., Mohanty, B. P., and Köhne, J. M.: Soil Hydraulic Conductivities and their Spatial and 467 
Temporal Variations in a Vertisol, Soil Science Society of America Journal, 70, 1872-1881, 468 
10.2136/sssaj2006.0201, 2006. 469 
Everett, S. E., Tims, S. G., Hancock, G. J., Bartley, R., and Fifield, L. K.: Comparison of Pu and 137Cs as 470 
tracers of soil and sediment transport in a terrestrial environment, Journal of Environmental 471 
Radioactivity, 99, 383-393, https://doi.org/10.1016/j.jenvrad.2007.10.019, 2008. 472 
Hu, Y. and Zhang, Y.: Using 137Cs and 210Pbex to investigate the soil erosion and accumulation 473 
moduli on the southern margin of the Hunshandake Sandy Land in Inner Mongolia, Journal of 474 
Geographical Sciences, 29, 1655-1669, 10.1007/s11442-019-1983-1, 2019. 475 
Lavallee, J. M., Soong, J. L., and Cotrufo, M. F.: Conceptualizing soil organic matter into particulate 476 
and mineral-associated forms to address global change in the 21st century, Glob Chang Biol, 26, 261-477 
273, 10.1111/gcb.14859, 2020. 478 
Lobe, I., Amelung, W., and Du Preez, C. C.: Losses of carbon and nitrogen with prolonged arable 479 
cropping from sandy soils of the South African Highveld, European Journal of Soil Science, 52, 93-101, 480 
https://doi.org/10.1046/j.1365-2389.2001.t01-1-00362.x, 2001. 481 
Lobe, I., Bol, R., Ludwig, B., Du Preez, C. C., and Amelung, W.: Savanna-derived organic matter 482 
remaining in arable soils of the South African Highveld long-term mixed cropping: Evidence from 13C 483 
and 15N natural abundance, Soil Biology and Biochemistry, 37, 1898-1909, 484 
https://doi.org/10.1016/j.soilbio.2005.02.030, 2005. 485 
Mabit, L., Benmansour, M., and Walling, D. E.: Comparative advantages and limitations of the fallout 486 
radionuclides (137)Cs, (210)Pb(ex) and (7)Be for assessing soil erosion and sedimentation, J Environ 487 
Radioact, 99, 1799-1807, 10.1016/j.jenvrad.2008.08.009, 2008. 488 
Matisoff, G.: (210)Pb as a tracer of soil erosion, sediment source area identification and particle 489 
transport in the terrestrial environment, J Environ Radioact, 138, 343-354, 490 
10.1016/j.jenvrad.2014.03.008, 2014. 491 
Meusburger, K., Porto, P., Mabit, L., La Spada, C., Arata, L., and Alewell, C.: Excess Lead-210 and 492 
Plutonium-239+240: Two suitable radiogenic soil erosion tracers for mountain grassland sites, 493 
Environ Res, 160, 195-202, 10.1016/j.envres.2017.09.020, 2018. 494 
Sokol, N. W., Sanderman, J., and Bradford, M. A.: Pathways of mineral-associated soil organic matter 495 
formation: Integrating the role of plant carbon source, chemistry, and point of entry, Glob Chang 496 
Biol, 25, 12-24, 10.1111/gcb.14482, 2019. 497 
Van Pelt, R. S. and Ketterer, M. E.: Use of anthropogenic radioisotopes to estimate rates of soil 498 
redistribution by wind II: The potential for future use of 239+240Pu, Aeolian Research, 9, 103-110, 499 
10.1016/j.aeolia.2013.01.004, 2013. 500 
Van Pelt, R. S., Zobeck, T. M., Ritchie, J. C., and Gill, T. E.: Validating the use of 137Cs measurements 501 
to estimate rates of soil redistribution by wind, Catena, 70, 455-464, 10.1016/j.catena.2006.11.014, 502 
2007. 503 
Xu, Y., Pan, S., Wu, M., Zhang, K., and Hao, Y.: Association of Plutonium isotopes with natural soil 504 
particles of different size and comparison with 137Cs, Science of The Total Environment, 581-582, 505 
541-549, https://doi.org/10.1016/j.scitotenv.2016.12.162, 2017. 506 

 507 

https://doi.org/10.1046/j.1365-2389.2002.00428.x
https://doi.org/10.1016/j.jenvrad.2007.10.019
https://doi.org/10.1046/j.1365-2389.2001.t01-1-00362.x
https://doi.org/10.1016/j.soilbio.2005.02.030
https://doi.org/10.1016/j.scitotenv.2016.12.162

