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Pu manuscript — Reply to Anonymous Referee #1 and #2
Content

1. List of changes made to the manuscript due to a change in soil fraction considered (p. 1-3)
2. Updated figures and tables (p. 4-8)

3. Reply to Anonymous Referee #1 (p. 9-16)

4. Reply to Anonymous Referee #2 (p. 17-25)

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

While discussing a reply to a comment of Referee #1 (AR1 #5), our team encountered a significant
reporting mistake in how the physical processing of the samples was conducted. At some point in the
past (the samples were already processed in 2012; see I. 134), a typo shifted the measured soil fraction
from <2 mm to <20 um. This mistake was then carried further, since it appeared a logical step to focus
on this fraction. The truth is, however, that there was not enough original sample material left to separate
the needed amount of <20 um material (sandy soils). Thus, all measurements (*3’Cs, 21%Phex, 239+240py)
were conducted on the <2 mm fraction, i.e. the measurements include the bulk soil.

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

1. 29-30: Updated for inventories: Specifically, the original inventories of both **’Cs and ?****°Puy are
approximately halved after ~20-40 years of cropping.

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

1. 171: Added “chemical”: “The chemical sample preparation for plutonium ..."

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

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

Il. 174-175: Sentence deleted, since we did not focus on the fraction <20 um.

Il. 175-176: Rephrased to: For AMS, about 20 g per sample were dried at 105°C to constant weight.
Il. 176-177: Sentence deleted, since we did not focus on the fraction <20 pm.

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

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

[l. 225-227: Rephrased to: From these %°*#°Pu activities per mass (here also termed “specific
activities ') we derived inventories, i.e. activities per area, by including sampling depth and bulk density

data (Table S1).

Il. 240-241: Updated for inventories.
I. 258: Updated for bulk soil.
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Il. 259-260: Updated for inventories: The measured inventories in the top 20 cm of soil span a wide
range between 0.43 + 0.01 mBg cm? (KR98/0-20) and 1.95 + 0.06 mBg cm? (TW0/0-20).

1. 261-263: Updated for inventories: Similarly, the other samples from the uncultivated plots in the other
two agroecosystems also have the largest inventories in their respective agroecosystems (HS0/0-20 1.44
+ 0.08 mBg cm?; KRO/0-20 0.98 + 0.03 mBq cm?).

1. 264-270: Updated for inventories (R = 0.76).

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

Il. 270-271: Updated for inventories: From the fit, leq equals 56.03 + 6.01% (1ox), and t equals 6.86 +
3.03 years.

I. 276: Deleted: ... in the <20 um fraction ...
I. 284: Updated for inventories.

1. 287-291: Updated for inventories: The results indicate that inventories are generally much lower than
in the top 20 cm, ranging from ~5 to 36% of what is measured in the corresponding topsoil sample
(Table 2; Fig. 5). Sample HS45/20-40 is, however, a conspicuous exception with a surprisingly high
inventory of 1.01 + 0.03 mBg cm? in the 20-40 cm interval, which is even higher than the 0.70 + 0.03
mBg cm? measured in the uppermost 20 cm of the soil (HS45/0-20).

I. 294: Updated for bulk soil.

. 301: Sentence added: In line with this argumentation, the 2°***°Py inventories obtained from the native
grassland composite samples are in the range expected for surface samples located within 20-30°S,
which has been constrained to be 1.44 + 0.59 mBqg cm™ (Hardy et al. 1973).

LI. 305-307: Updated for bulk soil: Equation (2) predicts a minor excess of ***#°Py activities (5.4 +
1.9 mBq kg™) as compared to **'Cs activity in the soils. Exceeding ***#*°Pu has been proposed to reflect
grain-size dependent preferential adsorption patterns (e.g. Everett et al., 2008, Xu et al., 2017), and
such a pattern could become important in case of selective erosion.

I. 316: Updated for bulk soil.

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

1. 347: Updated for inventories.

1..350: Updated for inventories and bulk soil.
1. 354: Updated for inventories.

1. 355: Updated for bulk soils.

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

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

1. 399-401: Updated and rephrased to: Here, we indeed observe a strong correlation between plutonium
activities and SOM contents, and the majority of SOM (80-90%; Lobe et al. 2001) is bound in the <20
pum fraction of the soils. Likewise, Plutonium isotopes are generally considered to be predominantly
bound in that soil fraction (Xu et al. 2017).

1l. 404-405: Sentence deleted, redundant.

1. 406-410: Updated and rephrased to: It should be noted that the close correlation between bulk SOM
loss and Pu activity decrease includes SOM losses due to particulate organic matter (POM). Due to its
lower density, a certain degree of POM loss by wind erosion is more likely than for similar-sized
clastics. Besides, the fate of mineral associated organic matter and POM can be closely coupled (Lobe
et al., 2001; Lavallee et al., 2020; Sokol et al., 2019), and the formation of new SOM from the crops
was found to be limited at the sites we investigate (Lobe et al., 2005).

I. 417: Updated for bulk soil.
1. 422: Clause deleted since we did not focus on the >20 pm fraction.
1. 429: Only the silt fraction considered now.

Captions of Figs. 2 and 5: Updated accordingly.

Caption of Tab. 2: Updated accordingly.
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2. Updated Figures and Tables
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Figure 2: Changes in topsoil fallout inventories (A) and bulk soil organic carbon (SOC) content (B; Lobe et al., 2001)
over time, and correlation of the SOC and 23%*240Py concentrations (C). The inventories in cultivated soils are shown
relative to those found in adjacent native grassland soils (i.e., 100% at t = 0). The mono-exponential regression (thin
black line, enveloped by grey 68% confidence interval) in panel (A) indicates the approach towards a concentration
equilibrium level after about 20-40 years of cropping. By that time, about 50-60% of the initial 23**24°Pu inventory has
been lost. The extrapolated post-35 years cropping equilibrium level is indicated by the dashed line. The relationship
between 23%*240py and SOC indicates that the decrease of SOC can be traced by measuring 2%*24Pu in bulk soil (C).
Most plutonium samples depict replicate measurements; the corresponding activities are weighted means and the
uncertainties either dominated by AMS counting statistics (weighted mean error) or external sources of uncertainty
(standard error). For single measurements, the 16 measurement uncertainty provided by the AMS facilities dominates
the final uncertainty. All greyed out data points with dashed error bars denote those samples that were taken from plots
with more than 32 years of cultivation history (for discussion see text). Filled circles denote samples from the Harrismith
(HS) agroecosystem; filled triangle those from the Kroonstad (KR) agroecosystem and filled diamonds those from the
Tweespruit (TW) agroecosystem. Numbers in brackets denote correlation coefficients (R?).
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Figure 4: Correlation of ¥Cs and 23%*240py topsoil activities. 3Cs data are shown with 1o uncertainties (which equal
the estimated measurement errors). 239+290Py activities were mostly measured in replicate, and the corresponding
concentrations are weighted means and the uncertainties either dominated by AMS counting statistics (weighted mean
error) or external sources of uncertainty (standard error). For single measurements, the 16 measurement uncertainty
provided by the AMS facilities dominates the final uncertainty. The majority of samples overlap with the linear
regression (black line) and its 68% confidence interval (in grey). Sample HS0/0-20 has been excluded from the
regression (greyed out; for discussion see text). The extrapolated regression intersects the ordinate at about 0.0050 mBq
g (0.50 mBq kg%; unit conversion to mBq g* due to lower level precision achieved by y spectrometry). 1¥’Cs data have
been decay-corrected to February 2012 (the time of measurement).
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Figure 5: 239+240py inventories at depth (20-40 cm) as compared to corresponding topsoil activities (0-20 cm). The
analysis of plutonium activities at depth has been conducted for n = 6 samples, belonging to the agroecosystems
Tweespruit (0, 32, 40, and 60 years of cultivation) and Harrismith (0 and 45 years of cultivation). At all sites but HS45,
the nuclide concentration is significantly lower at depth than close to the surface. Error bars are 1o uncertainties (see
Fig. 2 for details).
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Figure S1: Linear correlations between N contents (Lobe et al., 2001) and 23%*240Py concentrations in the bulk soil. Most
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(standard error). For single measurements, the 16 measurement uncertainty provided by the AMS facilities dominates
the final uncertainty. (vertical error bars either represent 16 from the mean of several replicates or a 16 error-
propagated uncertainty dominated by the AMS measurement uncertainty). Samples from sites that have been cropped
before 1963 were excluded from the regression (greyed out data points).
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182 Table. 2: FRN inventories.

YOC | Depth 239+240py 137Cs
Ecotope | (yr) | (cm) | n (mBg cm?) (%) (mBg cm?)
HS 0 0-20| 1 144 + 0.08 100.0 + 53 2714 = 424
HS 3.5 0-20 | 1 134 = 0.04 93.3 + 55 -
HS 5 0-20 | 2 128 = 0.04 89.3 + 53 -
HS 8 0-20 | 2 112 = 0.02 77.6 + 44 -
HS 10 0-20 | 2 0.75 + 0.03 51.8 + 35 -
HS 30 0-20 | 2 065 + 0.01 45.1 + 25 -
HS 45 0-20 | 1 0.70 - 0.03 48.6 + 35 1598 + 2091
HS 68 0-20 | 2 0.68 + 0.05 475 + 45 -
HS 90 0-20 | 2 0.72 + 0.01 49.9 + 28 -
KR 0 0-20| 1 098 + 0.03 100.0 + 29 3266 = 3.62
KR 25 0-20| 1 1.02 + 0.03 103.8 + 4.2 -
KR 20 0-20 | 2 065 = 0.02 66.6 + 25 -
KR 30 0-20 | 1 0.75 = 0.03 77.1 + 36 -
KR 40 0-20| 1 048 + 0.01 49.1 + 19 12.08 + 243
KR 57 0-20 | 2 0.68 + 0.04 69.1 + 49 -
KR 98 0-20 | 2 043 + 0.01 441 + 17 -
T™W 0 0-20 | 3 195 = 0.06 100.0 + 30 59.57 = 6.12
T™W 8.0 0-20 | 3 123 = 0.04 63.3 x 27 3930 = 461
T™W™W 12 0-20| 3 108 + 0.02 55.3 + 19 3069 + 279
T™W™W 22 0-20| 1 101 + 0.03 51.8 + 22 -
T™W™W 32 0-20 | 2 107 += 0.02 55.0 + 20 3046 + 354
T™W 40 0-20 | 3 081 + 0.01 41.6 + 14 2407 = 2.68
T™W 60 0-20 | 3 070 = 0.01 35.9 + 13 1591 + 222
T™W 90 0-20 | 2 058 + 0.02 29.7 + 14 15.09 £+ 280
HS 0 20-40 | 1 0.08 £ 0.02 5.2 + 16 -
HS 45 20-40 | - 101 = 0.03 145.0 + 81 -
T™W 0 20-40 | 2 0.11 + 0.02 5.4 + 1.0 -
T™W 32 20-40 | 2 0.08 + 0.01 7.8 + 07 -
T™W 40 20-40 | - 029 £+ 0.04 36.3 + 44 -
TW 60 | 20-40 | - 016 + 0.04 23.0 + 55 below detection limit

183
184 Sample labelling as presented in the main text includes the abbreviation of the sample agroecosystem, years of
185 cultivation (YOC) and sampling depth interval: HS - Harrismith, KR - Kroonstad, TW - Tweespruit. The number n of
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239240py replicate measurements includes both CologneAMS and ANU AMS measurement replicates. The quoted
plutonium activities from replicate measurements are weighted means and the uncertainties either dominated by AMS
counting statistics (weighted mean error) or external sources of uncertainty (standard error). For single measurements,
the 16 measurement uncertainty provided by the AMS facilities dominates the final uncertainty. Percentual activities
of the topsoil samples are relative to the undisturbed reference sample for each agroecosystem. For the depth samples,
the percentage values denote the difference against the corresponding topsoil samples. ¥’Cs data uncertainties equal 16
measurement errors arising from p spectrometry conducted at CSIRO. All ¥Cs has been corrected for decay to
February 2012.



222

223
224

225

226
227
228
229
230
231
232
233

234

235
236
237
238
239
240
241

242
243
244
245
246

247
248

249
250
251
252
253

254

255
256
257
258
259
260
261
262

263
264
265
266

3. Reply to Anonymous Referee #1

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

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

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

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

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

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

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

ARL1 #2: There are alternative explanations for a change in SOM and Pu concentrations that may
be challenged more directly by the authors. First, the foremost influence on SOM and Pu
concentrations in soil upon first tilling will be the tilling itself, since in native soils the highest
concentrations of both are at the soil surface. If the tilling process is anything but perfectly
homogenizing in the 0-20 cm soil, and there were any bias in sampling depth relative to tilling
depth (say, 20 cm and 30 cm respectively), would the appearance of the concentrations over time
not be exactly what we see in Figure 2? | wonder what assurance the authors provide that the
observed patterns are simply not an artifact of tilling and sampling?

Reply AR1 #2: We interpret your comment as follows (please correct us, if we misunderstood): In native
grassland, SOM and Pu will be stored in the uppermost part of the soil column. Then, the soil is
ploughed, relocating SOM/Pu and shifting the peak concentrations down the profile, i.e. not completely
homogenising it. If we then take our sample, and the sampling depth does not capture the ploughing

9
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horizon entirely, we would miss a certain fraction of Pu/SOM. This fraction is than brought up again
after more ploughing and incorporated to the range that we sample. By always missing the lower part of
the inhomogeneous ploughing horizon we would face a continuous in- or outflux of Pu/SOM over time.
So, basically, there are three issues to be addressed: homogenisation, ploughing depth and sampling
depth. While we cannot rule out ploughing depth as a source of uncertainty, which we stated in I. 159,
we focus on sampling depth and, more importantly, homogenisation.

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

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

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

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

ARL1 #3: Next, the authors should acknowledge that the lower boundary of the 0-20 cm soil depth
is not closed. They do point this out with respect to one location that actually as higher Pu in 20-
40 cm than 0-20 cm, but this is attributed to deeper tilling. While this actually speaks to my point
(1) above, I also highlight the potential for leakage over time of both SOM and Pu below the 20
cm boundary. The normal migration of organometallic complex at just 0.2 mm y-1 could export
1% of Pu and SOC to deeper soil, for example. Compounded with time this could easily explain
the scale of Pu and SOC loss over decades.

However, it is interesting to observe that the two pulses have different time zeroes. Any SOC pulse
from inherited O-horizon is necessarily timed with onset of cultivation, whereas the Pu pulse is
independent of that. In fact the Pu pulse is centered at a cultivation time of approximately 40 years
... and there appears no obvious pattern in the data related to this (excepting the noted site with
higher Pu >20 cm which | surmised is related to deep tilling near in time to peak Pu deposition).
That the SOC and Pu patterns both reflect time since cultivation would seem therefore to be good

10
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corroboration that it is some extant property of the soil that is regulating retention of SOC and
Pu that are introduced at the soil surface rather than any artifact of tilling.

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

I. 236: peak plutonium deposition added and rephrased: Since our sampling strategy included a spatial
averaging of sampling material from each plot investigated (Sect. 2.2), the best explanation for the
elevated plutonium activity in HS45/20-40 may be related to a former ploughing to 40 cm near in time
to peak plutonium deposition that was not recorded during farmers’ interviews or to sample
contamination. Elevated inventories measured in two further depth samples might point to a certain
degree of leakage of plutonium towards greater depths, but not necessarily in the pre-fallout soils (Sect.
4.3). We also note that in a reasonably comparable setting (Bsh climate; Big Spring, USA), **'Cs and
239+280py concentrations dropped sharply below the A, horizon in an Aridic Paleustalf that had been
cultivated since 1915 (Van Pelt et al., 2007; Van Pelt and Ketterer, 2013).

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

I. 418: leakage added: Furthermore, a certain degree of leakage of plutonium-marked particles to
greater depths could contribute to a lowering of 2°**°Pu activities in the topsoil over time.

ARL1 #4: 1t should also be noted that SOC and Pu differ in that there are continuous SOC inputs
at the soil surface through ongoing plant growth, whereas there are no ongoing Pu inputs with
possible exception of relatively minor remobilization through erosive process. | wonder if this
difference explains the different long-term trajectories of SOC and Pu in Figure 2 ... Pu continues
to decline due possibly to leakage out the bottom (point above), whereas SOC is at some steady
state with respect to ongoing inputs.

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

ARL1 #5: Finally, the authors should make clear in this paper (and not through references), the
handling of the samples to produce the <20 um fraction, and especially what % this represents of
the whole sample. Otherwise it remains unclear how the <20 um fraction might relate to soil mass
balance, and whether a decrease in SOC and Pu concentrations in this fraction is truly attributable
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to mass balance, or alternatively to a change in texture or other soil properties that regulate
carbon and fallout metal retention. More details on the <20 um fraction are especially important
since this fraction may now be interpreted as the ‘mineral associated organic carbon’ or MOAC
fraction, which the author touch on tangentially as possibly related to changes in carbon
sequestration over time.

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

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

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

14 I T I
| * TW |

A KR
154 | ® Hs E |

10

2 *data from Lobe et al. (2001) and Amelung et al. (2002)
1 1 T \ I \

0 40 80 120 160 200
Distance in south-eastern direction (km)

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

ARL1 #7: Finally, the peculiar problem of a Pu point source some 40 years prior to soil sampling
might be countered if the authors were able to use Pb-210 which was likely measured concurrently
with their Cs-137 measurements. Similar to Cs it may be that the Pb-210 half-life precluded robust
measurement from old archive samples, but even in this case it would be worth including a
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statement to this effect since otherwise Pb-210 could be quite valuable to the study. It would
powerful to show for example that Pb-210 more precisely mirrors SOC due to continuous input
to both through the history of the experiment ... or not!

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

I. 477: An approach to overcome the problem of a point source in time determined by anthropogenic
global fallout involves the quantification of excess *°Pb, hereafter referred to as #°Pbex. This naturally
occurring FRN has been widely used for erosion studies elsewhere (e.g. Matisoff, 2014; Mabit et al.,
2008; Hu and Zhang, 2019; Meusburger et al., 2018), and was measured at CSIRO alongside *'Cs
(Tab. S6). From this data, general trends of concurrently decreasing ?°Pbex activities with decreasing
B7Cs activities (Fig. S3) and SOC content (Fig. S4) might be inferred. However, the short half-life (~22.2
yrs) of the nuclide plus >10 years of sample storage and generally low environmental concentrations
cause propagated measurement errors of 16-30% of the respective means. Hence, we refrain from
providing a detailed interpretation of ?°Pbe activities in our samples.
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4 [0 <35voc B
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Figure S3: ¥Cs and 2?°Pbex topsoil activities. All data shown with 16 uncertainties, which equal the estimated
measurement errors for ¥’Cs and include error propagation for the calculation of 2°Phbex. Linear fits are shown for
visual comparison of the <35 YOC (years of cultivation) and >35 YOC samples, respectively (dashed lines).
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406 Figure S2: Soil organic carbon (SOC) contents and #°Phex activities in the bulk topsoil. 2°Phbex data includes error-
407 propagated 16 measurement uncertainties.

408

409 Table S6: 21%Pbex specific activies.

YOC Depth 210ppey

Ecotope (yr) (cm) (Bq kg?)
HS 0 0-20 780 + 205
HS 45 0-20 6.10 =+ 1.88
KR 0 0-20 1044 + 1.70
KR 40 0-20 567 =+ 1.36
TW 0 0-20 1227 + 253
TW 8.0 0-20 876 + 213
TW 12 0-20 958 + 1.80
TW 32 0-20 915 + 1.88
TW 40 0-20 937 + 177
TW 60 0-20 931 + 155
TW 90 0-20 828 + 177
TW 60 20-40 below detection limit

410

411 210pp,,, was measured alongside 137Cs. Measurement procedure as e.g. detailed in Swarzenski (2014). Equilibrium 222Rn

412 was calculated from the weighted average of 214Pb (295 and 352 keV) and 224Bi (609 keV). To calculate final 21%Pb,
413 activities, 222Rn activities were subtracted from 21°Pb (46.5 keV) activities.

414 YOC: Years of cultivation.

415  ARL1#8:c.r.line 426: for additional evidence for wind erosion, examine residuals from exponential
416  fits of SOM and Pu along wind direction ... do concentrations (residuals) for both SOM and Pu
417  covary tightly?
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Reply to AR1 #8: Assessing the residuals reveals no strong covariation — SOM has a minor tendency to
positive residuals (measured value — modelled value) with increasing distance, while Pu shows a
stronger tendency to decreasing values (the latter for the <35 years data only; linear R2 = 0.47, 0 YOC
excluded). However, as we point out in ll. 419-422, there is no real certainty about the model type, and
we feel that trying more exact fitting would be an over-elaboration given the limited dataset.

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

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

ARL1 #10: line 384: excellent point

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

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

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

ARL1 #12: Figure 3: this is a methods figure and | would recommend placing in supplemental
materials, or simply omitting it while replacing with relevant summary statistics in the methods
section.

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

ARL1 #13: Figure 4: it would be nice to indicate the Pu:Cs fallout ratio decay-corrected to 2012.
The correlation here is impressive, but this does not necessarily indicate that both Pu and Cs are
retained to same degree, only that the fraction that IS retained is retained to same degree. This
occurs in lake sediments for example where Pu and Cs are similarly strongly correlated with
depth, but by mass balance as much as half of Cs depositional flux is missing presumably due to
higher solubility in the water column.

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

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

ARL1 #14: Figure 5: high Pu in 40-50 year cultivated sites... did first plowing quickly follow period
of peak Pu deposition, and mix Pu into subsurface 20-40 cm soils thereby minimizing susceptibility
to erosion? What would this mean for mass balance and assumption that Pu is lost to wind erosion
at the soil surface?
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Reply to AR1 #14: We might speculate that the incorporation of Pu-marked plant material into the soil

and/or the physical disruption of the soil during fallout could contribute to this effect. However, we also
need to acknowledge that the two other sites that show elevated Pu inventories at depth have the highest
decrease of all topsoil samples (happy coincidence). See our reply to AR1 #3.
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4. Reply to Anonymous Referee #2

Dear Anonymous Referee #2, thank you for your detailed review. In the following, we address the points
you raised.

AR2 #1: One minor point is that the introduction is to much on climate change, CO2 release etc.
which is not the topic of this paper.

Reply to AR2 #1: We have deleted I. 35, Il. 50-52 and II. 55-56.

AR2 #2: On the other hand, nearly nothing is said on FRN use to assess wind erosion, methods to
accomplish this or how to quantify erosion. The loss in SOC and FRN is attributed to wind erosion,
just from visual assessment of the site. Could you please give exact slopes in the table for all sites?
I find it hard to believe that at these altitudes you have so many sites completely flat. If this is true,
this needs at least be identified. If it is not true, please consider that even small slopes will induce
significant water erosion even on grasslands whenever you have rain events.

Reply to AR2 #2: We refer to our replies to AR2 #10 and AR2 #11.

AR2 #3: In some parts it is not clear to me, what the authors did with the data. They talk of
Lnormalisation® but report data in percentages. Or was there really any normalisation done? Why
not presenting the SOC concentrations and the FRN inventories over time? Much more
interesting to soil scientists.

Reply to AR2 #3: See reply to AR2 #21; we did not perform any normalisation but present just relative
values, i.e. relative against the pooled grassland sample. Since the (maximum) absolute concentrations
and inventories do vary in between the different agroecosystems, we present the data in this way. We
also do so to facilitate the reader the comparison of our data with the data from the numerous previous
studies published on our samples, which were presented in a similar fashion.

Il. 264: Rephrased for clarification: We calculate the measured ***?*°Pu inventories for all three
agroecosystems to reflect relative inventory concentrations against the relevant pooled samples from
the uncultivated plots. As a function of the duration of cultivation, a trend of initially decreasing activity
with increasing cropping time is evident, although the rate of decline slows as time goes on (Fig. 2).

AR2 #4: To apply the FRN approach to assess soil erosion you need at least 3 if not more reference
sites. You cannot assume, just because SOC and FRN is highest in your “natural” site, this would
be a site without soil erosion. What you could do, however, is compare your arable sites to the one
natural grassland and discuss if you have higher or lower erosion. Can you really guarantee that
the natural sites were never ploughed since 1950s?

Reply to AR2 #4: Our (sub-)samples taken from the reference sites are obtained from uncultivated
grassland sites adjacent to the cultivated sites. For each agroecosystem, the reference sites were pooled
to obtain a single composite sample. Hence, our three reference samples provide an average of all
reference sites within an agroecosystem. As long as you accept interviews with the farmers and visual
assessment of the samples taken with a steel cylinder as proof, we can guarantee that the natural sites
were never ploughed.
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AR2 #5: 26 the sampled plots did not show signs of fluvial erosion? How do you assess this? And
even if they do not show this today, how do you know for 100 years back?

Reply to AR2 #5: We focused on the flat upland sites; the assessment was performed by visual
interpretation and interviews with the farmers. From these interviews we also gathered that the older
plots would even be less prone to erosion, because they usually are located closer to where the farmers
settled, i.e. build their farms. Since their assessment of the landscape was crucial for their survival, we
consider it as of even greater significance than our own assessment when we sample the sites.

AR2 #6: 31 how do you know that 6% of the FRN inventory is lost in the first year?

Reply to AR2 #6: From the exponential fit (egn. 1).

AR2 #7: 37 subtitles is misleading.... this is not about the release of CO2 (which is not the focus of
your manuscript) but about the role of SOM in soils and how it is connected to erosion processes

Reply to AR2 #7: We agree and have changed the title to:

I. 37: Soil organic matter and its degradation

AR2 #8: 79-83 the discussion on the potential CO2 of African soils is not very convincing. You
already have strong arguments why SOC loss is important: because of general soil degradation. I
would suggest to leave that out.

Reply to AR2 #8: We have deleted the text (Il. 79-83).

AR2 #9: 93-96 | cannot follow your rational, why the molecular compound analysis will indicate
SOM loss with increasing periods of cultivation

Reply to AR2 #9: We agree and rephrase to:

I. 95: A key finding of the study published by Lobe et al. (2001) was that SOM contents decreased
exponentially with increasing periods of cultivation.

AR2 #10: Section 1.3. literature of how caesium or plutonium is used to estimate wind erosion is
lacking. Web of science lists over 80 studies for caesium and 14 studies for plutonium. Also, no
literature is discussed, how inventories are converted to soil erosion rates. As you obviously had a
transition from natural grasslands (e.g., distinct depth profiles with FRN declining with depth) to
ploughed arable soils (mixed plough layer) this is not a trivial task.

Reply to AR2 #10: We have re-written introduction section 1.3. See also our reply to AR2 #13.

I. 106: Renamed to: Using fallout radionuclides to investigate the contribution of wind erosion to SOM
decline in the South African Highveld grasslands ecoregion

II. 143-146: Shifted to I. 161.

Il. 107-143: Rewritten to: As noted above, long-term quantitative information on the impact of wind
erosion on the loss of SOM in southern Africa due to cropping is lacking to date. The means to overcome
this problem is provided by fallout radionuclides (FRNs) from the atmospheric nuclear weapons testing
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in the 1950s and early 1960s. In particular, plutonium isotopes (**°Pu and ?*°Pu) and caesium-137
(**"Cs) were distributed world-wide. Concentrations of plutonium isotopes in soils can be measured with
very high sensitivity using accelerator mass spectrometry (AMS; e.g. Fifield, 2008), and concentrations
of ¥*'Cs are determined by low-background y-ray spectrometry (e.g. Wallbrink et al., 2003). In order to
assess soil redistribution, FRN concentrations in undisturbed reference sites are compared with those
in adjacent eroding sites (e.g. Zapata, 2002; Schimmack et al., 2002; Van Pelt, 2013). In the northern
hemisphere, the use of **’Cs in this context has been seriously compromised by additional input from
the Chernobyl accident in 1986 [see Meusburger et al. (2020) for a detailed study of 2**20py vs ©*'Cs
inventories in Europe] and the Fukushima accident in 2011. The southern hemisphere was not affected,
so *¥'Cs could still be used to complement the measurements of 2%#°Py in the present work. Compared
to the plutonium isotopes, **Cs has a rather short half-life of 30.08 yr [all decay values obtained from
the U.S. National Nuclear Data Center (NNDC)]. At the time of measuring (2012), about two thirds of
the **¥'Cs deposited during the atmospheric nuclear weapon tests conducted until the early 1960s had
already decayed. Furthermore, the deposition in the southern hemisphere was less than one third of that
in the northern hemisphere (UNSCEAR 2000). The concentrations of **’Cs were therefore approaching
the detection limit of the y-counting method, especially in heavily eroded soils and samples from depth.
The plutonium isotopes, on the other hand, have much longer half-lives (**Pu: 24,110 yr; **°Pu: 6561
yr), so losses due to decay are minimal. Consequently, plutonium is increasingly supplanting **’Cs as a
tracer of soil redistribution (e.g. Alewell et al., 2017; Van Pelt and Ketterer, 2013).

The approach to assess soil redistribution by using FRN concentrations relies on several assumptions
which should be met (for an overview, see e.g. Van Pelt, 2013; Zapata, 2002). One precondition is that
of a homogeneous distribution of the target FRN over the limited area covering the undisturbed
reference site and the nearby eroding sites. However, variability in wet and dry fallout deposition as
well as microtopography even on the local scale needs to considered. Thus, a rather short distance
between the reference site and the eroding site and a large number of subsamples to characterise the
reference site FRN inventory (i.e. n >10; Sutherland, 1996) are considered as crucial (Sutherland, 1996;
He and Walling, 1996; Van Pelt, 2013). Reference sites should be shielded from sediment deposition,
such as likely achieved on flat upland sites (Funk et al., 2011). Once deposited on the soil surface, the
migration behaviour of the fallout isotopes becomes important. In general, *¥'Cs and plutonium behave
similarly in soils, as both are strongly adsorbed on soil fines, including SOM (e.g. Schimmack et al.,
2001; Xu et al., 2013). However, evidence is growing that plutonium could have a greater sorption
capacity to SOM than *’Cs (e.g. Schimmack et al., 2001; Alewell et al., 2017; Xu et al., 2017). **'Cs
has been found to bind more selectively to the clay fraction of soils than does plutonium, implying that
137Cs could be more sensitive to preferential transport (Xu et al., 2017). The potential migration pathway
of plutonium as a solute is dependent on its oxidation state, with Pu(lll) and Pu(lV) being considered
the least mobile (Alewell et al., 2017; Meusburger et al., 2020). Apart from the soil type, rainfall regime
appear to affect the advection of plutonium isotopes, with sandy soils in arid environments showing
potentially increased mobilisation as compared to clayey soils in the tropics (Cook et al., 2022). Vertical
migration in the soil column can also be achieved due to physical processes, such as bioturbation or
tillage. The latter, which is of particular importance to this study, has been shown to homogenise FRN
concentrations throughout the A, horizon rapidly, e.g. after ~1-4 times of soil inversion (Schimmack et
al., 1994; Hoshino et al., 2015). Similar as for **'Cs (Van Pelt, 2013), plant uptake has been found to
be insignificant for plutonium in natural settings (Harper and Tinnacher, 2008; Coughtrey et al., 1984),
including grasslands (Little, 1980).

Given that the abovementioned conditions are met, soil redistribution rates may be derived from
comparing the FRN inventories in eroding versus those found in reference sites. Most commonly, soil
redistribution models, such as the linear proportional model or mass balance models, are applied (for
a comprehensive overview, see Van Pelt, 2013). Usually, such models rely on high-resolution depth
profiles from undisturbed soils (e.g. Meusburger et al., 2018; Lal et al., 2013; Alewell et al., 2014). The
majority of such studies has focused on fluvial erosion, with less applications of **'Cs to quantify wind
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erosion and a substantial lack of wind erosion studies applying ***#°Pu (Alewell et al., 2017; Van Pelt,
2013; Van Pelt and Ketterer, 2013). Most of the studies falling in the latter category identify wind as an
erosional mode alongside fluvial erosion (e.g. Zhao et al., 2020; Liu and Hou, 2022), while very few
address wind erosion as the main factor of soil redistribution (Little, 1980; Van Pelt and Ketterer, 2013;
Michelotti et al., 2013).

In this study, we use both **'Cs and ?%***°Py to reveal the proposed contribution of wind erosion to
SOM loss in the three agroecosystems in the South African Highveld initially studied by Lobe et al.
(2001) based on splits from original sample material taken in 1998. The samples encompass a wide
range of cultivation histories, ranging from zero (i.e., native grassland) to 98 years. Our approach
allows us to investigate the time evolution of SOM loss after native grassland is converted to cropland.
Our study represents one of the first attempts to link plutonium activities to SOM loss by wind in arable
lands. Furthermore, we are able to introduce a certain temporal resolution of process rates by analysing
arable land with different cultivation histories.

AR2 #11: Table 1: could you please give exact slopes in the table for all sites? | find it hard to
believe that at these altitudes you have so many sites completely flat. If this is true, this needs at
least be identified.

Reply to AR2 #11: It is difficult to estimate the slope of the terrain, because the GPS location of the
sampling sites is not as accurate as it could be achieved today. We kindly point out that the samples
were taken in the late 1990s, and GPS selective availability was turned off in 2000; i.e. we face accuracy
uncertainties on the order of 100 m at least. It is true that not the whole landscape is entirely flat; for
example, the Highveld plateau is dissected by canyons. However, samples were taken from upland sites
only (information added to I. 152 and I. 377). As an exercise, we calculated the surface slope for a 100
m buffer (100 m radius) around the GPS locations (i.e., ~30000 m?), as presented below. The data is
based on a 30 m DEM, the highest resolution freely available for our sites. We note that the minimum
slopes would relate to the upland sites:

Mean

ID ®) Min (°) | Max (°)

HS3.5 2.0 1.0 3.8
HS8 1.7 1.4 1.9
HS10 2.4 1.9 2.9
HS30 2.1 1.8 2.2
HS45 3.9 3.6 4.6
HS68 3.0 1.1 3.9
HS90 3.4 2.2 3.9
KR2.5 0.5 0.0 1.1
KR20 0.9 0.4 1.1
KR30 0.7 0.0 1.1
KR40 0.8 0.2 1.1
KR57 0.7 0.0 1.3
KR98 0.6 0.0 1.1
TW8.5 15 1.0 1.9
TW12 1.1 0.7 15
TW?22 1.1 0.3 1.7
TW32 1.7 0.8 2.1
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TW40 1.8 11 1.9
TW60 1.6 1.0 2.1
TW90 1.6 14 2.1

AR2 #12: 127-129 this is a crude oversimplification. As FRN is deposited with wet and dry
deposition, you have substantial heterogeneity. This needs to be considered in taking a adequate
number of reference cores. These reference cores should have a CV < 30%. See Sutherland et

Reply to AR2 #12: We agree. Hence, we have focused on individual agroecosystems, and the reference
values are obtained from pooled samples providing an average characterisation of each agroecosystem
(n = 5 subsamples per individual site within each agroecosystem). The heterogeneity is a further
argument why we show inventories relative to the pooled reference sites in Figure 2. We deleted the
sentence in ll. 128-129 and added instead (please also see reply to AR2 #10):

I. 128: However, variability in wet and dry fallout deposition as well as microtopography even on the
local scale needs to considered. Thus, a rather short distance between the reference site and the eroding
site and a large number of subsamples to characterise the reference site FRN inventory (i.e. n >10;
Sutherland, 1996) are considered as crucial (Sutherland, 1996; He and Walling, 1996; Van Pelt, 2013).

I. 155: Rephrased and added for clarification: Each of the three datasets includes one composite sample
(HSO, KRO, TWO) taken from native grassland sites located directly adjacent to the respective cultivated
sites. These reference samples represent the amalgamated sample material from all grassland sites
within a common agroecosystem.

Il. 428-429: Changed to: For FRNs, such differences are likely to arise from the spatially variable
deposition patterns, given the distances between the different agroecosystems of about 100-300 km.
However, grain size data also indicate an increase in the silt fraction towards the south-east (Fig. S1).

AR2 #13: Section 2.1 belongs to introduction. Together with a discussion on the use of FRN to
estimate wind erosion.

Reply to AR2 #13: We have shifted the section to the introduction (section 1.3); the combined piece of
text is presented in our reply to AR2 #10.

AR2 #14: 153 how flat is flat? Already very slight slopes will induce water erosion in African soils.
If you have heavy rain events after dry periods, slopes of <2° might already induce water erosion.

Reply to AR2 #14: See our reply to AR1 #11.

AR2 #15: 174 why <20 pm? In Africa, you can expect to have winds which blow out larger
grains.....?

Reply to AR2 #15: In fact, we did measure the bulk soil (see above). We apologise for the confusion
caused.

AR2 #16: Did you not do any decay correction for the caesium to a reference year? Why not? How
do you then relate to the year of deposition?
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Reply to AR2 #16: All caesium data is decay-corrected to February 2012 (see Fig. 4 caption). To clarify,
we add:

. 198: All *¥'Cs data presented in this publication have been decay-corrected to February 2012 (the time
of measurement).

AR2 #17: Table 2: this table looks like a working table from the lab. Could you please make it
reader friendly with a column for site name, sampling depth etc???

Reply to AR2 #17: We have updated the table accordingly (see above).

AR2 #18: 240 — 255 most of this is redundant if you format Table 2 properly, make suitable
headings and explain some of this in the methods. This has nothing to do with results.

Reply to AR2 #18: We agree. We deleted Il. 240-245, 1l. 247-249, and incorporated Il. 245-246 in |.
234. Furthermore, we shifted Il. 249-255 to 1.259.

I. 234: Content from Il. 245-246 added: The latter are reflected by the standard error, i.e. the standard
deviation of the set of measurements divided by the square root of the number of measurements o/\Nn
(the larger uncertainty value was chosen for each sample).

AR2 #19: 260 -263 sentences incomprehensible

Reply to AR2 #19: We assume your comment arises from our insufficient description of the reference
site samples. See our reply to AR2 #12.

AR2 #20: 264 sentences like “Figure 2A shows...” are unnecessary... please give adequate figure
headings and delete these kind of sentences

Reply to AR2 #20: We have rephrased the sentence, see our reply to AR2 #3.

AR2 #21: Figure 2: what do you mean by “normalised”? What you did is, setting the site you
defined as natural to 100% and calculated percentages from that. But this is not normalised? Why
do you give percentages and not the original concentrations? Or did you any other normalisation
with the data?

Reply to AR2 #21: Absolutely correct. We did not do any other normalisation with the data. Hence,
we changed the title of the ordinate. See updated Fig. 2 above and our reply to AR2 #3.

AR2 #22: 275 what do you mean by “internally consistent”?

Reply to AR2 #22: The data of both ANU and CologneAMS is consistent. We deleted “internally” (1.
275).

AR2 #23: 290 even higher
Reply to AR2 #23: Corrected; thank you.
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AR2 #24: Section 3.3 It is not unusual that Pu migrates down to 20-30 cm or even 35. But this
might also indicate deposition of soil material. As such, you need reference soil profiles to compare
you original FRN deposition to erosional or depositional sites.

Reply to AR2 #24: We agree (AR1 raised similar concerns). Here is how we adjusted our text:

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

I. 236: peak plutonium deposition added and rephrased: Since our sampling strategy included a spatial
averaging of sampling material from each plot investigated (Sect. 2.2), the best explanation for the
elevated plutonium activity in HS45/20-40 may be related to a former ploughing to 40 cm near in time
to peak plutonium deposition that was not recorded during farmers’ interviews or to sample
contamination. Elevated inventories measured in two further depth samples might point to a certain
degree of leakage of plutonium towards greater depths, but not necessarily in the pre-fallout soils (Sect.
4.3). We also note that in a reasonably comparable setting (Bsh climate; Big Spring, USA), **’Cs and
239+280py concentrations dropped sharply below the A, horizon in an Aridic Paleustalf that had been
cultivated since 1915 (Van Pelt et al., 2007; Van Pelt and Ketterer, 2013).

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

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

I. 418: leakage added: Furthermore, a certain degree of leakage of plutonium-marked particles to
greater depths could contribute to a lowering of 2°**°Pu activities in the topsoil over time.

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

AR2 #25: 323 to apply the FRN approach to assess soil erosion you need at least 3 if not more
reference sites. You can not assume, just because SOC and FRN is highest, this would be a site
without soil erosion. What you could do, however, is compare your arable sites to the one natural
grassland and discuss if you have higher or lower erosion.

Reply to AR2 #25: We kindly refer to our replies AR2 #4 and AR2 #12.

AR2 #26: 336 | can not follow this assumption nor the conclusion
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Reply to AR2 #26: We agree, there is no reasonable relationship between the two clauses. We have
deleted the first part of the sentence (ll. 336-337).

AR2 #27: 341 do not understand why exponential decline indicates higher adsorption and the
conclusion to aggregation seems far fetched (or explain and constrain it better)

Reply to AR2 #27: The exponential model predicts the retention of Pu over the long term. However, we
state that it may not be the most accurate model to chose (1. 420-423). Note that the original sentence
was modified according to the reviewer’s comments (see below). As for the aggregation, we find it
reasonable to present our ideas.

Il. 420-423: Instead, a bi-exponential model as suggested to predict SOM decrease over time (e.g.
Amelung et al., 2002; Lobe et al., 2001; Lobe et al., 2011) could reflect the long-term fate of 2***2°py
inventories in the topsoils more accurately. To resolve this issue, longer timescales need to be monitored
and high-resolution depth profiles sampling implemented in future studies.

AR2 #28: Section 4.3 | do not agree with this discussion. Of course, using FRN in Southern
Hemisphere means you can only assess the period from 1950ties to now. However, soils which
were already ploughed during that time, are the only ones where you could quantify soil erosion,
as you do not need any reference site depth profile but only a total inventory of the reference site
and can then apply the proportional model. For all other sites, e.g. the sites changing from natural
to ploughed in between, you would have to assume an (unknown) depth profile first and then a
mixed plough layer after to quantify erosion.

Reply to AR2 #28: We have measured composite depth samples (20-40 cm), that clearly to indicate that
there was — if any — very limited migration of Pu below 20 cm in the pooled reference sites (Fig. 5). We
take that as a sufficient indication for assuming that the Plutonium was predominantly stored in the 0-
20 cm soil column.

AR2 #29: 402 What do you mean “deflation processes rather than turnover rates”?

Reply to AR2 #29: Lobe et al. (2001) identified the turnover (predominantly mineralisation) of SOM in
the silt and clay fractions as the main factor controlling the time-dependent decrease of SOM stocks in
the investigated arable soils. Here we postulate that deflation processes may play a more important role
for the decrease in SOM contents (see Fig. 2C).

AR2 #30: Figure 5: | am generally puzzled by this Figure. If you see this strong decline in Pu
concentrations over time and attribute this to erosion process, this means that what you measure
today as 0-20 cm depth was 20-40 cm depth 100 years ago, right? But why don’t you see any
changes in 20-40 cm depth? This should for sure decline to zero 60 years after cultivation. I think
there is something else going on and you should for sure calculate your inventories considering
your mass depth of soil and may be even assess erosion rates comparing it to you natural site.
These simulated erosion rates (which, strictly speaking would not be absolute erosion rates but
rates above the natural site values) would then give you some confidence about possible processes
going on. However, you clearly need depth profiles of FRN from your natural site and the time of
conversion from natural to arable land.

Reply to AR2 #30: As noted above, we have calculated inventories now; however, we cannot supply
depth profiles. A certain degree of vertical migration may be affecting the FRN inventories in the 0-20

24




815
816

817

818
819

820
821
822
823
824
825

826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848

849
850
851
852
853
854
855
856

857

cm soil column (see our replies to AR2 #24). Concerning the erosion of soil, we kindly point out that a
significant fraction of Pu loss may be due to the deflation of SOM, and not the clastics (see Fig. 2C).

AR2 #31: Conclusion — Sorry to say, but from the above, I can not really see that these
conclusions are justified by your data.

Reply to AR2 #31: No problem, that is what a good reviewing process is for. We thank you again for
your comments, apologise for the wrong grain size stated and interpreted in the initially submitted
manuscript, and hope that you are happier with our rewritten conclusion. Furthermore, we invite you to
read our reply to AR1, which has also brought significant change to the manuscript. For the new version
of our conclusion, we have shifted bits of text from section 4.5 to the conclusion and deleted section 4.5
afterwards. The new version of the conclusion:

l. 452: We have measured fallout radionuclides (**Cs, ****°Pu) to quantitatively investigate the
linkages between SOM decline and wind erosion in plain arable land of South Africa’s Highveld
grassland ecoregion. Wind erosion, a physical process, appears to be a dominant factor removing SOM
particles from the plots we investigated. Here, wheat and maize yields have been reported to be more
than halved after about 30 years of cropping (Lobe et al., 2005). The severity of wind erosion can be
promoted by the cropping practices that are commonly observed in the Free State province (Wiggs and
Holmes, 2010; Eckardt et al., 2020) and that were applied at the sites we investigated at least until the
time of sampling. These cropping practices include the clearance of arable land from any vegetation for
up to 6 months per crop rotation cycle (1-2 years) to minimise soil water loss by plant uptake during
the dry season. Consequently, dust emissions peak during the winter months, when arable soils remain
largely unprotected in South Africa’s rainfed agriculture (Eckardt et al., 2020). Under the impression
of anthropogenic climate change, which is in turn predicted to increase both drought and storm event
probabilities southern Africa (Arias et al., 2021), the data we present provides further evidence that
these cropping practices cannot be termed sustainable. We find similar patterns of relative SOM decline
in our investigated sites which are located in different agroecosystems at distances of hundreds of
kilometres between each other. Based on the observations of Eckardt et al. (2020) and the grain size
data obtained by Lobe et al. (2001) and Amelung et al. (2002), it appears reasonable to assume that
SOM nparticles are conveyed to the Pacific Ocean. It is still a matter of debate whether oceans can be
generally considered as sinks for organic carbon (for an overview see Chappell et al., 2019), but it
seems likely that SOC particles’ exposition to decay is enhanced during transport in the atmosphere
(e.g. Lal, 2006), contributing to negatively balance the worldwide carbon budgets. However, the effects
may be less severe than they would have been if mineralisation controlled the release of CO,, given the
chance of carbon fixation in the ocean.

25



858

859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909

References

Alewell, C., Meusburger, K., Juretzko, G., Mabit, L., and Ketterer, M. E.: Suitability of 2°*24°Py and
137Cs as tracers for soil erosion assessment in mountain grasslands, Chemosphere, 103, 274-280,
https://doi.org/10.1016/j.chemosphere.2013.12.016, 2014.

Alewell, C., Pitois, A., Meusburger, K., Ketterer, M., and Mabit, L.: 239*24%Py from “contaminant” to soil
erosion tracer: Where do we stand?, Earth-Science Reviews, 172, 107-123,
https://doi.org/10.1016/j.earscirev.2017.07.009, 2017.

Amelung, W., Lobe, |., and Du Preez, C. C.: Fate of microbial residues in sandy soils of the South
African Highveld as influenced by prolonged arable cropping, European Journal of Soil Science, 53,
29-35, https://doi.org/10.1046/j.1365-2389.2002.00428.x, 2002.

Arias, P., Bellouin, N., Coppola, E., Jones, R., Krinner, G., Marotzke, J., Naik, V., Palmer, M., Plattner,
G.-K., Rogelj, J., Rojas, M., Sillmann, J., Storelvmo, T., Thorne, P., Trewin, B., Rao, K., Adhikary, B.,
Allan, R., Armour, K., and Zickfeld, K.: IPCC AR6 WGI Technical Summary, in: Climate Change 2021:
The Physical Science Basis. Contribution of Working Group | to the Sixth Assessment Report of the
Intergovernmental Panel on Climate Change, edited by: V. Masson-Delmotte, P. Zhai, A. Pirani, S. L.
Connors, C. Péan, S. Berger, N. Caud, Y. Chen, L. Goldfarb, M. I. Gomis, M. Huang, K. Leitzell, E.
Lonnoy, J. B. R. Matthews, T. K. Maycock, T. Waterfield, O. Yelekgi, R. Yu, and Zhou, B., Cambridge
University Press, United Kingdom and New York, NY, USA, 33-144, 10.1017/9781009157896.002,
2021.

Chappell, A., Webb, N. P, Leys, J. F., Waters, C. M., Orgill, S., and Eyres, M. J.: Minimising soil organic
carbon erosion by wind is critical for land degradation neutrality, Environmental Science & Policy, 93,
43-52,10.1016/j.envsci.2018.12.020, 2019.

Cook, M., Kleinschmidt, R., Brugger, J., and Wong, V. N. L.: Transport and migration of plutonium in
different soil types and rainfall regimes, J Environ Radioact, 248, 106883,
10.1016/j.jenvrad.2022.106883, 2022.

Coughtrey, P., Jackson, D., Jones, C., Kane, P., and Thorne, M.: Radionuclide distribution and
transport in terrestrial and aquatic ecosystems. A critical review of data. Volume 4, A. A. Balkema,
Rotterdam, 580 pp.1984.

Das Gupta, S., Mohanty, B. P., and Kéhne, J. M.: Soil Hydraulic Conductivities and their Spatial and
Temporal Variations in a Vertisol, Soil Science Society of America Journal, 70, 1872-1881,
10.2136/s5saj2006.0201, 2006.

Eckardt, F. D., Bekiswa, S., Von Holdt, J. R., Jack, C., Kuhn, N. J., Mogane, F., Murray, J. E., Ndara, N.,
and Palmer, A. R.: South Africa’s agricultural dust sources and events from MSG SEVIRI, Aeolian
Research, 47, 100637, https://doi.org/10.1016/j.aeolia.2020.100637, 2020.

Everett, S. E., Tims, S. G., Hancock, G. J., Bartley, R., and Fifield, L. K.: Comparison of Pu and 137Cs as
tracers of soil and sediment transport in a terrestrial environment, Journal of Environmental
Radioactivity, 99, 383-393, https://doi.org/10.1016/j.jenvrad.2007.10.019, 2008.

Fifield, L. K.: Accelerator mass spectrometry of the actinides, Quaternary Geochronology, 3, 276-290,
https://doi.org/10.1016/j.quageo.2007.10.003, 2008.

Funk, R., Li, Y., Hoffmann, C., Reiche, M., Zhang, Z., Li, J., and Sommer, M.: Using 137Cs to estimate
wind erosion and dust deposition on grassland in Inner Mongolia-selection of a reference site and
description of the temporal variability, Plant and Soil, 351, 293-307, 10.1007/s11104-011-0964-y,
2011.

Harper, R. M. and Tinnacher, R. M.: Plutonium, in: Encyclopedia of Ecology, edited by: Jgrgensen, S.
E., and Fath, B. D., Academic Press, Oxford, 2845-2850, https://doi.org/10.1016/B978-008045405-
4.00422-5, 2008.

He, Q. and Walling, D. E.: Interpreting particle size effects in the adsorption of 137Cs and
unsupported 210Pb by mineral soils and sediments, Journal of Environmental Radioactivity, 30, 117-
137, https://doi.org/10.1016/0265-931X(96)89275-7, 1996.

Hoshino, Y., Higashi, T., Ito, T., and Komatsuzaki, M.: Tillage can reduce the radiocesium
contamination of soybean after the Fukushima Dai-ichi nuclear power plant accident, Soil and Tillage
Research, 153, 76-85, 10.1016/j.still.2015.05.005, 2015.

26



https://doi.org/10.1016/j.chemosphere.2013.12.016
https://doi.org/10.1016/j.earscirev.2017.07.009
https://doi.org/10.1046/j.1365-2389.2002.00428.x
https://doi.org/10.1016/j.aeolia.2020.100637
https://doi.org/10.1016/j.jenvrad.2007.10.019
https://doi.org/10.1016/j.quageo.2007.10.003
https://doi.org/10.1016/B978-008045405-4.00422-5
https://doi.org/10.1016/B978-008045405-4.00422-5
https://doi.org/10.1016/0265-931X(96)89275-7

910
911
912
913
914
915
916
917
918
919
920
921
922
923
924
925
926
927
928
929
930
931
932
933
934
935
936
937
938
939
940
941
942
943
944
945
946
947
948
949
950
951
952
953
954
955
956
957
958
959
960

Hu, Y. and Zhang, Y.: Using 137Cs and 210Pbex to investigate the soil erosion and accumulation
moduli on the southern margin of the Hunshandake Sandy Land in Inner Mongolia, Journal of
Geographical Sciences, 29, 1655-1669, 10.1007/s11442-019-1983-1, 2019.

Lal, R.: Influence of Soil Erosion on Carbon Dynamics in the World, in: Soil erosion and carbon
dynamics, edited by: Roose, E. J., Lal, R., Feller, C., Barthes, B., and Stewart, B. A., Advances in soil
science, CRC Press, Boca Raton, 23-35, 2006.

Lal, R., Tims, S. G,, Fifield, L. K., Wasson, R. J., and Howe, D.: Applicability of 239Pu as a tracer for soil
erosion in the wet-dry tropics of northern Australia, Nuclear Instruments and Methods in Physics
Research Section B: Beam Interactions with Materials and Atoms, 294, 577-583,
https://doi.org/10.1016/j.nimb.2012.07.041, 2013.

Lavallee, J. M., Soong, J. L., and Cotrufo, M. F.: Conceptualizing soil organic matter into particulate
and mineral-associated forms to address global change in the 21st century, Glob Chang Biol, 26, 261-
273,10.1111/gcb.14859, 2020.

Little, C. A.: Plutonium in a grassland ecosystem, in: Transuranic elements in the environment, US
Department of Energy Washington, DC, 420-440, 1980.

Liu, Y. and Hou, X.: Effect of land use and vegetation coverage on level and distribution of plutonium
isotopes in the northern Loess Plateau, China, Journal of Radioanalytical and Nuclear Chemistry, 332,
989-998, 10.1007/s10967-022-08675-6, 2022.

Lobe, I., Amelung, W., and Du Preez, C. C.: Losses of carbon and nitrogen with prolonged arable
cropping from sandy soils of the South African Highveld, European Journal of Soil Science, 52, 93-101,
https://doi.org/10.1046/j.1365-2389.2001.t01-1-00362.x, 2001.

Lobe, I., Bol, R., Ludwig, B., Du Preez, C. C., and Amelung, W.: Savanna-derived organic matter
remaining in arable soils of the South African Highveld long-term mixed cropping: Evidence from 13C
and 15N natural abundance, Soil Biology and Biochemistry, 37, 1898-1909,
https://doi.org/10.1016/j.s0ilbio.2005.02.030, 2005.

Lobe, I., Sandhage-Hofmann, A., Brodowski, S., du Preez, C. C., and Amelung, W.: Aggregate dynamics
and associated soil organic matter contents as influenced by prolonged arable cropping in the South
African Highveld, Geoderma, 162, 251-259, https://doi.org/10.1016/j.geoderma.2011.02.001, 2011.
Mabit, L., Benmansour, M., and Walling, D. E.: Comparative advantages and limitations of the fallout
radionuclides (137)Cs, (210)Pb(ex) and (7)Be for assessing soil erosion and sedimentation, J Environ
Radioact, 99, 1799-1807, 10.1016/j.jenvrad.2008.08.009, 2008.

Matisoff, G.: (210)Pb as a tracer of soil erosion, sediment source area identification and particle
transport in the terrestrial environment, J Environ Radioact, 138, 343-354,
10.1016/j.jenvrad.2014.03.008, 2014.

Meusburger, K., Porto, P., Mabit, L., La Spada, C., Arata, L., and Alewell, C.: Excess Lead-210 and
Plutonium-239+240: Two suitable radiogenic soil erosion tracers for mountain grassland sites,
Environ Res, 160, 195-202, 10.1016/j.envres.2017.09.020, 2018.

Meusburger, K., Evrard, O., Alewell, C., Borrelli, P., Cinelli, G., Ketterer, M., Mabit, L., Panagos, P., van
Oost, K., and Ballabio, C.: Plutonium aided reconstruction of caesium atmospheric fallout in European
topsoils, Sci Rep, 10, 11858, 10.1038/s41598-020-68736-2, 2020.

Michelotti, E. A., Whicker, J. J., Eisele, W. F., Breshears, D. D., and Kirchner, T. B.: Modeling aeolian
transport of soil-bound plutonium: considering infrequent but normal environmental disturbances is
critical in estimating future dose, J Environ Radioact, 120, 73-80, 10.1016/j.jenvrad.2013.01.011,
2013.

NuDat 3.0: https://www.nndc.bnl.gov/nudat3/, last access: 10.01.2022.

Schimmack, W., Auerswald, K., and Bunzl, K.: Can 239+240Pu replace 137Cs as an erosion tracer in
agricultural landscapes contaminated with Chernobyl fallout?, Journal of Environmental
Radioactivity, 53, 41-57, https://doi.org/10.1016/S0265-931X(00)00117-X, 2001.

Schimmack, W., Auerswald, K., and Bunzl, K.: Estimation of soil erosion and deposition rates at an
agricultural site in Bavaria, Germany, as derived from fallout radiocesium and plutonium as tracers,
Naturwissenschaften, 89, 43-46, 2002.

27


https://doi.org/10.1016/j.nimb.2012.07.041
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.geoderma.2011.02.001
https://www.nndc.bnl.gov/nudat3/
https://doi.org/10.1016/S0265-931X(00)00117-X

961
962
963
964
965
966
967
968
969
970
971
972
973
974
975
976
977
978
979
980
981
982
983
984
985
986
987
988
989
990
991
992
993
994
995
996

997

Schimmack, W., Bunzl, K., and Flessa, H.: Short-term and long-term effects of ploughing on the
vertical distribution of radiocaesium in two Bavarian soils, Soil Use and Management, 10, 164-168,
10.1111/j.1475-2743.1994.tb00480.x, 1994.

Sokol, N. W., Sanderman, J., and Bradford, M. A.: Pathways of mineral-associated soil organic matter
formation: Integrating the role of plant carbon source, chemistry, and point of entry, Glob Chang
Biol, 25, 12-24,10.1111/gcb.14482, 2019.

Sutherland, R. A.: Caesium-137 soil sampling and inventory variability in reference locations: A
literature survey, Hydrological Processes, 10, 43-53, 10.1002/(sici)1099-1085(199601)10:1<43::Aid-
hyp298>3.0.Co;2-x, 1996.

UN Scientific Committee on the Effects of Atomic Radiation: Sources and effects of ionizing radiation.
United Nations Scientific Committee on the Effects of Atomic Radiation. Volume 1: Sources, UN, New
York, 89, 2000.

Van Pelt, R. S.: Use of anthropogenic radioisotopes to estimate rates of soil redistribution by wind I:
Historic use of 137Cs, Aeolian Research, 9, 89-102, 10.1016/j.aeo0lia.2012.11.004, 2013.

Van Pelt, R. S. and Ketterer, M. E.: Use of anthropogenic radioisotopes to estimate rates of soil
redistribution by wind Il: The potential for future use of 239+240Pu, Aeolian Research, 9, 103-110,
10.1016/j.aeolia.2013.01.004, 2013.

Van Pelt, R. S., Zobeck, T. M., Ritchie, J. C., and Gill, T. E.: Validating the use of 137Cs measurements
to estimate rates of soil redistribution by wind, Catena, 70, 455-464, 10.1016/j.catena.2006.11.014,
2007.

Wallbrink, P. J., Walling, D. E., and He, Q.: Radionuclide Measurement Using HPGe Gamma
Spectrometry, in: Handbook for the Assessment of Soil Erosion and Sedimentation Using
Environmental Radionuclides, edited by: Zapata, F., Springer Netherlands, Dordrecht, 67-96,
10.1007/0-306-48054-9 5, 2003.

Wiggs, G. and Holmes, P.: Dynamic controls on wind erosion and dust generation on west-central
Free State agricultural land, South Africa, Earth Surface Processes and Landforms, 36, 827-838,
https://doi.org/10.1002/esp.2110, 2010.

Xu, Y., Qiao, J., Hou, X., and Pan, S.: Plutonium in Soils from Northeast China and Its Potential
Application for Evaluation of Soil Erosion, Scientific Reports, 3, 3506, 10.1038/srep03506, 2013.

Xu, Y., Pan, S., Wu, M., Zhang, K., and Hao, Y.: Association of Plutonium isotopes with natural soil
particles of different size and comparison with 137Cs, Science of The Total Environment, 581-582,
541-549, https://doi.org/10.1016/].scitotenv.2016.12.162, 2017.

Zapata, F.: Handbook for the assessment of soil erosion and sedimentation using environmental
radionuclides, Springer2002.

Zhao, X., Qiao, J., and Hou, X.: Plutonium isotopes in Northern Xinjiang, China: Level, distribution,
sources and their contributions, Environ Pollut, 265, 114929, 10.1016/j.envpol.2020.114929, 2020.

28


https://doi.org/10.1002/esp.2110
https://doi.org/10.1016/j.scitotenv.2016.12.162

