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The denudation rates of granitic regolith are essential to our understanding of the geomorphic changes
and landscape evolution of a region and for soil resource management. We present denudation rates
derived from four regolith profiles along a granitic slope in Longnan, southeastern China, using depth pro-
files of in-situ produced cosmogenic 10Be and 26Al. The concentration ranges of 10Be, 26Al, and 26Al/10Be
ratio were 2.98 � 104–1.72 � 105 atoms/g, 2.18 � 105–1.12 � 106 atoms/g, and 6.07–7.50, respectively.
Analysis of the results shows that the surface-lowering rates are 19 ± 3, 41 ± 4, 47 ± 4, 22 ± 3 m/Ma for
the four profiles from the foot of the hill to the top along the hillslope. The mean denudation rate for
the four profiles is �30 m/Ma. This rate is lower than that derived by other methods in nearby areas
and also lower than the mean global denudation rate in basins deduced from 10Be levels in river sedi-
ment; this suggests an unevenness of the erosion process on a basin scale. The denudation rate at the
ridge is twice that estimated for the summit and the foothill, indicating that the hillslope has not reached
its steady state. Thus, the slopes below the ridge may become smoother and the ridge sharper in the long-
term landscape evolution. The difference in topography may account for the variance among the profiles.
In addition, bioturbation may have contributed to the lower concentration in the surface layer at the foot
of the hill, producing a higher denudation rate than the average for the basin. The concentration of insol-
uble element Zr in the soil surface layer and fresh bedrock suggests that chemical weathering accounts
for about one third of the denudation rate.

� 2016 Published by Elsevier Ltd.
1. Introduction

Earth’s critical zone comprises the system of coupled chemical,
biological, physical, and geological processes operating together to
support life on the earth’s surface. Both natural and human-related
processes perturb this zone from vegetation canopy to bedrock
(Brantley et al., 2007). As the main component of Earth’s crust,
granite is widely scattered on its surface. Regolith is the layer of
physically, chemically, or biologically altered material that overlies
non-weathered rock (Brantley and Lebedeva, 2011). The regolith
that develops over the granite plays a key role in climate change,
soil management, and landform evolution. The process of granite
weathering is a CO2-consuming reaction which effectively trans-
fers the atmospheric or soil CO2 to HCO3

�. It has a long-term impact
on the global carbon cycle and affects the global temperature to a
great extent. The weathering rate of silicate may explain the miss-
ing carbon sink and help us understand the complex, nonlinear
feedback processes acting among Earth’s multiple systems, both
internal factors (tectonic activities, mineral composition, chemical
component, etc.) and external factors (temperature, precipitation,
vegetation, etc.).

In-situ-generated terrestrial cosmogenic nuclides (TCNs) are
produced in the upper few meters of the earth’s surface by interac-
tions between target atoms and secondary cosmic rays that reach
the earth’s surface via cascading processes (Lal, 1991). Generally,
the production rate of cosmogenic nuclides attenuates rapidly with
depth; therefore, measuring the concentration of TCNs can provide
an indication of the rate at which material was removed from the
sampling site (Granger, 2006; Lal, 1991). Since the advent of Accel-
erator Mass Spectrometry (AMS) in the 1980s, in-situ produced
TCNs have been studied extensively to determinate the exposure
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age of alluvial fans (Riebe et al., 2000), terraces (Rodés et al., 2011),
and moraines (Bierman et al., 1999), the buried age of sediments or
a paleo-lake (Granger and Smith, 2000; Kong et al., 2009), and the
denudation rate of soil, regolith, and rock (Rodés et al., 2011).
Research on the earth’s surface denudation rates based on the cos-
mogenic nuclide depth profile method in different climatic, tec-
tonic, topographic, and lithological environments (Shiroya et al.,
2010) is being carried out globally. However, only a few studies
were conducted in China (Huang et al., 2013a, 2013b; Kong et al.,
2007).

In this paper, in-situ cosmogenic 26Al, 10Be, and element Zr con-
centrations were measured to derive the denudation and chemical
weathering rates of granite regolith at a hillslope in the subtropical
Taojiang basin, a tributary of the Yangtze River. The term physical
erosion is used to refer to the removal of mineral grains through
the processes of bioturbation, rainsplash, freeze–thaw, landslides,
etc. The term denudation is used when referring to the total mass
loss by physical erosion and chemical weathering (Granger, 2006).
We assume that the regolith reached steady-state, i.e., the regolith
has been exposed for much longer than the effective exposure
time; thus, the nuclide production and losses by denudation and
radioactive decay have reached equilibrium (Matsushi et al.,
2008; Shiroya et al., 2010).
2. Method and materials

2.1. Regional setting

The sampling site is located at the northern Nanling granite belt
in Jiangxi Province, southeastern China (114�460E, 24�580N), at an
altitude of 225 m above sea level (Fig. 1). The study area is in a sub-
tropical zone with a humid monsoon climate. The local mean
annual precipitation (MAP) is 1500 mm and the mean annual tem-
perature (MAT) is 19 �C. A very thick (>10 m) layer of granitic rego-
lith is widely distributed over this area, forming red soil in the
Fig. 1. (a) Contour map and profile distribution in Longnan. (b) Cross section of the 2D p
upper layer. The landform is mostly hilly with a relief of �300 m.
The slope gradient of the hill is �25� on both sides and �18� along
the ridge. The hillside has an east-facing slope and is mainly cov-
ered by coniferous forest. Tectonically, the research area lies south-
east of the Eurasian continental plate and belongs to the Taojiang
river basin. The profiles are located above the 470-km2 Peitou plu-
ton, the main lithology is moyite with a Rb–Sr isochron age of
178.15 ± 0.85 Ma, belonging to the Yanshanian tectonic period
(Fan and Chen, 2000). Thus, few inherited cosmogenic nuclides
26Al and 10Be exist in the area. Moreover, because the granite has
been exposed at the surface for a long period, it is reasonable to
assume that the 26Al and 10Be in the regolith have reached a steady
state. More geologic and pedological information can be found in
Zhang et al. (2015). No volcanic activity has been recorded in this
area since the Yanshanian epoch. The main tectonic activity in
the Quaternary is slow uplift. Only 16 recorded earthquakes of
magnitude 4.75–6 have occurred in the region since A.D. 1562
(Zhong, 2002).

2.2. Sampling and analysis

For the study site, we chose a granitic area with little human
activity and collected a total of 15 samples from four depth profiles
in one hillslope (Fig. 1c). Six samples were collected from profile
S1, and three from each of the other three profiles (S2, S3, and S4).

The density of each sample was measured by packing it into a
container of known volume. All the samples were first crushed
and then sieved to keep the grain size fraction between 0.25 and
0.5 mm. The magnetic material was then eliminated in a magnetic
separator. Next, the quartz was purified using the chemical etching
method (Kohl and Nishiizumi, 1992). The Al concentrations were
measured by ICP-OES to ensure the purity of the quartz. The puri-
fied quartz was spiked with Be carrier (�1000 lg) and dissolved
with concentrated HF acid. This was followed by anion and cation
exchange in a series of column chromatography procedures. The
solution was neutralized by NH4OH. The appearance of Be(OH)2
lanar transects (S4–S1). (c) Location of study area and a view of the sampling site.
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and Al(OH)3 were oxidized to BeO and Al2O3. Then, Ag powder was
mixed with Al2O3 and Nb powder added to BeO. Finally, the
homogenized mixtures were pressed into a Cu holder for AMS
measurements (10Be/9Be and 26Al/27Al) at the Scottish Universities
Environmental Research Centre (Xu et al., 2010). The isotope ratios
were normalized to the standard NIST_27900 for Be and Z92-0222
for Al.

2.3. Calculation method

2.3.1. Surface production rate
The in-situ cosmogenic nuclide surface production rates corre-

sponding to the sampling site were calculated based on the sample
location using the CRONUS-earth online calculator version 2.2
(Balco and Rovey, 2008). At the elevation (225 m) and latitude
(24�580N) of profile S1, the total surface production rates were
4.13 atoms/g a for 10Be and 28.22 atoms/g a for 26Al. The same pro-
duction rates were derived for the other three profiles, being at
similar elevation and latitude.

2.3.2. Shielding factors
The shielding of cosmic rays by mountains, slope surfaces, and

vegetation can decrease the production rates of cosmogenic
nuclides. With the thin coniferous forest covering the study sit,
shielding by vegetation is not significant. The topographic shield-
ing factor was calculated by mapping the angular elevation and
azimuth (0–360�) of the points on the horizon around the profile
using the online geometric shielding calculator in the CRONUS
website (Balco et al., 2008; Dunne et al., 1999). The calculated
shielding factor of the sampling site is 0.987.

2.3.3. The depth profile method
The analysis of a single cosmogenic nuclide is based on an ideal

state, where the exposure time is much larger than the effective
exposure time or where minimal erosion occurs during a very long
period. Moreover, the analysis of the nuclide pair 10Be–26Al in one
sample may reduce the precision of the date estimate. Therefore,
we selected the depth profile method to determine both the
denudation rate and the exposure time. The depth profile model
is an effective method that uses the v2 best-fit distribution of the
erosion rate and associated exposure age (Braucher et al., 2009;
Siame et al., 2004).

Cosmogenic 10Be and 26Al are produced by three mechanisms –
spallation, fast muons, and slow muon capture (Granger and Riebe,
2007). The production rate of in-situ cosmogenic nuclides
decreases exponentially with depth; thus, the depth distribution
of 10Be and 26Al can be expressed as
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where C(x, t) is the cosmogenic nuclide concentration in the sample
at depth x and exposure age t, Pspal, Pstop, and Pfast are the surface
production rates of TCNs generated by spallation, slow muon cap-
ture, and fast muon reactions, respectively. q represents the den-
sity, e is the denudation rate, and K is the effective attenuation
length of the cosmic particles (Kspal: 160 g/cm2, Kneg: 1257 g/cm2,
Kfast: 1988 g/cm2). In this paper, the half-lives of 10Be and 26Al are
1.36 Ma and 0.7 Ma, respectively. Thus, the decay constant k is
5.1 � 10�7/a for 10Be and 9.83 � 10�7/a for 26Al.
We assume that the profiles are in a steady-state condition;
hence, the mass loss balances the generated regolith. Since the pro-
duction of TCNs balances their decay and removal, Eq. (1) can be
simplified to
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2.3.4. v2 best fitting model
Using the samples located along the depth profile, the

Chi-squared test is applied as an inversion method to adjust the
parameters to find the theoretical value closest to the measured
concentration (Braucher et al., 2009; Siame et al., 2004). This test
was improved by Rodés et al. (2011). The two cosmogenic nuclides
are joined in the model.

v2 ¼
XN
i¼0

Ci � Cðx;e;tÞ
riðe;tÞ

� �2

þ
XM
j¼0

Cj � Cðx;e;tÞ
rjðe;tÞ

� �2

ð3Þ

where i and j are the sample numbers for 10Be and 26Al, respec-
tively, N, and M are the number of cosmogenic nuclide samples in
the profile, x is the depth of sample i or j; e is the denudation rate,
t is the exposure time; Ci and Cj determine the concentration of
sample i and j; r is the analytical error at depth x, and C(x,e, t) rep-
resents the total theoretical cumulative concentration from Eq. (2).
In this study, the sum of the Chi-square (v2) distribution is mini-
mized using the software Wolfram Mathematica 9.

2.3.5. Chemical weathering
In pedogenetic processes, the soluble elements (K, Na, etc.) can

be transported by soil water leaching, while the insoluble elements
(Zr, Ti, etc.) in the top layer of the regolith will be enriched in the
chemical weathering process. This enrichment can be used as an
indicator of the weathering intensity (Kirchner et al., 2006; Riebe
et al., 2001, 2003). We selected Zr as the target insoluble element
in our study. The elemental compositions of the bedrock and the
top layer were measured to separate the denudation (D) rate into
physical erosion (E) and chemical weathering (W) according to
Eq. (4)

W ¼ D 1� ½Zr�rock
½Zr�soil

� �
ð4Þ

where [Zr]rock and [Zr]soil are the concentrations of Zr in the bedrock
and soil, respectively, and the WIF is the weathering intensity
factor:

WIF ¼ ½Zr�soil
½Zr�rock

� 1
� �

ð5Þ
3. Results and discussion

3.1. Analysis results

Table 1 shows the measured isotopic ratios 10Be/9Be and
26Al/27Al, the concentrations of 10Be and 26Al in quartz, and the
10Be/26Al ratio. The concentrations of all the samples, except
S1-1, decreased exponentially with depth at each profile. The
lowest ratios of 10Be/9Be (0.40 ± 0.02 � 10�13) and 26Al/27Al
(1.25 ± 0.05 � 10�13) are much higher than those of the blank sam-
ple (2.6 ± 0.6 � 10�15 for 10Be/9Be and 2.9 ± 1.2 � 10�15 for 26Al/27Al),
indicating good quality control during the experimental process.
The concentrations of 26Al and 10Be for fifteen samples of the four
profiles are shown in Fig. 2. The data fall close to a straight line
which is the theoretical 26Al, 10Be spallation production ratio.



Table 1
CRN data for samples collected from profiles S1–S4.

Sample ID Depth (cm) Quartz (g) 10Be/9Be (10�13) 26Al/27Al (10�13) 10Be Conc. (104 atoms/g) 26Al Conc. (104 atoms/g) 26Al/10Be Density (g/cm3)

S1-1 25 ± 5 23.8 2.60 ± 0.07 8.23 ± 0.22 16.05 ± 0.37 105.71 ± 7.79 6.59 ± 0.26 1.39
S1-2 55 ± 5 23.265 2.63 ± 0.06 8.31 ± 0.19 16.70 ± 0.34 112.28 ± 7.02 6.72 ± 0.20 1.53
S1-3 85 ± 5 23.781 2.20 ± 0.06 6.76 ± 0.18 13.42 ± 0.34 90.63 ± 6.74 6.75 ± 0.28 1.59
S1-4 135 ± 5 18.565 0.87 ± 0.03 2.54 ± 0.07 6.70 ± 0.23 47.31 ± 3.60 7.06 ± 0.35 1.63
S1-5 245 ± 5 21.657 0.72 ± 0.03 2.83 ± 0.10 4.73 ± 0.18 33.83 ± 3.48 7.16 ± 0.62 1.66
S1-6 385 ± 5 18.658 0.40 ± 0.02 1.25 ± 0.05 2.98 ± 0.13 21.77 ± 2.60 7.31 ± 0.87 1.67

S2-1 25 ± 5 19.546 1.20 ± 0.04 4.56 ± 0.14 8.90 ± 0.25 59.19 ± 5.01 6.65 ± 0.35 1.63
S2-2 55 ± 5 22.282 1.15 ± 0.03 4.10 ± 0.13 7.43 ± 0.20 52.59 ± 4.60 7.08 ± 0.42 1.75
S2-3 115 ± 5 21.358 0.78 ± 0.03 2.54 ± 0.09 5.23 ± 0.20 38.02 ± 3.66 7.26 ± 0.56 1.66

S3-1 25 ± 5 21.197 1.18 ± 0.04 2.80 ± 0.08 8.08 ± 0.24 53.70 ± 4.04 6.65 ± 0.29 1.58
S3-2 55 ± 5 20.868 0.87 ± 0.04 3.42 ± 0.12 5.98 ± 0.25 44.87 ± 4.21 7.50 ± 0.59 1.55
S3-3 115 ± 5 22.343 0.69 ± 0.03 2.06 ± 0.07 4.43 ± 0.18 31.41 ± 2.80 7.10 ± 0.48 1.60

S4-1 35 ± 2.5 20.968 2.45 ± 0.06 7.08 ± 0.20 17.19 ± 0.37 104.29 ± 7.86 6.07 ± 0.23 1.53
S4-2 55 ± 5 20.312 1.74 ± 0.05 4.67 ± 0.14 12.51 ± 0.33 77.84 ± 6.30 6.22 ± 0.28 1.54
S4-3 105 ± 5 22.822 1.49 ± 0.04 3.94 ± 0.11 9.51 ± 0.24 59.75 ± 4.66 6.29 ± 0.27 1.69

Blank – – 0.026 ± 0.006 0.029 ± 0.012 – – – –

Fig. 2. Correlation of 10Be and 26Al concentrations.
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3.2. Estimation of denudation rates

The distribution of cosmogenic 10Be concentrations and their
best-fit curves are shown in Fig. 3. Profile S1 in the foothills is
the deepest one, with six samples; thus, profile S1 has a relatively
well-constrained denudation rate and exposure age. The best fit-
ting result for S1 shows a long-term mean denudation rate of
19 ± 3 m/Ma, close to the peak of profile S4 (22 ± 3 m/Ma). The
denudation rate obtained from profiles S2 and S3 located on the
ridge are about twice the rates of profiles S1 and S4 (41 ± 4 m/Ma
for S2, 47 ± 4 m/Ma for S3). As shown in Fig. 6, the chemical
index of alteration (CIA) has a sequence of S1 < S2 < S3 < S4. Ma
et al. (2010) revealed that the residence time of regolith on a ridge
is shorter than at the foothill and summit of a mountain. This is
quite reasonable because the ridge (profiles S2 and S3) is the
source of material for the hillslope on both sides. In this case,
weathered material can flow from the peak down three slopes;
thus, profile S4 should have the highest physical erosion rate. How-
ever, the results deviate from the theory, showing a relative lower
denudation rate in profile S4 than in profiles S2 and S3. The CIA
also indicates that profile S4 has the highest weathering intensity.
Thus, the flat terrain on the summit may cause weak erosion. The
denudation rate of profile S1 is comparable to S4. In contrast to this
result, in the Susquehanna/Shale Hills Observatory, Pennsylvania,
USA the regolith production rate at the valley floor was much
lower than at the top of the ridge (Ma et al., 2010). Moreover,
the process of soil creeping can remove surface debris from the
upslope region in profile S4. It is likely that the profile has not
yet reached its steady state. The distribution pattern of the v2

value of 10Be in profile S1 (Fig. 4) indicates that the exposure age
of profile S1 is �0.3 Ma.

The concentrations of 10Be and 26Al in surface sample S1-1 are
similar to those in S1-2. The denudation rate derived using themea-
surements from S1-1 is 34–41 m/Ma. However, sample S1-1 was
treated as an outlier and was not included in the best-fit model.
The samplemay have been formed as a result of soil creeping or bio-
turbation (animal burrowing, tree throw, rooting, etc.) that led to the
mixed soil layer. The effect of bioturbation was observed in some
studies (Perg et al., 2001; Cockburn and Summerfield, 2004) where
it was shown to generate a vertically mixed layer, leading to lower
cosmogenic nuclide concentration on the surface than predicted
by theoretical methods. Shiroya et al. (2010) demonstrated that
the denudation rate of regolith may not be reliable based simply
on comparison of surface samples.

The 26Al–10Be isotopes diagram (Bierman et al., 1999) is shown
in Fig. 5. Most of the samples are scattered in the steady erosion
‘‘island” area with 1d error, except the three samples from profile
S4. Samples from the deep layer in profile S1 have larger errors
because of the relative low concentrations, high measurement
error, and higher muon production rates, which produce nuclides
with higher 26Al/10Be ratios. The study site is in a large valley,
4 km wide and 300 m deep, near the surface of a main stream;
hence, the low 26Al/10Be ratio of profile S4 suggests a short-term
burial history that may have occurred during the evolution of the
nearby higher geomorphic units. The burial history may be associ-
ated with both flooding and lateral erosion of the stream; the allu-
vial deposition may have covered some flat terrain during the short
period when the flood events occurred.
3.3. Chemical weathering

The CIA of all the profiles and the bedrock was derived and is
shown in Fig. 6. The CIA of profile S1 decreases with depth, except
at the top soil layer. The mean concentration of Zr is 356 ppm in
the S1 soil top layer (0–20 cm) and 240 ppm in the fresh bedrock.
Substituting these values into Eq. (4)we obtain the chemicalweath-
ering ratewhich accounts for about 33% of the denudation rate,with
WIF = 0.48. This is close to the result of Liu (2007) derived from river
hydrochemistry and sediment analysis in anearby region,where the
chemical weathering rate was 37% of the total weathering rate.



Fig. 3. 10Be concentrations vs. depth (expressed as x = �q � z; q is the density [g/cm3], z is the current depth [cm]). Error bars show the uncertainties of concentration and
depth. Black line is the best-fit model and gray area indicates the 1r confidence zone.

Fig. 4. The v2 value plot of 10Be in profile S1. e equals the product of denudation
times density, t is the exposure time.

Fig. 5. 10Be concentrations vs. 26Al/10Be ratio. The banana-like area is the steady
erosion ‘‘island”.
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3.4. Comparison with other studies

Studies on erosion rates that use various methods were
reported in China. These studies were conducted on different
rock types, climate zones, and tectonic areas. To compare our
study with other similar work, we selected the short-term ero-
sion rates reported for similar climatic conditions with the same
bedrock type. The weathering rate of granite in a small forested
watershed in subtropical China, based on geochemical mass bal-
ance equations, is 66 ± 48 m/Ma (Huang et al., 2013b). The
denudation rate in the southern Nanling Mountains, derived
using the mass balance method, is 100 m/Ma, in which physical
erosion accounts for 63% of the total erosion (Liu, 2007). Accord-
ing to the data compiled by Liu (2007), the mean erosion mod-
ulus of basins in China is 249.58 t/km2/a; assuming a soil density
of 1.6 g/m3, the corresponding erosion rate is 156 m/Ma.
The physical erosion rate of the Taojiang river for the period



Fig. 6. The CIA distribution of profiles S1–S4 in Longnan. The bedrock depth is
>15 m.
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1959–2004, derived from sediment concentration levels, is about
113 m/Ma, (Gong et al., 2006). The denudation rates reported
here are lower than the rates presented in the studies mentioned
above because of the variance of time scales and hypotheses
used in various research methods. Furthermore, in the Ganjiang
watershed, a tributary of the Yangtze River, the denudation rates
are 43 m/Ma based on the mass balance method and 20 m/Ma
using the 10Be method as a mean value over tens of thousands
of years (Huang et al., 2013a).

Portenga and Bierman (2011) reviewed studies of Earth’s sur-
face erosion involving 10Be. According to their statistics, the
mean 10Be erosion rate is 148 m/Ma in igneous basins and
12 m/Ma in outcrops. In temperate and tropical basins, the mean
10Be erosion rates are 277 and 111 m/Ma, respectively (Portenga
and Bierman, 2011). The denudation rates of granite regolith
reported in our study are between their basin and outcrop val-
ues and much lower than the mean denudation rates of temper-
ate and tropical basins. We added our results to the compiled
Fig. 7. Correlation between denudation rates and mean annual precipitation and basi
references therein, and this study).
global basin 10Be dataset, and compared the relationships
between denudation rate and the MAP and slope (Fig. 7). The
MAP and slope are important internal and external factors
affecting weathering and show statistically significant bivariate
correlations with denudation rates. Compared with the temper-
ate and tropical climatic zones, the denudation rate in our study
is relatively low for the same slope and MAP. Similar work about
granitic regolith was conducted in western Abukuma, Japan,
yielding a regolith denudation rate of 49–74 m/Ma (Shiroya
et al., 2010), slightly higher than our result.

Compared with basin scale denudation rates obtained from 10Be
concentrations in river sediment, the depth profile method is more
accurate; however, it represents only a small local area and has
limitation in terms of estimating large-scale denudation rates.
Hence, for regional assessments, it is advantageous to combine
these two methods to obtain more reliable and accurate denuda-
tion rates. Moreover, the U-series method was applied to estimate
basin and regolith erosion rate in recent years (Dosseto et al., 2014;
Ma et al., 2010; Suresh et al., 2013; Blisniuk et al., 2012; Chabaux
et al., 2013). Using multiple methods to quantify surface erosion
rates produces more reliable models of surface erosion and weath-
ering processes and helps evaluate the feasibility of the various
methods.
4. Conclusions

Based on the hypothesis that the regolith profiles at the study
site have reached a steady state, the granite regolith on the Long-
nan slope has a mean denudation rate of 30 m/Ma, which is
between the mean global values of igneous rocks and basins.
Although the study area is controlled by a subtropical humid mon-
soon climate, the chemical weathering rate deduced from the
insoluble element Zr in the surface soil and bedrock accounts for
only about one third of the denudation rate (10 m/Ma). The ridge
profile had a higher denudation rate than the other two profiles
(at the foothill and the summit). The topography may be the main
influencing factor for denudation rates at different sites. Compared
with other studies on granite erosion rate, the denudation rates
deduced frommass balance in a nearby river basin and from global
10Be levels in river sediments in temperate and subtropical zones
were higher than our result based on depth profiles, most likely
because of the difference in the time scale and the bioturbation
effect on the soil surface.
n slope in different climatic zones (data from Portenga and Bierman (2011) and
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