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Abstract This study quantifies the surface denudation rate
of granitic regolith via the application of the in situ cos-
mogenic *°Al and '°Be depth profile in China. The con-
centration ranges of “°Al and '°Be in the quartz along the
~3-m granitic regolith profile in Qinhuangdao are
(4.9-23.1) x 10° and (2.3-36.6) x 10* atoms/g, respec-
tively. With the exception of the surface sample, both 2°Al
and '°Be concentrations decrease exponentially with sample
depth. The Chi-square best-fitting results revealed a total
denudation rate of ~9 m/Ma averaged over a 10°-10° a
timescale, which is lower than the values observed in global
granitic outcrops. Compared with global datasets, the flat
terrain due to the lack of tectonic activities is most likely the
dominant factor that controls the local denudation process.
The surface sample offsets from the theoretical cosmogenic
nuclide distribution implies that the denudation rate from
river basin sediment could be overestimated because of the
bioturbation in the surficial soil layer.
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1 Introduction

Surface denudation rate quantification is one of the basic
subjects of study regarding the role that rock weathering plays
in the global carbon cycle and the evolution of local land-
scapes. However, no appropriate method existed to directly
estimate denudation rate using a time scale of 10°~10° until
accelerator mass spectrometry (AMS) was improved in the
1980s. Compared with conventional methods, the application
of in situ terrestrial cosmogenic nuclides (TCNs) has advan-
tages because it records the history of long-term erosion and
can minimize the uncertainty caused by the extrapolation
problems that other methods must consider [1]. In situ TCNs
(ie, *°Al, "°Be and *°Cl, which have half-lives of 0.71,
1.39 Ma and 301 ka, respectively) are produced in earth
surface mineral grains by secondary cosmic rays that can
penetrate a few meters underground, and they have been
widely applied to directly determine exposure age and denu-
dation rate for approximately 20 years [1, 2]. Importantly,
TCN depth profiles provide a highly accurate method for
quantifying the long-term denudation rates of unconsolidated
surfaces [2, 3]. Long-term denudation and fluvial incision
rates determined using these depth profiles have been reported
for a variety of climatic, topographic, lithological and tectonic
environments [4-6]. Although previous studies have been
conducted in China, including estimations of the erosion rates
of the Yangtze River catchment using in situ '’Be from
modern river sediments [7] and the bedrocks in northern Tibet
using the surface '°Be—"°Al pair [8], few previous studies have
applied the '®Be-?°Al pair depth profile to China’s geology.
Because granitic rocks are widely distributed throughout
China and contain abundant quartz (which is the ideal target
mineral for preserving in situ cosmogenic nuclides), we
sought to apply this depth profile to quantify the denudation
rate of granitic regolith due to physical erosion and chemical
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weathering and clarify the major factors that control the
denudation process. The current paper reports the '’Be and
26 Al results from a granitic regolith profile near Qinhuangdao,
North China.

2 Methods and materials
2.1 Geological setting

The studied site is located south of Qinhuangdao
(119°31.70'E, 39°54.29'N; Fig. 1). Climatically, this site is
located in a warm temperate zone and features an oceanic
semi-humid climate with a mean annual precipitation
(MAP) of 6459 mm and a mean average temperature
(MAT) of 10.5 °C. The granitic regolith, which is located
25 m above sea level, formed in a coastal plain environ-
ment (1.5 km from the present coastal line) without a
shielding effect and was produced during the Pliocene
epoch. Tectonically, the research area is part of the Shan-
haiguan anticline in the Sino-Korean paraplatform. Neo-
archean microcline granite with a 2°’Pb/*°°Pb age of
approximately 2,500 Ma composes the bedrock underlying
the regolith [9, 10]. Thus, few inherited cosmogenic nuc-
lides 2°Al and '“Be existed. However, the local plain
landform formed after the Eogene, and the second level
planation surface formed during the Neogene period. Based
on the geological evidence of the local river, marine

terraces and multilayer karst caves, intermittent uplift was
characteristic of the tectonic activities during the Quater-
nary, which indicates that the granite regoliths have not
been buried since their first surface exposure [11]. The
mean uplift rate in Qinhuangdao is 0.15 mm/a over the past
5 ka [12]. The local climatic conditions suggest a minimal
effect of snow shielding and glacier cover on in situ cos-
mogenic nuclides because the amount and period of annual
snow accumulation are not significant.

2.2 Sampling and chemical preparation

Six granitic regolith samples were collected at various
depths at intervals of approximately 50 cm along a ~3 m
regolith profile (Fig. 2). Care was taken to judge non-dis-
turbance due to human activities.

The samples were first crushed and then sieved to obtain
a grain size fraction between 0.25-0.50 mm, which was
used for '"Be and Al preparation and measurement.
Quartz purification was conducted at the State Key Labo-
ratory of Environmental Geochemistry at the Institute of
Geochemistry, Guiyang. The magnetic minerals in the rock
samples were eliminated using a magnetic separator. The
quartz was then purified using the chemical etching method
[13]. This etching process was repeated several times to
remove surficial meteoric '°Be and any other silicate
minerals. The purity of the quartz was repeatedly assessed
based on the 2’ Al concentration in the samples, which was

Fig. 1 Geological and contour map showing lithology and topography for sampling site
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Fig. 2 Photos showing samples distribution on the profile. a The upper layer: 0-160 cm; b the lower layer: 160-300 cm

determined by an aliquot of samples using inductively
coupled plasma optical emission spectrometer (ICP-OES).

Extractions and measurements of 2°Al and 'Be were
conducted at the Scottish Universities Environmental
Research Centre (SUERC). The purified quartz was spiked
with °Be carrier at known concentrations (and ?7Al in cases
of low concentrations) and then dissolved with concentrated
hydrofluoric acid. This step was followed by an anion and
cation exchange with a series of column chromatography.
The pH of the solution was adjusted to obtain Be(OH), and
Al(OH); precipitation. Finally, the precipitated Be(OH), and
Al(OH); were oxidized into BeO and Al,O3. A blank sample
with “Be and *’Al carrier was created following the same
procedure as the unknowns. For the AMS measurement, BeO
and AlL,O; were mixed with Nb (BeO:Nb = 1:6 w/w) and
Ag (AlL,O3:Ag = 1:2 w/w) powder, respectively, and pressed
in a Cu sample holder with a 1 mm diameter. The '°Be/’Be
and °Al/”’Al ratios were determined using the SUERC
5 MV AMS facility at terminal conditions of 5 and 4 MV,
respectively. Details of the instrumental conditions and data
reduction can be found in Xu et al. [14].

2.3 Denudation rate calculation

Three mechanisms produce the cosmogenic nuclides °Al
and '"Be: high-energy spallation, negative muon capture
and fast muon interactions [15]. We calculated the pro-
duction rate due to spallation using the scaling scheme of
Stone [16] and Lal [5] as well as the production due to
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negative muon capture and fast muon interactions accord-
ing to Heisinger et al. [17, 18]. The resulting total surface
production rates were 4.2 atoms/g a for '°Be and 28.8
atoms/g a for 26Al, for a 2°Al/'°Be ratio of 6.85.

The 'Be and 2°Al concentrations in the profile can be
expressed as Eq. (1):

. . __ px I W) y
C(x t) = m e Aspallation . 1 —e (A Aspallalion)
) pE l

Aspz\llalion
—| A=)
1 —e Anegauve

where Py is the total surface production of TCN (Pgpaiia-
tion = 0.9815, Ppegative = 0.012 and Pr, = 0.0065), p is
the density of the regolith (1.6 g/cm?), ¢ is the denudation
rate, A is the effective attenuation lengths of cosmic par-
ticles (Agpattation: 160 g/em?, Apegative: 1257 glem?, Apse:
1988 g/cm? [1, 18, 19], x is the sampling depth, and 4 is the
decay constant of TCNs (‘°Be: 4.99 x 10~ "/a and *°Al:
9.83 x 10~ "/a) [20, 21].

Because the granite has been exposed at the surface for a
long period, it is reasonable to assume that the *°Al and
'Be in the regolith profile have reached a steady state in
which neither the topographic form nor the thickness of the
regolith changes over time, although erosion removes
material from the hillslope [22] and that the concentration

Py - Pnegative =
—r . e ‘negative .

Anegalive
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of TCNs has not changed over time. Thus, Eq. (1) can be
simplified to Eq. (2):

Py - P . o px Py - P . __px
Cx) = W . e Topallaion - %ginefﬂlve P m——
Aspa]lalion Anega[ive
Py - Prase  _ex
- . Afag
+ rZay e st (2)
Afast

In this study, the best-fitting model was calculated using
the sum of Chi-square (), as expressed in Eq. (3), to
minimize the variance between the theoretical and practical
values [3, 23]:

i=1

where i represents the sample number, N is the amount of
samples in the profile, x; is the depth of sample i, ¢ is the
denudation rate, ¢ is the exposure time, C; is the determined
concentration of sample i, g; is the analytical error at depth
x;, and C(x;) is the total theoretical cumulative concentra-
tion from Eq. (2).

3 Results and discussion

The analytical results are listed in Table 1 and plotted in
Fig. 3. The ranges of the measured '°Be/’Be and *°Al/*’Al
ratios are (0.4-6.3) x 107" and (0.1-2.1) x 1073,
respectively. These values are higher than the process blank
samples (typically <5 x 107" for both '°Be/’Be and
26A1/27A1); thus, the effect of the blank contribution is not
clear. As a result, the ranges of the 19B¢ and 2°Al concen-
trations are (2.3-36.6) x 10* atoms/g and (1.3-23.1) x 10°
atoms/g, respectively. The *°Al/'°Be ratios, which range
from 5.81-6.59 throughout the profile, are consistent with
surface production rates of 6.85 within a 2¢ margin of error.
This consistency supports the hypothesis that the regolith
profile has not undergone burial history.

With the exception of the near-surface sample QHD-1,
the '"Be and Z°Al concentrations in the deeper samples
decrease exponentially with depth; furthermore, they fit
Eq. (2). The best fits for 19Be and 2°Al result in denudation
rates of 8.5 and 9.1 m/Ma, respectively. These values are
long-term denudation rates averaged across the 10*-10° a
timescale, during which both chemical weathering and
physical erosion processes removed a few meters of surface
granite rocks. Given a total uncertainty of ~10 %, the
denudation rates determined from the '°Be and 2°Al profiles
are consistent, resulting in an average value of ~9 m/Ma.

Compared with other '°Be and *°Al denudation rates in
various lithological, tectonic and climatic areas, the results
of this study are significantly lower than the global '’Be
mean denudation rate recorded from the basin (218 m/Ma),
but similar to the mean erosion rate of its outcrops (12 m/
Ma) [6]. Recent research documented that no significant
bivariate correlations exist between the basin erosion rate
and MAT, MAP, latitude or basin area at the global scale;
however, the mean basin slope has a strong positive
bivariate correlation with the denudation rate [6]. Figure 4
shows the relationship between the denudation rate of
igneous outcrops and MAP in global tropical and temperate
areas. The '’Be denudation rates show ~3 orders of
magnitude of variation from 0.4 to 134 m/Ma. Compared
with other sites, the regolith profile in this study clearly has
a relatively lower denudation rate. Tectonic factors are
among the major forces that control landscape evolution
[2], and the basin slope shows a strong bivariate correlation
with the erosion rate [6]. Thus, the flat terrain surrounding
the profile (Fig. 1) might be the major determinant of the
low denudation rate. Given the field observations, the low
denudation rate in Qinhuangdao is attributed to its lack of
tectonic activity, which leads to weak physical erosion.

The ?°Al and '°Be concentrations in the surface sample
QHD-1 are significantly lower than the extrapolation of the
theoretical curve deduced from the other five samples
(Fig. 3). This offset clearly indicates that the cosmogenic

Table 1 Analytical results of cosmogenic nuclides '°Be and °Al concentrations in Qinhuangdao granitic profile

Sample ID Depth Quartz '°Be/’Be '°Be Conc. A1 Al 27Al Conc. 26Al Conc. 26A1/'°Be
(cm) (g) 10713 (10* atoms/g)  (107'%) (ug/g) (10* atoms/g)

QHD-1 5 23.800 6.046 £ 0.209 36.27 £ 1.26 2.065 £ 0.056 1,177 219.35 £ 5.99 6.05 £ 0.27
QHD-2 45 23.265 6.286 £ 0.132 36.63 £+ 0.77 2.142 £+ 0.055 1,224 230.69 £+ 5.99 6.30 = 0.22
QHD-3 105 23.781 3.512 £+ 0.081 21.54 + 0.50 1.230 £ 0.027 1,165 133.49 4+ 291 6.20 £ 0.20
QHD-4 175 18.565 1.420 £+ 0.072 12.08 + 0.63 0.469 £+ 0.014 1,192 72.62 £ 2.26 6.01 £ 0.37
QHD-5 235 21.657 0.949 £ 0.030 747 £0.24 0.341 £ 0.012 1,188 49.20 +£ 1.77 6.59 £ 0.33
QHD-6 285 18.658 0.402 £ 0.030 227 £0.19 0.124 £ 0.005 1,160 13.20 £ 0.58 5.81 £ 0.55
Blank - - 0.035 £ 0.006 - 0.005 £ 0.002 1,006 - -

Uncertainties are 1o
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Fig. 3 The '°Be and 2°Al depth profile in Qinhuangdao. Error bars indicate 1o analytical uncertainties. The curves represent the best fitting of

steady-state denudation model on the basis of Eq. (2)
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Fig. 4 Relationship between the denudation rate of grantic outcrops
and MAP from temperate and tropical areas (data from [2, 6] and
references therein)

nuclides in the shallow layer have changed, most likely due
to the bioturbation (e.g., plant root, ant and earthworm
activity) of the soil layer. A similar phenomenon has been
observed elsewhere [24, 25]. By comparing the model fit-
ting result of two surface samples (0-30 cm) with the entire
profile dataset (0-190 cm), Shiroya et al. [2] concluded
that an accurate determination of the erosion rates of gra-
nitic soil surfaces requires the sampling of deeper layers (at
least to 80 cm). In addition, quartz enrichment due to the
dissolution of other minerals produces calculated error [26,
27] because the concentration of SiO, along the profile is
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between 60 %—70 % lower than that of bedrock 73 % [10].
Thus, the correction factor should be small and within the
margin of error. These observations, including those made
in this study, imply that the denudation rate determined
from river sediment (which is eroded from the soil surface
on the basin scale) might be overestimated on occasion.
The surface denudation rate calculated from our surface
sample QHD-1 is 18 m/Ma, illustrating this possibility.

The sample QHD-6 is slightly lower than the '°Be best-
fitting curve in Fig. 3. At present, we lack a convincing
explanation for this offset. However, two possibilities
should be considered: First, the experimental background
subtraction might be overestimated because of the low '°Be
concentration; second, the resulting production rates might
be overestimated because muons play an important role in
producing cosmogenic nuclides in the deeper layer (>3 m).
If we assume a smaller contribution from the muons, then
the best model fitting seems more apparent and provides a
denudation rate of 6 m/Ma. Additional studies of more
cosmogenic nuclide depth profiles will help to clarify the
alternatives.

4 Conclusions

This study applied a depth profile of the in situ cosmogenic
nuclides 2°Al and '“Be to determine the long-term denu-
dation rate of a granitic regolith in China. A denudation
rate of ~9 m/Ma during the last 10°~10° a was obtained in
Qinhuangdao. This result shows a lower denudation rate
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than other igneous outcrops. The lack of tectonic activity
and the flat terrain are most likely the major factors that
control the regolith erosion process. Compared with sur-
face approaches, the depth profile method is more reliable,
particularly in cases of surficial soil bioturbation.
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