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Abstract Landscape evolution is modulated by the regional tectonic uplift, climate change, and river dynamics. However, how
to distinguish these mechanisms through the research of surface exhumation and fluvial incision remains controversial. In this
study, cosmogenic ""Be, *°Al, and *'Ne concentrations in quartz from cave deposits, modern river sediments, and bedrocks were
measured to constrain the applicability of cosmogenic *'Ne and discuss Quaternary landscape evolution history in the Guizhou
Plateau, southeast China. Using the *A1-'""Be and *'Ne-'""Be pairs to distinguish the cosmogenic *'Ne concentration from the
excess ' Ne, we found that the nucleogenic *'Ne produced by the U and Th decay in quartz is significant in the samples although
there is the possibility of inherited cosmogenic *'Ne. Combining with previous studies, we suggest that the precise approach for
applying the cosmogenic *'Ne could be reached by (1) estimating the contribution from nucleogenic *'Ne, (2) avoiding samples
with complex burial histories to exclude inherited cosmogenic *'Ne, and (3) combining the ""Be-**Al-*'Ne nuclides method for
the Quaternary samples. In addition, both pre-burial basin denudation rates and burial ages derived from the *A1-'""Be pair were
used to determine the different timescale surface denudation rate and fluvial incision rate in relation to previous work. The
consistency of the different timescales pre-burial basin denudation rate, %l surface denudation rate, and modern basin denu-
dation rate indicates that the landscape-scale surface denudation has been likely stabilized since the Quaternary in the Guizhou
Plateau area. The slightly higher river incision rates than the local surface denudation rate show that the river dynamics may not
have reached a steady-state due to the regional tectonic uplift in the Guizhou Plateau.
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Introduction

can be sufficiently used to determine the surface exposure

Terrestrial in situ cosmogenic nuclides (TCN) are widely
applied in surface Earth sciences, such as exposure dating,
denudation rate calculation, and burial dating (e.g. Dunai,
2010). Single nuclide measured in the suitable mineral target
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ages or basin-wide denudation rates (e.g. Gosse and Phillips,
2001). The analysis of paired nuclides with different half-
lives allows the estimation of burial ages and pre-burial basin
denudation rates when sediments are buried deeply and ra-
pidly enough to prevent TCN production after burial (Lal,
1991; Granger and Muzikar, 2001). The *°Al-'""Be pair is
widely used in dating Pleistocene sediments. Coupling cos-
mogenic *'Ne, produced in quartz, with Al or '"Be could
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improve the age range and accuracy of *Al-'""Be burial
dating (Balco and Shuster, 2009a). Over the past two dec-
ades, studies in the analytical procedures and determination
of the different sources of Ne in quartz have been well es-
tablished (Niedermann, 2002; Codilean et al., 2008; Balco
and Shuster, 2009b; Heber et al., 2009; Vermeesch et al.,
2015). However, only a few works have been done in the
sediment burial dating by using the *'Ne-*°Al and *'Ne-'"Be
pairs (Balco and Shuster, 2009a; Davis et al., 2011; Matmon
etal., 2014; McPhillips et al., 2016; Ma et al., 2018; Sartégou
et al., 2018; Ben-Israel et al., 2020). It is due to the difficulty
to measure the cosmogenic *'Ne from a complex three-
component mixing of atmospheric, cosmogenic, and nu-
cleogenic neon. Recently, some previous studies also rea-
lized that the production due to the capture of alpha particles
derived from the decay of naturally occurring U and Th in
minerals via the reaction 180((1, n) *'Ne is non-negligible
(Ben-Israel et al., 2018; Balco et al., 2019; Balter-Kennedy et
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al., 2020), henceforth called “nucleogenic 21Ne”, which is
regarded as the main obstruction for accurate measurement
of the amount of cosmogenic *'Ne. This paper describes
TCN measurements of 10Be, 26Al, and *'Ne abundance in
quartz in cave deposits, sandstone bedrocks, and modern
fluvial sediments collected from karst landforms in the
Guizhou Plateau, which is a broad upland region separating
the Yangtze River and Pearl River in southwestern China
(Figure la). The integrated paleo-denudation rates in dif-
ferent timescales and sediment burial ages were presented to
determine the surface denudation rate and fluvial incision
rate in the Guizhou Plateau, respectively, in relation to the
results of water chemistry data (Han and Liu, 2004; Xu and
Liu, 2010) and TCN *°CI (Xu et al., 2013; Yang et al., 2020).
The purposes of the paper are: (1) to quantify *'Ne in quartz
in relation to cosmogenic *'Ne calculated from the '*Be-"°Al
pair burial ages and nucleogenic *'Ne from the alpha capture
reactions due to decay of U and Th; (2) to discuss the
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Figure 1 Topographic map of the Guizhou Plateau based on 30-m-resolution Shuttle Radar Topography Mission (SRTM) digital elevation model, showing
the major river distributions and previous carbonate denudation rates estimated from TCN e (Xu et al., 2013; Yang et al., 2020). The denudation rates
below the river names are derived from the water chemistry data (Han and Liu, 2004; Xu and Liu, 2010). The black line shows the watershed between the

Yangtze River and the Pearl River.
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Quaternary landscape evolution and tectonic uplift in the
Guizhou Plateau.

2. Geological setting and sampling descriptions

2.1 Study region

The southeastern margin of the Tibetan Plateau is char-
acterized by a low-gradient topographic surface (Clark et al.,
2004; Liu-Zeng et al., 2008) that is mainly drained by the
Red, Middle Yangtze, and Pearl rivers (Figure la). The
Guizhou Plateau, located in the most southeastern margin of
the Tibetan Plateau (Figure 1b), is regarded as a natural
experimental field to study the regional tectonic uplift, sur-
face landform denudation, and fluvial incision, which can be
used as a proxy for the timing of initial uplift (Clark et al.,
2005). The study region ranges in altitude from ~100 m
above sea level (a.s.l.) in the east to nearly 3,000 m a.s.1. in
the west, and over 500,000 km” of its surface is limestone
karst (Figure 1b). The carbonate bedrock formed a stable
karst landform from the Late Proterozoic to the end of the
Middle Triassic. Study sites lie on the drainage divide be-
tween the Wujiang River (a tributary of the Yangtze River)
and the Beipanjiang River (a tributary of the Pearl River)
(Figure 1b). These rivers and their major tributaries have cut
deep into the plateau to form valleys and canyons with steep
sides (Smart et al., 1985), where an abundance of multilevel
caves are well developed. For discussing the spatial and
temporal variation of the caves, fifteen samples including
cave deposits, modern river sediments, and bedrocks were
collected along an elevation gradient (from ~1700 to ~600
m a.s.l.) in the Guizhou Plateau (Table 1), of which nine ""Be
and “°Al results have been published elsewhere (Table 2; Liu
et al., 2013a, 2013b).

2.2 Sampling strategy

Eight samples including five cave deposits and three modern
river sediments were collected by Liu et al. (2013b) along the
Liuchonghe River (a northern tributary of the Wujiang
River) (Figure 2a). We did a further field campaign for
sampling sandstone bedrocks (HZ1, HZ2, and TB1) to ca-
librate the nucleogenic *'Ne. Sandstone bedrocks, covered
by 10 m-thick Jurassic strata, were collected from the arti-
ficial road cut profiles (Figure 3a—3c). The cave deposits of
MWC (1130+5 m a.s.l.) and MDC (925+5 m a.s.l.) are 90+
5 m and 3445 m higher than the nearest river erosion datum,
respectively (Figure 2b and Figure 3d—3e). The HC sampling
site was well described in Liu et al. (2013a), in which the
cave deposit (608+5 ma.s.l.) is 43+5 m higher than the
nearest Sanchahe River erosion datum (Figure 2c). All
modern sediments and cave deposits are composed of peb-
bles, sand, and silt. The sandstone pebbles with similar sizes
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were selected to avoid the complex mixing of quartz from
different source areas. All deeply buried cave deposits
(>20 m) were collected from main open-channel deposits in
lateral erosion and water table caves, except for the sample of
DYC from a branching cave.

3. Analytical methods

3.1 Sample preparation and analyses

All the samples were crushed and sieved to fractions of
250-500 um, followed by magnetic separations. Oxides and
carbonate matter were removed by HCI/HNO; leaching.
Multiple overnight leaches in hot 2% HF/HNO; solutions
were performed to remove the meteoric cosmogenic nuclides
and to obtain purified quartz that Al concentration is below
150 ppm (1 ppm=1 pg/g). Chemical preparation was per-
formed at the Scottish Universities Environmental Research
Centre (SUERC) following a modified version of the pro-
tocol of Kohl and Nishiizumi (1992). Details of the chemical
procedure can be referred to elsewhere (Liu et al., 2013b).
""Be/’Be and *°Al’”7Al ratios were measured at the SUERC
accelerator mass spectrometers (AMS) facility, using NIST
SRM 4325 with a nominal "°Be/’Be value of 2.79x10 ' and
792-0222 with a nominal “’Al*’Al value of 4.11x10 ", re-
spectively. ""Be/’Be and **A1”Al ratios were corrected from
a full chemical procedural blank. *’Al has been measured by
inductively coupled plasma atomic emission spectrometry
(ICP-OES).

Seventeen clean quartz samples, including two duplicate
samples (DSC-d and YTGC-d), were treated further for neon
isotope measurement. Chemical preparation was carried out
at SUERC following standard methods (Codilean et al.,
2008; Vermeesch et al., 2015; Ma et al., 2018). About
200 mg of quartz was rinsed in ultra-pure acetone and en-
capsulated into an aluminum foil cylinder. Due to the rela-
tively low measurement precision of isotope *Ne, it is hard
to discriminate between cosmogenic and non-cosmogenic
components based on their isotopic signatures. Although the
stepwise heating method was expected to solve this problem
(Niedermann, 2002), a quantitative separation of different
components is seldom possible because the significant con-
tribution of nucleogenic *'Ne was also found at temperatures
<600°C (Schéfer et al., 2002). Hence, the neon was extracted
by one-step heating at 1350°C for 25 min in this study. Neon
isotopes were analyzed statically in a Mass Analyser Pro-
ducts MAP-215 magnetic sector mass spectrometer at
SUERC. Isobaric interference H’F" and “’Ar*" on mass 20
and 12CIGOZ2+ on mass 22 were corrected by calculating the
measured "’F*, “Ar’, and 12CmOz+ signals, respectively. The
isobaric interference H2180+ on mass 20 and “°Cu’” on mass
21 can be ignored. The results were calibrated versus the
quartz standard CREU-1 (Vermeesch et al., 2015). The
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Figure 2 (a)—(c) Sampling locations and watershed areas. (d) Longitudinal profile shows the vertical distribution of sampling sites and the landscape relief.

The red and black lines in (a) are the position of longitudinal profile in (d).

abundance of cosmogenic *'Ne was calculated by assuming
three-component mixing of atmospheric, cosmogenic, and
nucleogenic neon (Niedermann, 2002; Balco et al., 2019),
and no neon blank correction has been made to the data. The
excess 21Neex including both cosmogenic and nucleogenic
neon was calculated by the following equation:

*'Ne,, = Ne,, x[('Ne /*Ne),, - (*'Ne /*Ne), |, )

where 2ONem is the measured value of *’Ne, (21Ne/20Ne)m is
the measured >'Ne/**Ne ratio, and (ZlNe/ZONe)a is the *'Ne/

**Ne ratio in the atmosphere, which we take to be 0.002959
(Eberhardt et al., 1965). This equation is approximately as-
suming that the excess *Ne is negligible.

The nucleogenic *'Ne due to U and Th decay is described
as (Ben-Israel et al., 2018; Balco et al., 2019):

Copnut) = D2SiFp Y, N it = 1), 2)

. .21 . .
where Cy) (%) is the nucleogenic ~ Ne concentration since

the closure age of ., and i is the radionuclide including U,

U, and *’Th. f; is the fraction factor of alpha partlcles

produced from decay of nuclide i, where f35 = 4.04x10 ", f235
=5.62x10"°, and fy3, = 6.08x10 ° (Cox et al., 2015). Fy; is
the factor to describe the ejected alpha particles at grain
boundaries, and Fr,; = 1 is taken here by assuming that the HF
leaching completely removed the alpha-depleted grain
boundaries (Balco et al., 2019). Y, ; is the number of alpha
particles throughout the decay chain of nuclide i (¥, 35 = 8,
Yy235 = 7, and Y, 53, = 6) with the assumption of secular

equilibrium, A, is the concentration (at g_l) of measured U,

U, and **Th, and Ai 1s the decay constant of i. For acces-

sing the nucleogenic *'Ne concentration, we assume that
both cosmogenic *'Ne from the initial exposure of the bed-
rock sandstone and nucleogenic *'Ne inventory has been lost
during the reheating mineralization event in relation to the
formation of ~235 Ma Pb-Zn deposits in this area (Hu and
Zhou, 2012) (see detailed discussion in Section 5.1).



1310 Yang Y, et al.  Sci China Earth Sci

Table 2 Calculation results of IOBe, %Al and *'Ne
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Sample ["Be] [°Al] [*'Neg] 2,1/98¢ "“Be/'Ne  '“Be-"Al” Der;:i glion 10g, 210 Nug%i?g?mc Incision rate
3 -1 4 -1 6 -1 —2. -1
(x107atg ') (x10"atg ) (x10"atg ) (x10°7) (Ma) (mm kyrfl) (Ma) (x10° at gil) (mm kyr )
River sediments
MDC-RB  200.8+6.5 134.144.8 83423  6.68£0.32 2.41£0.67 (.00 "% 184714 4.40+0.48  7.47 (89.7%) -
0.00 1.3
SXC-RB" 101.3£3.5 60.3+2.4 3.7£2.1 5.95+0.31 2.7£1.5 ().25f2::? 62.6313 4.4+1.1 3.24 (86.9%) —
DSC-RBY 2039462  136.3+4.9  3.141.2  6.68+0.31 6.6+2.6 0.007%1 35172 2.60+0.75  2.22 (71.8%) -
-0.00 -2.4
YTGC-RB”  88.343.4 50.3+2.1 14.442.0 5.69+0.32  0.612+0.089 (.34*'2 68.67%> 7.15+£0.26  13.97 (96.9%) -
—=0.11 =57
Cave deposits
MWC 478+14 266.9+8.3  13.26£0.46 5.5840.24  3.60+£0.17 (3270 7.607%% 3.48+0.08 10.80 (81.4%) 281+81
—-0.09 —0.51
MDC 576+18 340+11 10.83£0.36  5.91+£0.26 ~ 5.32+0.25  (.18"% 578109 2.72+ 0.08 8.03 (74.1%) 189+98
-0.09 -0.39
sxc” 6.1£1.3 2.0£0.9 4.86+0.15 3.4+1.6  0.125+0.026 1451 580™%° 10.53+0.42  4.81 (98.9%) 137+82
-0.87 —280
DpYC? 81.4+3.2 13.7+1.3 7.24+0.28  1.68+0.17 1.142+£0.062 .84 21.327 6.07+0.11  5.80 (80.2%)  51.1+4.0
-0.20 =25
psc? 188.4+6.1 87.9+3.2 3.3+1.5 4.68+0.23 6.2+£2.5 0.74"010 26.2"%! 2.86+0.45 1.86 (61.5%) 68+11
-0.10 -1.9
DSC-S 276.0+8.9  131.8+4.7 8.7+1.0 477023  3.17£0.40 (687" 18.3°1 3.96+0.23  7.03 (80.8%) 74£12
0.09 1.3
YTGC?  121.3+4.6  64.543.2 9.1£23 5312033 1272021 (48" 4654 5704024  9.91 (93.1%) 186452
HC? 33.5£2.3 13.8+1.3  10.54£0.36  4.13+0.47 0.318+0.024 1.o1jg-j§ 53.4f§§ 8.28+0.15 10.30 (97.8%) 43 £11
Bedrocks
HZ1 6.8+£1.8 - 19.1+1.4 - 0.036+0.010 - - 12.68+0.53 - -
HZ2 - - 11.3+1.2 - - - - - -
TB1 - - 9.4+2.9 - - - - - -

a) "°Be and *°Al concentrations in samples SXC-RB, DSC-RB, YTGC-RB, SXC, DYC, DSC, DSC-S; and TYGC are from Liu et al. (2013b) and those in

10.

HC from Liu et al. (2013a). b)

Be-"°Al burial ages and pre-burial basin denudation rates are calculated according to eqs. (5a) and (5b) using the Monte Carlo

simulation (see detail in Section 3.2). ¢) '*Be-"'Ne burial ages are derived from a total 2]Neex (cosmogenic and nucleogenic Ne). d) Nucleogenic 'Ne is

estimated according to the equation of ZlNe“ucleogenic =
pre-burial basin *'Ne production rate.

3.2 Paired-cosmogenic nuclides burial dating

The expression of a measured nuclide concentration at or
near the Earth’s surface as a function of denudation rate (¢)
and exposure age (f) can be described by the following
equation (Lal, 1991; Yang et al., 2019):

C(x,e,1) = C(x,0)e ™

P » 7[;,+i ]t
* 7lpe 7 B S (3)
i=spalslow,fast )y + 78

where C(x, ¢, t) is the nuclide concentration (at gfl), C(x,0)is
the initial nuclide concentration (at gfl), x is the depth (cm), p
is the density (g cm °), 4 is the decay constant 5.00x10 yr '
for '’Be (Chmeleff et al., 2010; Korschinek et al., 2010) and
9.83x10 " yr ' for °Al (Nishiizumi, 2004), P, is the surface
production rate (at gf1 yrfl), and /; is the effective attenua-
tion length.

For surface samples (x=0) under the assumption of steady-

z'Neexcess—P/(pa/A), where ¢ is pre-burial basin denudation rate derived from the A1 'Be pair, P is the

state denudation (¢ >> 1/(Atpe/A)) and the contribution of
muons are negligible, eq. (3) then becomes (Lal, 1991):

C(E)) _ })spal . (4)
R
spal

If the sediments are buried deeply and rapidly enough to
prevent TCN production after burial and the burial age is not
significantly older than the paired cosmogenic nuclides half-
life, paired nuclides can be used to yield the burial age and
pre-burial basin denudation rate, which can be described by
the following equation (Granger and Muzikar, 2001; Balco
and Shuster, 2009a):

C(gatb)m = ;L‘_:)impgei;“mtb’ (Sa)
" Aspal

Cle,ty), = if‘"pgeﬁ””’, (5b)
! Aspal
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Figure 3 Field photographs of samples HZ1, HZ2, TB1, MWC, and MDC.

where m and n represent the paired nuclides, such as the Al

""Be and *'Ne-'""Be pair, P,, and P, are the averaged basin-
wide production rate, #, is the burial age, A, is the effective
attenuation length for spallogenic production (here taken to
be 160 g cm_z), and ¢ is the pre-burial basin denudation rate.
The basin production rates scaling factor relative to sea level
and high latitude (SLHL) as a function of geographic latitude
and air pressure (Lal, 1991; Stone, 2000) are listed in Table
1. We use the SLHL spallogenic production rate of 4.01 at
g ' yr ' for "’Be (Borchers et al., 2016), and the spallogenic
production ratios of 6.75 for *Al/''Be (Balco and Rovey,
2008) and 4.01 for *'Ne/'’Be (Kober et al., 2011), respec-
tively.

For the °Al-'"Be pair, substituting eq. (5a) into eq. (5b),
we can get a transcendental equation with two free para-
meters (pre-burial basin denudation rate and burial age). A
Monte Carlo simulation is performed to determine the de-
nudation rate and burial age. For each measured data pair (C,,
+0,, and C,%0,), a set of 5,000 random concentrations were
made for nuclides m and n with the assumption of following
the normal distribution of (C,,, o,,) and (C,, 0,), where C,, and
C, are the measured concentration, o,, and g, are the analy-
tical uncertainties. The concentration made in each pair was
solved for denudation rate and burial age using Newton’s
method, and error envelopes were bounded by the con-
fidence level of 1o. For the '“Be-*'Ne pair (1,; = 0), sub-
stituting eq. (5a) into eq. (5b), an algebraic equation can be
directly solved.

3.3 Post-burial production of cosmogenic nuclides for
HZ1

For the subsurface (10 m in depth) sample of HZ1, as well as
HZ2 and TBI1, the post-burial productions are non-negli-
gible. The steady-state denudation model was used to esti-
mate the main contribution from muons, as follows:

B2
Ce)= ¥ e, ()
i=spalslow,fast i+zg

L

where x is the depth of 1000 cm, and p is the density of
2.6 g cm . For cosmogenic ''Be, Py (9.51 at g yr ), Py
(0.1844 atg'yr"), Py (00728 atg'yr') and Ay
(160 g em ™), Ayey (977 gom ), Ay (3642 g cm ) are the
surface production rates and attenuation lengths of neutrons,
slow muons, and fast muons, respectively (Balco, 2017;
Yang et al., 2020). The denudation rate can be solved by eq.
(6), then the post-burial production of cosmogenic *'Ne can
be roughly determined with the assumption of zero slow
muon capture production and fast muon production rate of
0.2 at g71 yr71 at sea level (Fernandez-Mosquera et al., 2008;
Balco et al., 2019):

B e,
Cor= Y —etr, ™)
i=spalfast l-i—zg

where A, and Ay, are equal to 160 and 4320 g cm_z, re-
spectively. The Py, and P, are calculated according to the
scaling factor of 2.36 (Stone, 2000).
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4. Results

4.1 '""Be and *°Al concentrations, burial ages, and pre-
burial basin denudation rates

The results of the cosmogenic nuclide "Be and *°Al are
listed in Tables 1 and 2. '°Be and *°Al concentrations in
samples SXC-RB, DSC-RB, YTGC-RB, SXC, DYC, DSC,
DSC-S, and YTGC are from Liu et al. (2013b) and those in
HC from Liu et al. (2013a). The measured '"Be concentra-
tions vary from 8.14x10" to 5.76x10° at gf1 with the analy-
tical uncertainties better than 4%, except for the SXC cave
deposit (20.6% with a low concentration of 6.1x10° at g_l),
the HC cave deposit (6.9% with a low concentration of
33.5x10° at g '), and HZ1 bedrock (25.6% with a low con-
centration of 6.8x10° at g_l) (Table 2). The analytical un-
certainties of *°Al excluding SXC (42.4%), DYC (9.3%), and
HC (9.2%) are better than 5%. The burial ages and pre-burial
basin denudation rates according to the approaches and
parameters are recalculated and described in Section 3.2. The
results show that the burial ages are similar to the previous
studies (Liu et al., 2013a, 2013b), but the pre-burial denu-
dation rates are much higher because the averaged basin
elevation (used to calculate basin-wide denudation rate) ra-
ther than the sampling site elevation (used to calculate local
surface denudation rate) was used. For modern river sedi-
ments, MDC-RB and DSC-RB show the burial ages of

0.00"0s and 0.0077 ) Ma, respectively, suggesting that both

samples experienced a continuous exposure process. How-
ever, SXC-RB and YTGC-RB might have experienced a

+0.10

complex burial history with the burial ages of 0.257,; and

0.34?&{? Ma, respectively. For the cave deposits, all data

show an obvious decay of nuclides with the *°Al/"Be ratios
lower than 6, suggesting the samples experienced a burial

history. The relatively high burial age of SXC (1.457 s Ma)

2Al/"°Be
w

L L
108
Normalized "°Be concentration (at g-')

’ ‘.
Lol L Ll

10°

YT | L

104

10°

Figure 4 Normalized *A1/"°Be and "°Be/*'Ne ratios plotted against

ellipses represent modern river sediments and cave deposits with 1o uncertainties, respectively. Shaded yellow area shows the
in the study region (Xu et al., 2013; Yang et al., 2020).

denudation rates ranging from 16 to 51 mm kyf1
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was represented as the results of pre-burial strong erosion
events and/or large uncertainty of TCN concentration (Liu et
al., 2013b). In addition, such low nuclides concentration and

*Al/'’Be ratio can also be the result of recycled sedi-
mentation. For the sub-surface bedrocks, only HZ1 was
measured for '’Be, showing that the muons contribution is
non-negligible in such depths of about 10 m. A steady-state
assumption is made to estimate the contribution of cosmo-
genic *'Ne to a total excess > Ne in the next section. The pre-
burial basin denudation rates excluding the SXC samples
with an extremely high value of 580 mm kyr_1 range from
~5.8 to 68.6 mm kyr_l, consistent with the carbonate surface
denudation rates derived from cosmogenic *cl (Xu et al.,
2013; Yang et al., 2020) (Figure 4a).

4.2 Neon isotope ratios

Results of the three-isotopes of neon are listed in Tables 1
and 2. The measured *'Ne concentrations range from 3.1x 10°
to 14.4x10° at gfl. All neon isotope ratios data lie on the
spallation line within the 1o analytical uncertainty in the
neon three-isotope diagram (Figure 5). However, due to the
high-abundance atmospheric Ne in sediments and relatively
low measurement precision of isotope *Ne, it is hard to
discriminate between cosmogenic and nucleogenic compo-
nents based on their Ne isotopic signatures in those samples.
The 'Be-'Ne pair burial ages are extremely older than the

*Al-'""Be pair burial ages, suggesting that non-cosmogenic
components might take a major part in total excess Ne in all
samples (Figure 4 and Table 2). The cosmogenic *'Ne is
computed by assuming a pre-burial *'Ne/'’Be production
ratio of 4.01+0.17 (Kober et al., 2011) and a steady-state
denudation rate derived from the *°Al-'"Be pair, then the

.21 . .
nucleogenic “'Ne is calculated by subtracting the cosmo-
.21 21 . .
genic ~ Ne from the total excess ~ Ne. This correlation in-
(b)
M
10+ _"“a' """""""" N - [P
FaMa_ DSCglost N
AN
[ IR I c~-._’,
102k7Ma DYc, @ >l
E T RRRRES o . \
. PRy H
LA “He’ ) N\ '
103 _-11’}’:“:' sXC o K ' Z
.1?."{'?/ w2 Bedrodty, , ;
L . (‘ '
104 "’. R ,/, N L, HETE T I
10° 10¢ 109 100 107

Normalized "°Be concentration (at g-')

"Be concentrations (scaled to SLHL according to Stone (2000)). Green and blue

36
Cl carbonate surface
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Figure 5 Neon three-isotope diagram showing the compositions and trends of various Ne components. The red solid line represents the two-component
mixing line between air neon with a 'Ne/*Ne ratio of 0.002959 and *Ne/*’Ne ratio of 0. 102, and purely cosmogenic neon in quartz with *'Ne/**Ne and *Ne/
**Ne ratios of 0.8+0.1 and 1.01%0.13, respectively, modified from Niedermann (2002).

dicates that the majority of excess *'Ne in our samples might
be nucleogenic (range from 61.5% to 98.9%) (Table 2) rather
than cosmogenic, which agrees with previous studies (Mid-
dleton et al., 2012; Balco et al., 2019).

43 N ucleogenicﬂNe results

The nucleogenic *'Ne can be theoretically calculated based
on the U and Th concentrations in quartz. In this study, the
mean and standard deviation 0.189+0.146 and 0.580+
0.501 ppm for U and Th concentrations, respectively, de-
rived from 50 previous data (Balco et al., 2019) were used.
Uncertainty of the closure age was assumed to be 20% (235
+47 Ma). Thus, the calculated result shows that the nucleo-
genic *'Ne concentration of (14.5i9.5)X106 at g71 account
for most of the excess 21Ne, consistent with the estimated
results by *Al-""Be pair in this study (Tables 2 and 3).

4.4 Surface denudation rate and post-burial cosmo-
geniane of HZ1

We calculated the surface denudation rate of HZ1 according
to the observed '’Be concentration from the 10 m deep
sample with the assumption of steady-state denudation. The
surface denudation rate of 74+29 mm kyf1 (Table 3) derived
from the Monte Carlo simulation is roughly similar to the
pre-burial basin denudation rates (Table 2) and *Cl carbo-
nate denudation rates (Xu et al., 2013; Yang et al., 2020). The

post-burial cosmogenic *'Ne estimated by the eq. (7) sug-
gests a negligible concentration of (0.058+0.023)x 10° at gf1
(cosmogenic) (Table 3) compared to the total excess *'Ne of
(19.1+1.4)x10%at g .

5. Discussion

5.1 The analyses of excess 'Ne

The stable cosmogenic *'Ne has been expected to be widely
applied in surface Earth sciences as the *'Ne measurements
on mass spectrometers are considerably less expensive than
AMS and require less quartz material. However, the complex
composition of excess *'Ne in quartz significantly restricts
the applications. Although our neon isotope ratios data lie on
the spallation line within the 1o analytical uncertainty in the
neon three-isotope diagram (Figure 5), the precision of “Ne
measurements is insufficient to distinguish nucleogenic from
cosmogenic *'Ne enrichments in the presence of much larger
amounts of atmospheric Ne (Middleton et al., 2012; Balco et
al., 2019). Stepwise heating is one possible method for dis-
criminating between cosmogenic and non-cosmogenic
components. However, the nucleogenic *'Ne can be released
during extraction at temperatures below 600°C and above
800°C (Niedermann, 2002). Previous works such as Ver-
meesch et al. (2015) have summed all gases releasing from
stepwise heating experiments when samples were ex-
clusively composed of atmospheric and cosmogenic neon.
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While, other works, such as Balco et al. (2019) and Balter-
Kennedy et al. (2020), which have also adopted the stepwise
gas extraction, cannot calculate the cosmogenic Ne con-
tribution accurately either, due to limited constraints on re-
leasing of nucleogenic *'Ne. Alternatively, they have
appealed to nucleogenic Ne correction for the total excess Ne
to obtain cosmogenic Ne concentration. Considering the
reasons mentioned above, we have adopted a one-step
heating method in this study and attempted to correct the
possible influence of nucleogenic Ne. In theory, there are two
methods to estimate the nucleogenic *'Ne concentrations
from excess ~'Ne including (1) Xe and/or Ar measurement
with the assumption of simultaneous Ne and Xe (Ar) closure
(Fujioka et al., 2005; Middleton et al., 2012), and (2) U and
Th measurement with an assumed quartz closure age (Balco
et al., 2019). The latter method has been used to estimate the
bedrock sandstones nucleogenic *'Ne based on eq. (2). Be-
cause the geological closure temperature of (U-Th)/Ne in
quartz is about 94°C (Shuster and Farley, 2005), the re-
heating mineralization event in relation to the formation of
~235 Ma Pb-Zn deposits in this area (Hu and Zhou, 2012) is
assumed as the closure age and uncertainty was considered to
be 20%. For the bedrock HZ1, the high nucleogenic *'Ne
concentration of (14.5+9.5)x 10° at g_1 (Table 3) agrees with
the inversion result (Table 2) from "Be surface denudation
rate with steady-state assumption. The inherited component,
henceforth called “inherited cosmogenic *'Ne”, may be
produced during the exposure and transport process after the
reheating events for cave deposits and modern river sedi-
ments. However, the inherited cosmogenic *'Ne in the bed-
rock (HZ1, HZ2, and TB1) can be ignored due to the
inventory *'Ne being lost during the reheating mineralization
event in this area. In order to exclude the possibility of post-
burial production, the "Be concentration in HZ1 was mea-
sured to estimate the concentration of post-burial cosmo-
genic *'Ne by egs. (6) and (7). The negligible post-burial
production of (0.058+0.023)x 10° at g{1 compared to the total
excess ~'Ne of (19.1i1.4)X106 at g{1 indicates that most of
*'Ne are composed by nucleogenic *'Ne or inheritance pro-
duced between the reheating mineralization event and the
Jurassic stratigraphic sequence age.

The decoupling relationship of burial ages and pre-burial
basin denudation between the °Al-'"’Be pair and *'Ne-'""Be
pair (Figure 4 and Table 2) indicates that the nucleogenic
and/or inherited cosmogenic *'Ne is non-negligible in our
cave deposits and modern river sediments. The pre-burial
denudation rates derived from the *'Ne-'"Be pair are ob-
viously lower than the surface denudation evidence from the
A1-""Be pair, water chemistry data (Han and Liu, 2004; Xu
and Liu, 2010), and TCN *°Cl (Xu et al., 2013; Yang et al.,
2020) (Figure 4), which might also be caused by the over-
estimated cosmogenic “Ne. A compilation of previous
combined '’Be and *'Ne data sets (Figure 6 and Appendix
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Table 3 Results of the nucleogenic ?'Ne and surface denudation rate in
site HZ1

Parameters Value
[UT” (ppm) 0.189+0.146
[Th]” (ppm) 0.580+0.146
Nucleogenic >'Ne” (x10°at g ) 14.5+9.5
Surface denudation rate” (mm kyr ') 74+29
Post-burial produced 7Ne? (x10° at gfl) 0.058+0.023

a) Mean and standard deviation results are calculated from Balco et al.
(2019). b) Derived from the eq. (2) with the assumption of 235+47 Ma
closure age. ¢) Determined by the "®Be concentration with the assumption
of steady-state denudation. d) Calculated by the egs. (6) and (7).

Table S1 online, https://link.springer.com) shows that almost
all the surface samples are plotted on the continuous ex-
posure lines with different production rates. This is because
the surface samples have high production rates and negli-
gible decay of ""Be. However, all the burial samples are
plotted below the continuous exposure lines due to (1) the
decay of "Be (show as the gray arrow in Figure 6b) and/or
(2) non-negligible nucleogenic *'Ne and/or inherited cos-
mogenic *'Ne (show as the green arrow in Figure 6b). We
also find that high concentrations of 2INeeX (>107 at gfl) are
rarely influenced by nucleogenic *'Ne due to the relatively
high concentration of cosmogenic *'Ne. As mentioned
above, the neglected nucleogenic and inherited *'Ne from the
decay of U-Th and recycling burial history, respectively,
always causes the overestimation of burial ages and under-
estimation of basin denudation rates. Combining with pre-
vious studies (Niedermann, 2002; Ben-Israel et al., 2018; Ma
and Stuart, 2018; Balco et al., 2019), we suggest that the
precise calculation of the cosmogenic *'Ne could be reached
by (1) estimating the contribution from nucleogenic 'Ne, 2)
avoiding samples with complex burial histories to exclude
inherited cosmogenic *'Ne, and (3) combining the "Be-°Al-
*'Ne nuclides method for the Quaternary samples.

5.2 Quaternary landscape evolution in the Guizhou
Plateau

Cosmogenic *'Ne has been used to determine the surface
denudation rates of fluvial sediments with the assumption of
a steady-state denudation model. However, the nucleogenic
and inherited cosmogenic *'Ne from fluvial sediments are
non-negligible because it is a stable isotope and does not
decay. The overestimated cosmogenic *'Ne may cause un-
derestimated surface denudation rates or overestimated ex-
posure ages (Hetzel et al., 2002; Graf et al., 2007; Codilean et
al., 2008; Strasky et al., 2009; Ma et al., 2016). Depth profile
is a good way to distinguish the present cosmogenic *'Ne
from inheritance and nucleogenic *'Ne (Phillips et al., 1998;
Ma et al., 2016). However, it is invalid for the burial samples
due to the lack of post-burial production. In our study region,
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an approach combining the ""Be-*°Al-*'Ne nuclides is car-
ried out to determine the Quaternary landscape evolution
history. The pre-burial basin denudation rates, excluding the
SXC samples with an extremely high value of 580 mm kyf1
and the MWC and MDC with the lower values, range from
~18.3 to 68.6 mm kyr ' (mean 39+18 mm kyr '), which is
consistent with the carbonate surface denudation rates de-
rived from cosmogenic el (16-51 mm kyrfl) (Xu et al.,
2013; Yang et al., 2020) and water chemistry data (30—
42 mm kyr ) (Han and Liu, 2004; Xu and Liu, 2010) (Figure
4). The HZ1 modern surface denudation rate of 74 mm kyr71
(Table 3) derived from eq. (6) with an assumption of steady-

state denudation also shows a similar result. The Liuchonghe

and Sanchahe watersheds fluvial incision rates of 53.2 3¢ and

42.6"*¥ mm kylf1 (Figure 7), respectively, are slightly
higher than the surface denudation rate, which might be the

result of the regional tectonic uplift. However, the Luoan-

jiang watershed presents a high fluvial incision rate (2597,

mm kyrfl) (Figure 7) and low pre-burial basin denudation
rates (Table 2), suggesting that the fluvial retreat in this local
area might have started relatively later than elsewhere, but
the fluvial dynamics is stronger since the late Quaternary
(Table 2), and/or a strong tectonic uplift controlled by Zunyi
fault in Luoanjiang area (Figure 1b). Our fluvial incision
rates, as well as surface denudation rates derived from 36Cl,
show that the incision/ denudation rates are higher in the

western and central Guizhou highlands and lower in the
eastern lowlands (Figure 1b). The results show that the re-
gional variation in incision/denudation rates is likely con-
trolled by stronger tectonic uplift and fluvial retreat in the
western and central Guizhou Plateau. In summary, the con-
sistency of the different timescales pre-burial basin denu-
dation rate, *®Cl surface denudation rate, water chemistry
data, and modern basin denudation rate suggests that the
landscape-scale surface denudation has been stabilized since
the Quaternary. The slightly higher incision rates excluding
the most eastern sample HC than the surface local denuda-
tion rate show that the river dynamics may not have reached
steady-state due to the regional tectonic uplift.

6. Conclusions

Based on the '"Be-’Al-*'Ne nuclides measurements from
cave deposits, modern river sediments and bedrock sand-
stones from the Guizhou Plateau, we conclude that: (1) The
contribution from nucleogenic and/or inherited cosmogenic

*'Ne in sediments quartz is non-negligible, (2) the con-
sistency of the different timescale surface denudation rates
suggest that the landscape-scale surface denudation rate is
relatively stable during the Quaternary in the Guizhou Pla-
teau, and (3) the tectonic uplift plays an important role in
modulating the landscape evolution in the Guizhou Plateau.
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