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Understanding weathering processes in landslide-dominated catchments is critical for
evaluating the role of landslides in chemical weathering and the global carbon cycle.
Previous studies have focused on solute concentrations in landslide-impacted
landscapes, but have paid less attention to developing isotopic tracers of landslide-
induced weathering fluxes. Recent work found that the dissolved radiogenic uranium
isotopes in river water are closely related to the denudation rates in catchments draining
steep mountains where landslides are thought to be a major erosion mechanism,
suggesting the potential of uranium isotopes to trace landslide-induced weathering
fluxes. Here we compile the dissolved radiogenic uranium isotopes (234U/238U ratios) in
the river water samples from a group of catchments with variable landslide activities in the
Minjiang River Basin at the eastern margin of the Tibetan Plateau. We derive three metrics
of landslide activity from the analyses of digital topography and an inventory map of the co-
seismic landslides triggered by the 2008 Mw7.9 Wenchuan earthquake: the normalized
volume of landslides, the mean catchment slope angle, and the fraction of slopes steeper
than a threshold angle beyond which slopes are mechanically unstable. The riverine
dissolved 234U/238U ratios correlate negatively with the metrics of landslide activity in each
catchment, which likely reflect the influence of landslides on the dissolved 234U/238U ratios.
Mechanistically, enhanced bedrock landsliding would accelerate the exposure of fresh
rock, promoting bedrock weathering and congruent dissolution of 234U and 238U
contained in minerals; reduced landslide activities and enhanced regolith weathering
would lead to preferential accumulation of 234U against 238U in solutes through alpha-
recoil ejection, thus increasing dissolved 234U/238U. Our findings provide field evidence of
using the riverine dissolved 234U/238U ratio to trace weathering fluxes driven by landslides,
shedding new light on chemical weathering processes in uplifting mountains.
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INTRODUCTION

In uplifting mountains, hillslopes steepen in response to channel
incision and become prone to landslides once hillslopes are
steeper than the angle of repose (Burbank et al., 1996; Ouimet
et al., 2008; Larsen and Montgomery, 2012). In seismically active
regions, the seismic ground motion also induces landslides that
erode topography and counteract seismic uplift (Keefer, 1994;
Parker et al., 2011; Marc et al., 2016; Li G. et al., 2019). As a legacy
of tectonic uplift, landslides have profound influences on Earth’s
surface environments, from generating hazards to exporting
sediment and organic carbon fluxes (Fan et al., 2019;
Croissant et al., 2021). Besides these recognitions, major
research efforts have been devoted to studying how landslides
impact chemical weathering—a key process governing the
exchange of carbon between the atmosphere and lithosphere
(Emberson et al., 2016; Jin et al., 2016; Emberson et al., 2017;
Emberson et al., 2018). Because landslides have been identified as
a primary mechanism of erosion in steep mountains (Hovius
et al., 1997; Larsen andMontgomery, 2012; Li G. et al., 2017; Marc
et al., 2019), the linkage between landslide activity and chemical
weathering holds key implications for the interplay between
tectonic uplift, erosion, and the carbon cycle. Understanding
this linkage requires effective tracers of landslide-induced
weathering fluxes (e.g., Li et al., 2018; Li S. et al., 2019), which
have received less attention. Studies have used total dissolved
solids (TDS, Emberson et al., 2016), elemental composition (Jin
et al., 2016), and 10Be (meteoric)/9Be (Deng et al., 2021) to
examine landslide-induced weathering, but we are still lacking
tracers of the weathering of fresh bedrock exposed during
landsliding. In the previously used tracers, TDS and elemental
concentrations are sensitive to lithologic variations and are easily
influenced by rainfall-related dilution effects (e.g., Gaillardet
et al., 1999; Torres et al., 2015). Using 10Be (meteoric)/9Be to
trace weathering processes relies on robust constraints on the
absorption coefficients of 10Be to different minerals (von
Blanckenburg et al., 2012).

The radiogenic uranium isotopes (234U and 238U) in river
water provide a promising tool to trace weathering fluxes from
landslide debris. The 234U/238U ratios of river water are
controlled by the competition between the direct recoil
ejection of 234Th associated with alpha-decay of 238U and the
preferential dissolution of 234U from lattices that have been
radioactively damaged by alpha-decay of 238U (Bourdon et al.,
2003; Chabaux et al., 2003; Li et al., 2018). It is suggested that the
significant influence of preferential dissolution of 234U on
riverine 234U/238U ratios is only applied to regions with
extremely high erosion rates, such as Taiwan and
New Zealand (Li et al., 2018). Meanwhile, studies show that
the riverine 234U/238U ratio is closely related to catchment-scale
denudation rates (Robinson et al., 2004; Vigier et al., 2006; Li
et al., 2018), and those relationships are likely caused by the
differential weathering of fresh bedrock and aged regolith (Li
et al., 2018). In rapidly eroding catchments where landslides
dominate erosion budgets (Hovius et al., 1997; Larsen and
Montgomery, 2012; Li G. et al., 2017; Marc et al., 2019),
landsliding promotes the exposure of fresh bedrocks and

minerals (Emberson et al., 2018), likely accelerating chemical
weathering and causing congruent dissolution of 234U and 238U
contained in minerals, leading to a near-equilibrium 234U/238U
activity ratio (~1). In slowly eroding catchments where landslides
occur less frequently, weathering mostly occurs in regolith which
has a long residence time in the catchments (West et al., 2005) to
allow the preferential accumulation of 234U versus 238U in solutes
through the alpha-recoil ejection of 238U, causing a higher 234U/
238U ratio of river water (Chabaux et al., 2003; Li et al., 2018).
Therefore, the riverine dissolved 234U/238U ratio has the potential
to trace the weathering of freshly exposed bedrock and rock
debris, which are commonly related to landsliding.

The 2008 Wenchuan earthquake (Mw 7.9) triggered extensive
landslides in the Minjiang River Basin (Figure 1, Parker et al.,
2011; Li et al., 2014), providing a unique opportunity to test the
riverine 234U/238U ratio as a tracer of landslide-driven
weathering. In this work, we compiled the dissolved 234U/238U
ratios in river water samples from a group of catchments draining
the epicentral region of the Wenchuan earthquake from a prior
study (Li et al., 2018). We derived three metrics of landslide
activity and propensity from a landslide inventory map and
digital topography and compared those metrics to the
compiled riverine 234U/238U to validate the dissolved uranium
isotopes as a tracer of landslide-induced weathering. Lastly, we
discussed the implications of landslide-induced weathering for
the ‘uplift-weathering’ hypothesis and theories of weathering
kinetic.

FIGURE 1 | Map view of the sampling locations. The yellow polygons
represent the co-seismic landslides triggered by the 2008 Wenchuan
earthquake (Mw 7.9) (Li et al., 2014). The inset map shows the studiedMinjiang
River Basin in the regional context. Lithology: 1. Precambrian high-grade
metamorphic rocks and granitoid; 2. Paleozoic carbonate rocks/basalts; 3.
Triassic sedimentary including low-grade metamorphic rocks; 4. Mesozoic
granitoid; 5. Mesozoic clastic rocks; 6. Cenozoic clastic rocks; 7. Quaternary
fluvial deposits. The geologic map with major faults comes from Ye et al.
(2017).
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SETTINGS, MATERIALS, AND METHODS

Settings
We focused on the Minjiang River Basin at the eastern border of
the Tibetan Plateau. The 2008 Mw7.9 Wenchuan earthquake
occurred in the river basin and induced massive co-seismic
landslides (Figure 1, Parker et al., 2011; Li et al., 2014). The
bedrock geology in the Minjiang River Basin is characterized by
Precambrian high-grade metamorphic rocks, Paleozoic
carbonate rocks, and Triassic sedimentary sequences including
low-grade metamorphic rocks (Figure 1). The river network in
the Minjiang River Basin drained landscapes across a gradient of
landslide activities (Li et al., 2016).

U Isotope and Water Chemistry Data
Compilation
The dissolved 234U/238U dataset in the Minjiang River Basin was
adopted from a global compilation of riverine 234U/238U data (Li
et al., 2018). We summarized their sampling and measurement
procedures below. In short, 12 water samples from the Minjiang
River tributaries and 6 water samples along the mainstream of the
Minjiang River were collected in June 2015 and August 2016
(Figure 1). For each sample, around 1 L of river water was
collected and filtered through 0.22 μm cellulose acetate
membrane filters. A split of the filtered sample was acidified to
pH < 2 using 15 M HNO3 and stored below 5°C for uranium
isotope measurements. The uranium in the water samples was
separated using UTEVA resin (100–150 mesh), following the
method in Wang and You (2013). The (234U/238U) ratios were
measured by an MC-ICP-MS (Neptune Plus) following the
protocol of Li L. et al. (2017). The standard seawater IAPSO
was measured to check the accuracy of measurement, giving
(234U/238U) ratios of 1.144 ± 0.002 and 1.143 ± 0.001 (mean ±2 ×
standard error), consistent with the long-term measurement
value of 1.143 ± 0.004 (Li et al., 2018) of the laboratory and
the recommended value of 1.144 ± 0.004 (Wang and You, 2013).

In this work, we complemented the U isotope analysis by
measuring the cations and anions of the aliquots of the same set of
samples collected by Li et al. (2018). The cation (K+, Ca2+, Na+,
Mg2+) and dissolved Si concentrations were measured on the
acidified splits of the filtered river water samples using an
inductively coupled plasma-optical emission spectrometer
(ICP-OES, iCAP-6300). The anions (F−, Cl−, NO3

−, SO4
2-)

were measured on the un-acidified splits using an ionic
Chromatography System (Dionex ICS-1100). The
measurement uncertainties were less than ±5% (2 SD) based
on repeated analyses of the samples and standards. The
contribution of the atmospheric input to Na is corrected by:

[Na]p � [Na] − [Cl] (1)
where [Na]*, [Na] and [Cl] represent the concentrations of
atmosphere-input-corrected Na, uncorrected Na, and Cl in
river water, respectively. The alkalinities in the unfiltered water
samples were titrated in the field by hydrochloric acid using
methyl orange as an indicator for the endpoint (pH = 4.4). The

TDS (mg/L) of all water samples was calculated by summing the
concentrations of cations, dissolved Si, anions, and alkalinities.

Topographic Analysis
We extracted 18 catchments upstream of the sampling sites using
the hydrological toolbox in ArcMap 10.2 and the ASTGTM2
digital elevation model (DEM) with 30-m resolution (https://
lpdaac.usgs.gov/products/astgtmv002/). We computed three
metrics to represent landslide activity and propensity in each
catchment. First, we adopted the Wenchuan co-seismic landslide
data from a published landslide inventory (Li et al., 2014), and
calculated the normalized volume of landslides (LSnorm) in each
catchment by normalizing the total volume of the co-seismic
landslides that are calculated from a regional landslide
area–volume scaling relation (Parker et al., 2011; Li et al.,
2014) by the total catchment area. Second, we calculated the
mean slope angles of all cells in the catchments as a metric for
landslide propensity considering that steeper catchments
generally have higher erosion rates and more frequent
landslide events (Ouimet et al., 2009; Larsen and Montgomery,
2012). Third, we quantified the fraction of cells inclined at angles
steeper than a threshold angle of 32° whereas those over-
steepened cells are prone to failures (Ouimet et al., 2009;
Clarke and Burbank, 2010) and term this fraction, Fo.

RESULTS

The mean catchment slope angles vary from 24.0° to 30.1° for the
catchments where the corresponding sampling sites are in the
mainMinjiang River, with an increasing trend from upper stream
to downstream (Table 1). For the sampled tributary catchments,
the mean slope angles lie between 23.0° and 36.1° (Table 1). Two
catchments in the upper stream part of the Minjiang River Basin
(corresponding to JGS6 and JGS9) do not have identifiable
landslides from the Wenchuan earthquake, but the other four
catchments whose corresponding sampling sites are along the
main Minjiang River have an increase in the normalized volume
of landslides (LSnorm) from the upstream (JGS11, 121 m3 km−2)
to downstream sites (ZPP, 64100 m3 km−2) (Figure 1 and
Table 1). Five sampled tributary catchments have negligible
co-seismic landslides triggered by the Wenchuan earthquake,
and the other tributary catchments show variable LSnorm from
115 to 184234 m3 km−2 (Figure 1 and Table 1). The fraction of
slopes steeper than threshold angle (Fo) increases from 21.3 to
44.4% from upstream to downstream for those sites along the
main Minjiang River and varies between 12.7 and 69.1%
(Table 1) for the studied tributary catchments. TDS changes
from 176.3 to 322.5 mg/L (Table 1) for the samples from themain
Minjiang River with an increase from the upstream to
downstream sites, and ranges between 129.4 to 491.7 mg/L for
the tributary catchments (Table 1).

The (234U/238U) value of the samples from the main Minjiang
River decreases from 1.597 to 1.114, with higher 234U/238U ratios
from the upstream sites and lower 234U/238U ratios from the
downstream sites (Figure 2 and Table 1). The samples from the
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TABLE 1 | The chemical composition of river water and the riverine geomorphic features in the Minjiang River Basin.

NO. Name Longitude

(°)

Latitude

(°)

Ca2+ μmol/

l

K+ μmol/

l

Mg2+ μmol/

l

Na+ μmol/

l

Si μmol/

l

F− μmol/

l

Cl− μmol/

l

NO3
− μmol/

l

SO4
2-

μmol/l

Alkalinity μmol/

l

TDSa

mg/L

(234U/
238U)b

2SE Mean

catchment

slope

angle (°)

STD

(°)

Normalized

volume of

landslides

(LSnorm,

m3 km−2)

Fraction of

slopes

steeper

than

threshold

angle

(Fo, %)

Minjiang main river

1 JGS6 103.6037 32.6851 1,281 23.3 422 139.7 92.3 4.7 31.2 24.8 79.5 3,500 294.9 1.597 0.002 24.0 10.1 0 21.3

2 JGS9 103.7190 32.3311 1,239 23.4 644 144.7 95.2 2.8 29.5 28.6 121.0 3,820 322.5 1.370 0.001 25.5 10.1 0 25.8

3 JGS11 103.8241 31.6599 755 27.2 355 122.9 90.5 5.0 33.4 28.3 136.5 2,020 187.4 1.180 0.001 28.0 10.8 121 36.2

4 JGS4 103.7661 31.4813 760 28.0 355 119.5 88.3 5.7 35.8 28.2 177.6 2,050 193.3 1.154 0.001 28.2 10.9 6764 36.9

5 MJYX 103.4792 31.0422 710 32.3 310 111.1 90.4 3.6 24.1 24.5 165.0 1,880 178.0 1.126 0.001 30.1 11.2 61262 44.4

6 ZPP 103.5743 31.0331 726 31.4 316 116.8 89.1 3.5 30.0 26.4 173.6 1,820 176.3 1.114 0.001 30.1 11.2 64100 44.4

Tributaries of Minjiang River

7 JGS3 103.5729 31.5000 569 34.4 203 78.6 85.9 5.5 22.4 31.1 168.9 1,220 129.4 1.044 0.001 33.2 10.9 13757 57.5

8 JGS10 103.6838 31.8415 571 19.9 216 95.8 84.9 5.1 27.5 22.7 108.9 1,320 129.5 1.155 0.001 28.6 10.9 115 39.0

9 JGS12 103.0990 31.4031 616 36.9 163 75.9 87.2 6.1 17.5 27.9 130.9 1,920 169.1 1.031 0.001 32.5 10.8 6943 54.9

10

JGS13 103.3069 31.0889 787 31.6 296 76.3 75.5 2.4 12.4 30.0 255.4 1,780 181.5 0.989 0.001 33.0 11.6 62522 55.5

11

YZX-U 103.4253 31.0739 705 31.8 208 87.8 97.9 0.8 10.9 47.1 215.8 1,420 153.0 0.994 0.001 33.3 11.6 165679 56.7

12

YZX-D 103.4514 31.0719 715 60.8 171 136.9 132.6 1.8 27.4 9.2 91.2 1,450 145.0 1.001 0.001 33.4 11.7 184234 56.9

13

AB16H33 103.6719 31.9744 918 31.7 357 87.3 85 3.1 7.5 15.9 145.1 2,340 211.6 1.069 0.001 36.1 9.1 5,809 69.1

14

AB16H34 103.7375 32.1197 1,167 32.9 553 142.7 92 0 22.6 54.9 226.0 3,120 286.2 1.169 0.001 35.9 11.2 0 65.6

15

AB16H35 103.7750 32.2175 847 15.0 840 91.9 67 0 11.1 19.2 111.9 3,300 274.4 1.054 0.001 34.0 9.6 0 60.3

16

AB16H36 103.6147 32.6081 1,272 32.0 1,270 283.5 118 10.3 23.1 18.7 124.9 5,700 458.1 1.676 0.002 23.0 8.2 0 12.7

17

AB16H37 103.6000 32.6769 1,404 38.0 1,251 262.3 123 6.4 17.4 11.9 44.2 6,310 491.7 1.477 0.001 26.3 8.2 0 23.2

18

AB16H40 102.7347 31.7492 863 8.6 536 94.7 81 2.5 6.0 14.9 236.0 2,800 249.4 1.114 0.001 28.4 8.5 0 36.2

aTDS (Total dissolved solids) = Ca2+ + K+ + Mg2+ + Na+ + Alkalinity + F− + Cl− + NO3
− + SO4

2- + SiO2 in mg/L.
bThe (234U/238U) ratios have been published in Li et al. (2018) [NO. 69 to NO. 86 in Table S2 of Li et al. (2018)].
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tributary catchments have (234U/238U) ratios ranging from 0.989
to 1.676.

The riverine dissolved (234U/238U) ratios have negative
correlations with the normalized volume of landslides, the mean
catchment slope angle, and the fraction of slopes steeper than
threshold angle (32°) in the Minjiang River Basin (r = −0.70, −0.83,
and −0.85, respectively, Figures 3A, 4 and Table 1). In contrast,
opposite trends between (234U/238U) ratios and Ca/Na* ratios are

observed for the mainstream and tributary samples with a positive
correlation for mainstream and a negative correlation for tributary
(Figure 5). We do not observe statistically significant correlations
between TDS and the normalized volume of landslides (LSnorm) in
the Minjiang River Basin (Figure 3B), unlike the result from
New Zealand (Emberson et al., 2016).

DISCUSSION

Landslide-Induced Weathering Traced by U
Isotopes
The decreasing (234U/238U) of the main Minjiang River samples
from upstream to downstream (Figure 2) could be influenced by
the lithologic variation of bedrock (Figure 1). To test this
possibility, we examine how dissolved (234U/238U) vary with
the Ca/Na* ratio of river water, with the latter being widely
used to constrain the contribution of the weathering of different
bedrock to riverine weathering flux, especially the contribution of
carbonate weathering and silicate weathering (e.g., Gaillardet
et al., 1999). However, the observed opposite trends between
(234U/238U) ratios and Ca/Na* ratio for mainstream and tributary
of Minjiang River (Figure 5) support that lithologic variations

FIGURE 2 | The (234U/238U) values of the samples collected along the
main Minjiang River from upstream to downstream. The error bar for the (234U/
238U) ratio is smaller than the size of the symbols.

FIGURE 3 | Relationships between the riverine dissolved (234U/238U) ratios (A), TDS (B), and the fraction of normalized volume of landslides (LSnorm) in the Minjiang
River Basin. The r in the bottom left represents the correlation coefficient for the linear fit of the circles with LSnorm bigger than zero. The error bar for the (234U/238U) ratio is
smaller than the size of the symbols.

FIGURE 4 | Correlations between riverine (234U/238U) values and mean
catchment slope angle (A) and the fraction of slopes steeper than the threshold angle
(F0) (B) in the mainstream and tributary catchments of Minjiang River Basin. The r in
the bottom left represents the correlation coefficient for the linear fit of all circles.
The error bar for the (234U/238U) ratio is smaller than the size of the symbols.

FIGURE 5 | Correlations between riverine (234U/238U) values and
corrected Ca/Na* ratios in the mainstream and tributary catchments of
Minjiang River Basin. The error bar for the (234U/238U) ratio is smaller than the
size of the symbols.
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cannot explain the variation of riverine U isotope in the Minjiang
Basin in a consistent way.

We attribute the observed decreasing (234U/238U) of the main
Minjiang River samples to the increasing inputs of solutes
produced by landslide-induced weathering. The co-seismic
landslides triggered by the 2008 Mw 7.9 Wenchuan earthquake
represent the most recent major landslide-triggering event in the
Minjiang River Basin and the density of these co-seismic
landslides increases from upstream to downstream along the
main Minjiang valley (Figure 1). Freshly fragmented rocks,
which are often produced by bedrock landsliding (Emberson
et al., 2018), have a high proportion of unweathered and U-active
minerals (White and Brantley, 2003), such as biotite and apatite.
Rapid dissolution of these active minerals would release 234U and
238U congruently with only limited alpha-recoil ejection of 234U
from the decay of 238U, thus yielding a near-equilibrium (234U/
238U) ratio (~1) of the dissolved product from weathering of fresh
landslide debris. Therefore, a prominent contribution of
landslide-induced weathering fluxes to the downstream
Minjiang River provides a plausible explanation for the lower
riverine dissolved (234U/238U) ratios (Figure 2). In contrast,
landslides are less frequent in the upstream Minjiang River
where erosion rates are low and regolith weathering likely
dominates the total weathering fluxes. In those settings, recoil
ejection of 234U from the accumulated weathering residue in the
regolith would cause accumulation of 234U and thus high (234U/
238U) ratios in solutes (Li et al., 2018), thus explaining the high
(234U/238U) ratios of the river water samples from the upstream
Minjiang River (Figure 2).

We evaluate the influence of landslides on the riverine 234U/
238U using the normalized volume of landslides (LSnorm) in the
catchment (e.g., Emberson et al., 2016). The negative correlation
between (234U/238U) ratio and LSnorm in the studied catchments
of the Minjiang River Basin (Figure 3A) is expected from the
previous explanation of 234U/238U fractionation during mineral
dissolution, likely revealing a control of bedrock landsliding on
the riverine (234U/238U) ratio with low (234U/238U) in solutes
dominated by landslide-induced weathering fluxes.

The normalized volume of landslides (LSnorm) is determined
from the mapped co-seismic landslides triggered by the 2008
Wenchuan earthquake (Li et al., 2014), but does not account for
the historical landslides occurring before the earthquake. Those
landslide deposits may get revegetated but remain in the
catchments (Pearce and Watson, 1986; Wang et al., 2015),
being continuously weathered and contributing to solute
fluxes. With that in mind, we adopt two other metrics for
landslide activities: mean catchment slope angle and the
fraction of slopes greater than the threshold angle. Mean
catchment slope angles reflect topographic steepness and scale
positively with erosion rates (Ouimet et al., 2009). Catchments
with higher mean slope angles generally have faster erosion rates
whereas bedrock landslides occur more frequently on slopes
steeper than threshold angles (Ouimet et al., 2009; Clarke and
Burbank, 2010). Therefore, themean catchment slope angle could
reveal landslide activities to first order. Similarly, the fraction of
slopes steeper than the threshold angle (Fo) represents the extent
of steep landscapes prone to landslides in a catchment, providing

another useful metric for landslide activities. That said, the
significant negative correlations between the riverine dissolved
(234U/238U) ratios and mean catchment slope angle (Figure 4A)
and the fraction of steeper-than-threshold-angle slopes
(Figure 4B) reveal the influence of landslide activities on the
riverine 234U/238U signals through their effects on chemical
weathering. We note that varying the chosen threshold angle
within 25–35° does not affect the correlation between (234U/238U)
ratios and Fo (Figures 6A-D). Overall, our observations support
using the riverine 234U/238U to trace landslide-induced
weathering fluxes.

Landslide Activity and TDS
TDS is another useful tool to trace landslide-induced weathering.
For example, Emberson et al. (2016) found a strong positive
correlation between TDS and normalized landslide volume,
indicating the control of landslide-induced weathering on
TDS. However, TDS seems not able to reflect landslide-
induced weathering fluxes in the Minjiang River Basin, since
no clear relationship exists between TDS and LSnorm (Figure 3B).
We tentatively attribute the silent response of TDS to LSnorm in
the Minjiang River Basin to the complicated lithology. The main
bedrocks in the upper stream of the Minjiang River are Triassic
meta-sediment that usually contains abundant carbonate
minerals and Paleozoic carbonate rocks/basalts (Figure 1).
Weathering of carbonate minerals is generally fast and can
quickly increase TDS, providing a non-landslide mechanism to
boost TDS (Jacobson et al., 2003). Our results suggest that
accounting for lithological variations and separating carbonate

FIGURE 6 | Correlations between riverine (234U/238U) values and the
fraction of slopes steeper than the threshold angle (F0) under different values of
applied threshold angle in the mainstream and tributary catchments of
Minjiang River Basin. Panel (C) is the same as Panel 4B except for the
range of the X-axis. The r in the top right represents the correlation coefficient
for the linear fit of all circles. The error bar for the (234U/238U) ratio is smaller
than the size of the symbols.
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and silicate weathering are critical for understanding how
landslides impact chemical weathering. Quantifying weathering
budgets of different rocks is beyond the scope of this study, but we
emphasize that this represents an important future research
direction in studies of weathering processes in landslide-
prone areas.

Implications for Weathering Kinetics and
the “Uplift-Weathering” Hypothesis
The near-equilibrium dissolved (234U/238U) ratios in the
Minjiang River Basin and their correlations with the metrics
for landslide activities suggest that landslide-induced weathering
fluxes may have major contributions to the total solute fluxes in
an active mountain range. Future studies based on our findings
could provide new insights into the theories of weathering
kinetics, especially into our understanding of how silicate
weathering rates respond to changes in physical erosion rates.

Modern observations from small catchments suggest that
silicate weathering rates may be limited by weathering kinetics
in rapidly eroding settings (West et al., 2005; West, 2012). In this
framework, when erosion rates are high, silicate weathering rates
do not increase with erosion rates but are regulated by climatic
factors (e.g., precipitation and temperature) (West et al., 2005;
West, 2012). On the other hand, the observations of ridgetop soils
from New Zealand show that chemical weathering rates increase
proportionally with physical erosion rates (Larsen et al., 2014),
suggesting no kinetic limitations of weathering reactions.
Reconciling the different observations from catchments versus
from soils is critical for a better understanding of the role of
tectonic uplift in the global carbon cycle and Earth’s climate
(Raymo et al., 1988; Raymo and Ruddiman, 1992; Goddéris et al.,
2017; Li et al., 2021). In this context, the roles of different
geomorphic processes, especially landslides, have not been
explicitly considered yet.

Our results shed light on the weathering-erosion coupling by
demonstrating that landslides couldmake amajor contribution to
riverine solute fluxes. Which cannot be captured by the studies of
soil profiles. Studies have shown that landslides dominate
sediment budgets in uplifting mountains (Hovius et al., 1997;
Li G. et al., 2017; Marc et al., 2019) and that landslide volumes
scale with chemical weathering rates (Emberson et al., 2016),
suggesting a major role of landslides in erosion and weathering in
rapidly-eroding mountains. Thus, landslide-induced weathering
may represent an under-appreciated weathering mechanism with
global-scale impacts. Resolving landslide-induced weathering
fluxes relies on the development of process-based models (e.g.,
Lebedeva et al., 2007; Ferrier and Kirchner, 2008; Hilley et al.,
2010; West, 2012; Croissant et al., 2021; Li and Moon, 2021) and
effective tracers such as the dissolved uranium isotopes presented
in this study. Future studies are needed to better understand how
weathering rates respond to landslide activities across different
conditions and to separate contributions from soils versus
landslides, as well as from different lithologies (e.g., carbonates
and silicates), in weathering budgets.

The outcomes from these research efforts would advance
our understanding of how tectonic uplift controls silicate

weathering and Earth’s climate. In this context, our work
demonstrates that the riverine dissolved 234U/238U directly
links to landslide activities in a river basin where
conventional water chemistry metric TDS cannot trace
landslide-induced weathering fluxes, providing a
promising tool to better understand landslide-driven
weathering processes in catchments with complex
lithologies.

CONCLUSION

We compiled the riverine dissolved radiogenic uranium isotopes
(234U/238U) of a group of landslide-impacted catchments in the
Minjiang River Basin and compared the results to the derived
metrics of landslide activity for each catchment. We found that
the dissolved (234U/238U) has negative correlations with the inferred
landslide activities, reflecting the influence of landslide-induced
weathering on the riverine dissolved (234U/238U). We propose
that the riverine 234U/238U ratio provides a promising tracer of
landslide-induced weathering fluxes in landslide-prone landscapes.
Whereas landslides may have a major role in controlling weathering
fluxes from upliftingmountains, future studies are needed to unravel
themechanism of landslide-inducedweathering and how that differs
fromweathering in regolith zones. The outcomeswould provide new
insights into how tectonic uplift and erosion impact chemical
weathering and the environmental impacts of tectonic uplift.
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