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Abstract. Chemical weathering driven by physical erosion is a natural process that strongly affects chemical
and solid matter budgets at the Earth’s surface. However, the influence of extreme climatic erosion on chemical
weathering dynamics is poorly understood. Badland landscapes formed in highly erodible substrates have the
potential to respond to individual events on scales that are rapid enough for direct observation. Here, we assess the
geochemical and grain-size composition of suspended sediment and riverine chemistry measurements collected
from two catchments during the 2017 Nesat and Haitang typhoons in southwestern (SW) Taiwan. During the
typhoons, the Na™ concentration covaried with suspended sediment concentration (SSC), which we attributed to
sodium-induced deflocculation. Evaporite weathering at peak rainfall is succeeded by peak silicate weathering at
maximum discharge. Overall, our observations suggest that initial weathering of near-surface evaporite enhances
the physical erosion of silicate rock during extreme rainfall events.

1 Introduction

Chemical weathering induced by physical erosion controls
nutrient supply to ecosystems (Milligan and Morel, 2002),
reflects dynamic surface processes (e.g. Calmels et al., 2011;
Clift et al., 2014; Emberson et al., 2016; Meyer et al., 2017;
Lyons et al., 2005), and regulates the global carbon cycle
and evolution of the Earth’s long-term climate (Berner et
al., 1983; Carey et al., 2005; Raymo and Ruddiman, 1992;
Gaillardet et al., 1999; Moon et al., 2007). In most land-
scapes, physical erosion and chemical weathering operate
on geological timescales that may be difficult to observe
on human timescales (e.g. Maher et al., 2014). However, in
many landscapes, erosion dominantly occurs during stochas-
tic events, such as storms (e.g. Hartshorn et al., 2002; Lee
et al., 2020; Wang et al., 2021). In particular, typhoons are
able to transport large volumes of water and dissolved solids
within hours to days, allowing us to observe the interactions
between physical erosion and chemical weathering in land-

scapes impacted by them. Nevertheless, observations of the
interaction between extreme physical erosion and chemical
weathering dynamics are limited (Meyer et al., 2017). Fur-
thermore, the lack of high-frequency stream water sampling
leads to a fundamental difficulty in constraining the dynamic
behaviour between physical erosion and chemical weather-
ing during a high-discharge period (e.g. a typhoon), which
could have key implications for our ability to quantify topo-
graphic responses to these events.

Badlands are landscapes characterised by highly erodible
and weathered substrates that are largely devoid of vege-
tation. The high erodibility of these landscapes provides a
unique opportunity to investigate and quantify denudation
processes that operate at short timescales (Cheng et al., 2019;
Yang et al., 2019, 2021a, b). Badlands are typically domi-
nated by mudstones and clays, and soils that contain clays
saturated in sodium ions are particularly vulnerable to ero-
sion by water. Sodium ions alter the layer charge of double-
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layered clay minerals (i.e. smectite) and cause the clays to de-
flocculate, which refers to the process of breaking up the clay
(and ultimately the soil) into finer particles that are more eas-
ily washed away by water (e.g. Faulkner et al., 2004; Mitchell
etal., 1993; Rengasamy and Olsson, 1991; Rengasamy et al.,
1984; Sherard et al., 1976; KaSanin-Grubin et al., 2018). Ad-
ditionally, mineral assemblage affects the stability of soil ag-
gregates; for example, small amounts of smectite in kaolinitic
materials cause it to be more dispersive and unstable (Levy
etal., 1993).

Previous studies in the badlands of southwestern (SW)
Taiwan have revealed that halite and gypsum dissolve at
depth, and they migrate to the hillslope surface and de-
posit in desiccation cracks during the dry season (Higuchi
et al., 2013, 2015; Nakata and Chigira, 2009). Others have
observed that pore waters found in the near-surface mud-
stone have Na® concentrations of 1-3x10® umol L' at 1—
2cm depth (Nakata and Chigira, 2009). Mud cracks lead
to the properties of the mudstone, e.g. rock density, water
permeability, and ion concentration between the surface (a
few centimetres to 10 cm depth) and bedrock being differ-
ent (Fig. S1). For example, the bedrock hardly participates in
physical erosion during a rainfall event due to low permeabil-
ity. We hypothesise that the dissolved halite and gypsum re-
crystallise in the near surface and are deposited in the mud-
stone cracks through capillary action during the dry season.
Subsequent precipitation dissolves the evaporite, and the dis-
solved Na™ enhances erosion by clay dispersity and exposes
more weatherable materials, forming a positive feedback cy-
cle. Assuming a mudstone substrate that is primarily com-
prised of silicate minerals, we expect that concentration of
evaporite ions should be consistent with changes in the sedi-
ment concentration and the concentration of silicate ions.

To investigate this potential feedback between evaporite
dissolution and erosion, we use suspended sediment concen-
trations (SSCs) and stream chemistry data from two catch-
ments in the badlands of SW Taiwan (Fig. 1), collected at
a temporal resolution of 3h over 3d. We interpret our ob-
servations in the badlands to reflect how the excess sodium
that re-precipitates at the surface in the dry season enhances
physical erosion and chemical weathering in the following
typhoon event.

2 Geological and meteorological setting

In Taiwan’s badlands, the annual precipitation is about 2 m,
and 90 % of the rainfall is concentrated in the rainy season.
The rainy season lasts from May to October and reaches its
peak in August, with over 400 mm of precipitation within
a single month. In contrast, less than 40 mm of average
monthly rainfall is measured from November to April. We
collected river water samples from two sites downstream of
the studied badland areas. The first site, Nanxiong Bridge
(NX), is located at the midstream of the Erren River and
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has a drainage area of 175 km?. This area includes badlands
covering an area of 4.37 km?, which accounts for 2.49 % of
the total catchment area (Fig. 1). The Erren River catch-
ment is predominantly underlain by Plio—Pleistocene mud-
stones, which are several kilometres thick and mainly fea-
ture illite (30.54 %) and chlorite (28.70 %) minerals (Tsai,
1984). During the dry seasons, the pore water chemistry in
the near-surface mudstones is mainly composed of Na™, CI~,
Ca*tand SOﬁ_ (Nakata and Chigira, 2009).

The gauging station at Nanxiong Bridge (NX) provides
hourly discharge data for calculating sediment and solute
fluxes. The annual average discharge of the NX station is
10.2m3s™!, and the typhoon season accounts for 84 % of
the total discharge. The meteorological station at Gutingkeng
(GTK) is located 5.5 km from Nanxiong Bridge and provides
hourly precipitation data. Our second sampling site is Gut-
ing Bridge (GT), with an upstream drainage area of 79 km?
and a badlands area of 1.87 km?, corresponding to 2.37 % of
the total area. Guting Bridge is located adjacent to a bad-
lands conservation area, so the riverine water chemistry re-
flects the weathering products derived from the adjacent hill-
slopes. Due to a lack of stream discharge observations at Gut-
ing Bridge, we use hourly precipitation data at GTK, which is
less than 1 km from the sampling site, to quantify the impact
of the typhoon events.

3 Methods and materials

3.1  Water sampling

We collected 42 stream samples from the two sampling sites
for the typhoon period of July 2017. During sample collec-
tion, two 1000 mL PE bottles were dropped 1-2 m below the
water surface of the river simultaneously. Suspended sedi-
ment concentration (SSC) was subsequently calculated from
the water collected in one of the PE bottles, and riverine
chemistry was determined from water collected in the other
bottle. Samples were filtered in situ, and the filtrate was pre-
served in the refrigerator for laboratory analysis. Addition-
ally, 31 samples were collected from September 2014 to De-
cember 2016 in the second half of every month at Nanxiong
Bridge for non-typhoon periods, using the same sampling
procedure.

3.2 Dissolved load and sediment chemistry analysis

For the riverine dissolved load, we measured major dissolved
anions (CI—, SOZ_, NO2—, NO3~, F7) on an ion chromato-
graph (IC; Metrohm Basic-883 plus), and we measured ma-
jor dissolved cations (Na™, KT, Mg?*, Sr’*, Ba2T, Si*t) on
an inductively coupled plasma optical emission spectrome-
ter (ICP-OES; PerkinElmer, Optima 2100DV). We measured
bulk sediment chemistry from two samples of suspended
sediment collected from Guting Bridge at low flow before
the typhoon event (2.26m>s™!) and at the peak of runoff
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(724.32m3 s~ ). About 0.7 g of dried sediment sample was
combusted in the muffle furnace at 650° for 2h and then
weighed to obtain the loss on ignition (LOI). Afterward, an
aliquot of ~ 100 mg from the residue was digested with a
mixture of concentrated HF and aqua regia. After digestion
and drying, the sample was dissolved in 0.3 N HNOj3 for
elemental determination. Major elemental concentrations of
sediment samples were obtained by ICP-OES (Varian 720-
ES) at the GFZ German Research Centre for Geosciences.

Before measuring grain size, we removed the non-clastic de-
position, i.e. sea salt, organic matter and carbonate. To re-
move sea salt, ~ 1 g of dried sediment sample was added to
15mL of distilled water, placed in a shaker and shaken at
a speed of 4000 rpm for 5 min. The centrifuged supernatant
was then poured out, and these steps were repeated three
times. To remove organic matter, 10 mL of a 15 % H;0O; so-
lution was added to the sediment and placed in an ultrasonic
oscillator for 24 h. After adding a second 10 mL of H,O,

(15 %) to confirm the completion of the reaction, the mix-
ture was centrifuged, and the supernatant containing the or-
ganic matter was removed. The sediment was then washed
by adding 30 mL of distilled water, and the supernatant was
again removed after centrifugation. This washing step was
repeated three times to remove residual H,O; in the cen-
trifuge tube. To remove the carbonates, we added 10 mL of
10 % HCl solution to the centrifuge tube and allowed the acid
to react with the sediments for 24 h. An additional 10 mL
of HCI was then added to confirm the completeness of the
reaction. The sample was then centrifuged, and the super-
natant was decanted to remove the carbonates. The sample
was then rinsed with 30 mL of distilled water, centrifuged
and decanted. This step was performed three times to remove
any residual HCI.

To disperse sediment agglomeration, we added 10 mL of
1 % Na(PO3)e solution to the sediment and let the sample
react for more than half a day. The grain size of the sedi-
ment samples was obtained by the laser diffraction particle
size analyser LA950 at the GFZ German Research Centre
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for Geosciences. By using LA950, we measured grains in
the size range of between 100 nm and about 3 cm.

3.4 Calculation of the enriched ratio and sodium
adsorption ratio (SAR)

In order to classify the supply of different ion sources during
the typhoon event, we used the enriched ratio of concentra-
tion as a reference. The enriched ratio is the ion concentra-
tion at a certain time divided by the ion concentration at the
first observation. A value greater than 1 represents a point
in time when the sample is more concentrated relative to the
first observation, whereas a value smaller than 1 represents
a point in time when the sample is more diluted relative to
the first observation. The first observation was sampled 6 h
before the typhoon, which represents the background value
of river water chemistry in this study.

Dissolved calcium and magnesium can stabilise soil ag-
gregates and therefore enhance water permeability (Nadler
et al., 1996). By contrast, excess sodium can disperse soil
particles through deflocculation, thereby reducing water per-
meability (Hanson et al., 1999). The potential for material
dispersion in badlands is generally determined by measuring
the presence and behaviour of sodium and is quantified by
the sodium adsorption ratio (SAR) (Eq. 1):

+
SAR= (1

(Ca2++Mg2+ )
2

Here, the cation measurements are expressed in milliequiv-
alents per litre (mEq L~ 1. For pore water, when SAR is
greater than 13, the excess sodium causes soil particles to
repel each other, preventing the formation of soil aggregates
(Seelig, 2000; Horneck et al., 2007). Given the influence of
soil structure, the SAR value for irrigation water smaller than
3 is low, from 3 to 9 is medium and above 9 is high (Ayers
and Westcot, 1985).

3.5 Calculation of TDS and chemical weathering rate

Riverine total dissolved solids (TDS) is widely used to es-
timate chemical weathering rates of river catchments (e.g.
Gaillardet et al., 1999). In this study, riverine TDS (in units
of umol L™ 1) is expressed as follows:

TDS = TDSain + TDSevaporite + TDSsi1 + TDScarb, 2

where the contributions from precipitation (TDSy4i,), evapor-
ite (TDSevaporite), silicate weathering (TDSg;1) and carbonate
weathering (TDSc,1) are considered. We calculated the pro-
portions of ion contributions from rainwater, evaporite, sili-
cate and carbonate for Ca, Mg, Na, Cl and SO4 with the ME-
ANDIR inversion model (Kemeny and Torres, 2021), a MAT-
LAB script for inverting fractional contributions of endmem-
bers, and the Monte Carlo propagation of uncertainty for con-
straining the chemical compositions of those endmembers.
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To exclude the input of precipitation (TDS,in) from riverine
TDS, we used local rainwater C1~ concentrations with an av-
erage value of 68 umol L™! (Lu, 2014) as well as the ratios
of SO4/Cl, Na/Cl, K/Cl, Mg /Cl and Ca/Cl in rainfall
based on the rainfall chemistry from 2007 to 2013 reported
by Lu and Lin (2014) (Table 1):

[Xlnorain = [Xriver — [XIrain, (3)
TDSrain = Z[X]raina (4)

where [X]norain reflects the remaining concentration of ion X
after the removal of atmospheric inputs, [X]iver is the con-
centration of ion X in river water, and [X];ai, is the concen-
tration of ion X from atmospheric deposition. In the second
step, we corrected for evaporite inputs (TDSeyaporite) using
the following equation:

[XInss = [Xlnorain — [X ]evap = [XInorain

—([Cl] -x(i) ) 5)
norain Cl evap )

TDSevaporite = Z[X ]evaps (6)

where [X]nss is the concentration of ion X after the removal
of ions attributed to evaporites, [X]eyap, and [X / Cl]evap is the
ratio of ion X and Cl by using the endmember molar ratios of
evaporite reported by Burke et al. (2018), of which K/ Cl is
referred to Chao et al. (2011) (Table 1). Then, after the cor-
rection for evaporite, the chemical weathering budget can be
divided into contributions by silicate (TDSgj) and carbonate
weathering (TDSc,b), expressed as

TDSsii = [Nalsii + [Klsit + [Mglsit + [Calsit + [SiO02]si1,  (7)
TDScarb = [Mglcarb + [Calcary + [HCO3]carb, (8)

1
[HCO3]carb = 5 (IMgJcarb + [Calcarn) » 9

where [Na]g; and [K]g; are riverine [Na]nss and [K]nss
concentrations, respectively. We used endmember values for
silicate- and carbonate-dominated rocks reported by Gail-
lardet et al. (1999) (Table 1). We agree that the use of global
endmembers leads to a larger range of estimations but is still
appropriate in discussing trends in weathering rates.

Considering the hydrological response, we use the flow-
weighted method to calculate the flux of solute (Huang et al.,
2012), expressed as

Flux(rain,evap,sil,carb) =

(m x Z?:lTDS(rain,evap,sil,carb)i % Q)

t
Yin1Qi

/ catchmentarea, (10)

where m is the conversion factor for a specific unit
(tkm~2yr~1), Q; is the hourly discharge corresponding to
sampling time, and Qq is the total discharge during the year
or during the typhoon.
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Table 1. Input endmembers for the MEANDIR inversion model.

Endmember S04 /C1 Na/Cl K/Cl Mg /Cl Ca/Cl
Precipitation 0.35 0.90 0.09 0.18 0.35
Evaporites 0.6+0.6 1.0+0 0.026 0.1£0.08 0.54+0.5
Ca/Na Mg/ Na
Silicates 0.35+£0.25 0.24+0.2
Carbonates 60+£30 30+ 15
3.6 Calculation of total loss of mobile elements 500 10 &
- ‘ 00 10 £
The non-dimensional mass transfer coefficient (z;, ;) is used z é }5(’%
to quantify the loss or accumulation of a mobile element (An- c% S00y o
derson et al., 2002). Notably, we use the suspended sediment ~ 0 0
before the typhoon event as the reference, instead of parent E M — ‘ ‘ " (b)
materials. g ?r ’ ' S L]
@» g o - s
C;Ci T 4f
r,,jzc“’ i 1% 100 an &5
J.b&ip % of
Here, the concentration of an immobile element, Ti (C;), or E Z:
of a mobile element (C;) in suspended sediment is denoted P

for the time before peak discharge (C; 1) or at peak discharge
(Ci,p). When the T values approach —100, it indicates deple-
tion, while values close to 100 indicate accumulation.

4 Results

4.1 Geochemistry of river water and suspended
sediment

In 2017, the Nesat and Haitang typhoons brought 579 mm of
rainfall over 3d, with a maximum intensity of 74 mmh~!.
The discharge at Nanxiong Bridge demonstrated that the cli-
matic co-response has two pulses (Fig. 2). Since the time in-
terval between the two typhoons was less than 6 h, we define
the two typhoons as one typhoon event and distinguish be-
tween a first and second discharge pulse. We quantify time
relative to the onset of the typhoon (0h). The first pulse oc-
curred from 8.5 to 32.5h, with a mean water discharge of
66.2m>s~!. The second pulse that occurred from 32.5 to
62.5h had a mean discharge that was 5.5 times higher of
369.2m3 s~!. The maximum discharge (753.2 m3s~!) was
observed during the second pulse at 44.5h (31 July 2017, at
06:00 UTC+-8) (Fig. 2).

At Nanxiong Bridge, the SSC has a statistically signifi-
cant positive correlation with the SAR (p =0.51, p<0.05).
The SSC has two peaks, one during each pulse, but the SAR
only shows a peak during the first pulse. During the first
pulse, the SSC ranged from 10 to 33757 mg L', and the
SAR increased from 1.44 to 3.14. During the second pulse,
the SSC increased from 5445 to 16900 mg L™ I and the SAR
remained about 1.44.

https://doi.org/10.5194/esurf-11-475-2023

duration (h)

Figure 2. Time series of SSC, SAR and median grain size of sus-
pended sediment (Dsg) at two sampling sites. The blue line denotes
hourly discharge (Q) at Nanxiong Bridge, and the blue bar denotes
hourly precipitation (/) at Gutingkeng station. The grey line denotes
precipitation accumulation (Pacc), the blue line denotes the Nanx-
iong Bridge (NX) dataset and the red line denotes the Guting Bridge
(GT) dataset.

The median grain size (Ds5p) ranged from 3.9 to 8.2 um,
with an average value of 5.6 um during the second pulse and
exhibited a positive correlation with discharge (p = 0.40). At
Guting Bridge, the SSC has a statistically significant positive
correlation with the SAR (p = 0.69, p<0.05) during the sur-
vey. The SSC ranged from 164 to 19 538 mg L ™! before the
first pulse and ranged from 2857 to 35920 mg L~! during the
second pulse, while the SAR showed a mean of 1.46 and two
peaks with a value over 4 during both pulses. The D5 ranged
from 3.6 to 8.8 um, with an average value of 5.3 pm during
the second pulse, (Fig. 2). In terms of sediment chemistry at
Guting Bridge, major elements of the two selected sediment
samples show that calcium and sodium accounted for about
10 % of the mass loss between the typhoon event (5.5h of
duration) and the peak of discharge (41.5 h of duration) (Ta-
ble S4).

The fractional proportions of TDS at Nanxiong Bridge
during baseflow show that precipitation, evaporites, silicates
and carbonates contribute 3.0 & 1.1 % (uncertainty gives the
standard error of the mean), 28.7 +14.6 %, 26.9 = 6.5 % and
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41.4+£13.2 %, respectively (Fig. 3a). During the typhoon
event, the proportion of TDS at Nanxiong Bridge attributed
t0 TDSpain 18 6.3 £2.4 %; TDSeyaporite contributes 32.4 &
13.6 % and increases from 27.4 % to 61.1 % at the incipi-
ent first pulse. The proportion of TDSg; contributes 39.5 &
15.2 %, which is 12.6 % higher than the non-typhoon period;
TDScarb contributes 21.8+11.5 % (Fig. 3b), which is 19.6 %
lower than the non-typhoon period. The fractional propor-
tions of TDS at the Guting Bridge show that 6.5+2.1%
of TDS is contributed by TDS;ain; TDSevaporite contributes
24.8 +16.2 % and increases from 13.6 % to 61.6 % at the in-
cipient second pulse, when the SSC and SAR peak simulta-
neously. The proportions of TDSgj and TDS¢ap contribute
39.5+15.2% and 27.5 &+ 16.7 %, respectively (Fig. 3c).
Enriched ratios of less than 1 indicate dilution, and values
greater than 1 indicate concentration. Since we set the ion
concentration of rainfall to be constant during the typhoon
event, the enriched ratio of precipitation is constant through-
out the observation period. At Nanxiong Bridge, the enriched
ratio of the evaporites increases from 0.4 to 1.7 between the
two pulses and decreases to 0.1 at the discharge peak. The en-
riched ratio of the silicates increases from 1 to 1.5 before the
first pulse and decreases to 0.1 at the peak of discharge, then
returns to 1 before the observation ends. The concentration
attributed to carbonates is always diluted. The enriched ratios
of evaporites and carbonates have a statistically significant

negative correlation with discharge (evaporites: p = —0.67,
carbonates: —0.60, p<0.05), and the enriched ratio of sili-
cate has a negative correlation with discharge (p = —0.32),

indicating dilution by typhoon rainfall (Fig. 3d). At Guting
Bridge, the enriched ratio of evaporites has two peaks dur-
ing the two pulses with a value of 5.2 at the first peak and
a value of 4.7 at the second peak. After the event, the value
returns to about 1.2. Notably, the enriched ratios of the evap-
orites during both pulses are similar, but the peak discharge
of the second pulse is 5.5 times higher than that of the first
pulse. The enriched ratio of silicate has an analogous pat-
tern with the enriched ratio of evaporites, but the enriched
ratio is smaller. Similar to Nanxiong Bridge, the enriched ra-
tio of carbonates is always diluted at Guting Bridge (Fig. 3e).
The enriched ratio of evaporite and silicate shows a statisti-
cally significant positive correlation (p = 0.96, p<0.05), and
the enriched ratios of evaporite and silicate have a statisti-
cally significant positive correlation with the SAR (p = 0.86,
p = 0.84, p<0.05). We also use the concentration—discharge
(cQ) relationship of each ion (Knapp et al., 2020) at the rising
and recession limb, as well as baseflow at Nanxiong Bridge
to assess the state of dilution behaviour (Fig. S2). Overall,
our results show that all ions are in a dilution, and the dilu-
tion in the recession limb is stronger than that in the rising
limb, except for SO4 during baseflow (8 = 0.07). The con-
centration of Na, CI and K during baseflow have a higher
variability than the values during the event. Additionally, Na,
Cl and SOy increase the concentration with increasing flow
at a certain period of the rising limb.
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4.2 Evaporite, silicate and carbonate dissolution over
time

We calculated the enriched ratios of ions (i.e. Nat, Cl—,
Ca®* and SO?[) that are sourced from evaporites (i.e. halite
(NaCl) and gypsum (CaSQOy)). The variability in the concen-
trations of each of these ions reflects the overall trends in
TDS (Figs. 3d, e, 4).

At Nanxiong Bridge, all evaporite and carbonate ions have
a statistically significant negative correlation with discharge.
The enriched ratios of evaporite Na®, CI~ and SO?[ have
the same trend (Fig. 4), which show an initial decrease during
the first pulse, followed by an increase to 2 between the two
pulses and a final decrease during the second pulse. Evapor-
ite Ca>* shows a similar trend with evaporite Nat, C1~ and
SO?[, but the values are below 1. The enriched ratios of sil-
icate Na™ and Ca’*t show an increase during the first pulse
and a decrease to less than 1 before the rainfall peak, fol-
lowed by an increase from about 0.06 to 1.11 at the end of
observation. At Guting Bridge, all evaporite ions have a sta-
tistically significant positive correlation with the correspond-
ing silicate ions (Na*t, p =0.98; Ca™, p =0.81, p<0.05).
Evaporite Na™, C1~ and SOi_ each have two peaks that oc-
cur prior to the maximum rainfall and reflect a factor of 5 in-
crease in the enriched ratio. Compared with Nanxiong Bridge
(downstream), the enriched ratio of evaporite Ca>* at Guting
Bridge concentrates at the onset of the first pulse and after
peak discharge. Additionally, the enriched ratios of carbon-
ate at Guting Bridge are similar to Nanxiong Bridge and are
always below 1.

Gaillardet et al. (1999) documented that dissolved ion ra-
tios of Ca/Sr and Na / Sr are distinct for carbonates (low
Na/ Sr, high Ca/Na) versus silicates or evaporites (high
Na / Sr, low Ca /Na). We use these ratios to elucidate po-
tential mixing between carbonates, silicates and evaporite
endmembers (Fig. 5). At Nanxiong Bridge, non-typhoon ra-
tios of Na / (1000 - Sr) and Ca / (1000 - Sr) are 0.23-0.68 and
0.19-0.35, respectively (Table S4). These values increase
markedly during the typhoon events, with enriched ratios of
Na* exceeding 5 at T = 11.5 and 35.5h. The high concen-
trations of Nat, CI~ and SOi_ (as illustrated in the enriched
ratio) indicate that there is an enhanced dissolution of evap-
orites at the onset of the typhoon event, especially at Guting
Bridge. Subsequently, the concentration of Na™ decreased
with sustained rainfall. Then, the ratios approach the silicate
or carbonate weathering (high Na / Sr, high Ca / Sr ratios)
after the peak discharge.

5 Discussion

5.1 Relationships between dissolved evaporite and river
water chemistry

Before the survey, the monthly rainfall of the study area was
72.5 mm, which is only 18 % of the average monthly rain-
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Figure 3. Time series illustrating TDS sources during the typhoon event at the two sampling sites. Panel (a) shows the average proportion
of TDS for the non-typhoon period from September 2014 to December 2016 at Nanxiong Bridge. Panels (b) and (¢) denote the endmember
contributions to TDS at the Nanxiong Bridge dataset and Guting Bridge dataset from the typhoon period; the red bar denotes TDS 1, (Eq. 8);
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period; the red line denotes TDSc,p; the orange line denotes TDSg;); the azure line denotes TDSeyaporite; the blue line denotes the TDSpjn;

the blue bar denotes hourly precipitation (/) at the GTK station.

fall, implying that it provides a relatively dry environment for
accumulating evaporites on the slope surface. Under maxi-
mum rainfall intensity, Na™, C1~ and SOAZ‘Jr at Guting Bridge
show markedly increased concentrations at the onset of the
typhoon, peaks in enriched ratios that exceed 5 (Fig. 4), and
the greatest contribution of dissolved ions from evaporites
(Fig. 3). Calculated with pore water chemistry during the dry
season from the same study site, the sodium adsorption ratio
(SAR) is 240.8 and exceeds the threshold value of 13. During
the typhoon event, the river water SAR has a maximum value
of 4.41 at Guting Bridge (3.14 at Nanxiong Bridge), suggest-
ing soil deflocculation within the river is weaker than on the
hillslopes. However, the SAR has a statistically significant
positive correlation with TDSeyaporite (0 = 0.86, p<0.05) at
Guting Bridge (upstream). This pattern indicates that excess
sodium is effective at inducing material dispersion at hill-
slopes, and, thus contributing to a higher suspended sediment
load. The trend of the river water SAR is able to reflect the
extent of dissolved Na™ from the hillslope (Fig. 2).

These observations and results suggest that rainwater in
the typhoon event rapidly dissolves the evaporites on the
slope surface, which produces high measured concentrations
of Na™, CI~ and SOZ*’ during the time of peak precipita-
tion (30-40h of duration). Furthermore, the dissolution of
the near-surface evaporite deposits should be most heavily
influenced by runoff from the hillslopes, so we expect that

https://doi.org/10.5194/esurf-11-475-2023

excess sodium and enhanced erosion will be most significant
on the hillslopes.

At Nanxiong Bridge, we observe a 10h delay in the peak
enriched ratio relative to the SAR (Fig. 3d) and overall lower
enriched ratios relative to Guting Bridge (Fig. 3d, e). We sug-
gest that dilution and the transport distance from the bad-
lands are responsible for this. The two catchments have a
similar areal extent of badlands within the total catchment
area, which is about 2.49 % at Nanxiong Bridge catchment
and 2.37 % in Guting Bridge catchment. Badlands contribute
considerable evaporite solutes (Chou, 2008), but the higher
downstream drainage area will result in dilution of the so-
lutes without additional inputs. Additionally, Nakata and
Chigira (2009) have observed that salt dissolution induces an
increase in electrical conductivity during intermittent rain-
fall events and decreases gradually after rainfall events when
evaporation and salt precipitate. Therefore, re-crystallisation
during the transportation is to be expected.

5.2 From evaporite dissolution to silicate weathering

Our results show that the typhoon is responsible for mo-
bilising 16.8 tkm~2yr~! of dissolved solutes derived from
silicate weathering during the course of the event, and this
flux corresponds to 16.6 % of the annual silicate weather-
ing flux (Table S3). Additionally, we observed a change in
the dominant chemical weathering mechanism during the
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Figure 4. Time-series patterns in enriched ratio at two sampling
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typhoon event. We rule out significant contributions from
baseflow and deep seawater after peak discharge, since ra-
tios shift to higher Na / Sr and Ca / Sr ratios relative to the
non-typhoon ratio (Fig. 5a, b), and the Ca / Sr ratio of mud
volcanoes in the study site is 1 order of magnitude less than
river water (Chao et al., 2011). Carbonate weathering is the
primary contributor of Ca®>* for most of the world’s large
rivers (Gaillardet et al., 1999), but the increased Na™ and
consistently enriched ratio of carbonate Ca** does not make
this a likely main contributor to the Erren River during the
typhoon. We thus suggest that the principal source of dis-
solved solutes is likely to be silicate weathering. This inter-
pretation is supported by the temporal evolution of the en-
riched ratio of silicate Ca®*, which gradually increases after
the discharge peak, to approach a value of about 1 at the end
of the survey (Fig. 4e, f). Therefore, we suggest that the ra-
tios shift to higher Na / Sr and Ca / Sr ratios due to enhanced
silicate weathering during the typhoon. We also observe a
10 %—18 % loss in the individual concentrations of Ca, Na,
Al and Sr in the suspended sediment during the course of
the typhoon event, whereas concentrations of Fe, K, Mg and
Mn increase by 3 %—10% (Table S6). The dissolution ki-
netics of silicate weathering are multiple orders of magni-
tude slower than carbonate or evaporite weathering (Mey-
beck, 1987), suggesting that significant weathering of fresh
silicate minerals over the course of a single typhoon event

Earth Surf. Dynam., 11, 475-486, 2023

is unlikely. Thus, the observed changes in ion concentrations
during the event are likely to arise from heterogeneities in
the bedrock composition or the input of previously weath-
ered silicate minerals from a deeper groundwater reservoir
(Calmels et al., 2011), which is different from the groundwa-
ter source of baseflow during non-typhoon periods. However,
quantifying the role of a deeper groundwater inputs is diffi-
cult in the absence of isotope data.

Given that the sediment transported in the channel is sup-
plied by physical erosion, we suggest that physical ero-
sion in our study site enhances silicate chemical weather-
ing, which is consistent with previous studies (Chung, 2002;
Chou, 2008). Moreover, we associate the change in weath-
ering regime during the course of the typhoon with abra-
sive erosion of silicate sediments in the channel. Mechano-
chemical dissolution of weakly bound ions, e.g. F~ from the
fresh muscovite surfaces, is driven by abrasion under high-
energy sediment transport with reorganisation of the river
bed (Andermann et al., 2022). Mudstones are mainly com-
posed of silicate minerals (e.g. illite and chlorite minerals)
(Tsai, 1984) and a few swelling clay minerals (e.g. montmo-
rillonite), which provide an abundant silicate pool. We sug-
gest that high suspended sediment concentrations, combined
with high-energy flow during the typhoon, caused increased
silicate input from the weathered silicates in the suspended
sediment, which has also been observed in typhoon-driven
silicate chemical weathering from silicate minerals at the sur-
face (Meyer et al., 2017). Importantly, the global annual sili-
cate weathering flux of rivers is 15.7 tkm~2 yr~! (Gaillardet
et al. 1999), relative to our value of 16.8 tkm—2 yr‘l, sug-
gesting that individual stochastic events may have global rel-
evance.

5.3 Typhoon-controlled cycles of physical and chemical
erosion

Evaporites, including halite (NaCl) and gypsum (CaSQy,), are
found in few sedimentary environments, and they are often
excluded from the estimation of CO, consumption (Gail-
lardet et al., 1999). Compared to silicate rocks, the rela-
tion between evaporite weathering and physical erosion has
rarely been discussed. Through the interactions among river-
ine chemistry, suspended sediment properties and previous
soil water chemistry studies, we suggest a positive feedback
cycle of physical-chemical erosion driven by mobile dis-
solved evaporite (Fig. 5). The feedback cycle includes three
steps.

1. The first step includes precipitation and deposition of
evaporite during the dry season in near-surface mud-
stone desiccation cracks through capillary transport
(Higuchi et al., 2013, 2015; Nakata and Chigira, 2009).
In the dry season, exposed bedrock with low water con-
tent develops desiccation cracks (Allen, 1982; Goehring
et al., 2010; Kindle, 1917; Seghir and Arscott, 2015;

https://doi.org/10.5194/esurf-11-475-2023



C.-d. Yang et al.:

(a)

Mobile evaporite enhances the cycle of physical-chemical erosion in badlands

T

tends to N tends to
0.4 |carbonates weathering \\ \\ silicates weathering
\ \
|
’@Cfg
A
0.35+ ® ) [0) T
— O 5
Re]
o ‘ \
[ " \
S 03¢ Q Se Y 1
3 Qoe @
= 099 N
2 @) &)O @] (]
o
S 025-0 ch> tends to i
D © evaporites weathering
® O
© © ONX
02L © A ground water ~ AGT
duration, T (h)
@)
0 70
0.15 b— :
107 1

Na/(1000*Sr) (molar ratio)

483
(b)o0.42 .
16
04l A A ]
18 .
1525\ N
0 o
T 0.38} 19‘ 2 /A5 1
§ 1A\ 1\/ 2 \\
g * o
= 0.36; ) k - ]
2 \ \ T=355
o \ \
‘8 034l ! \\ 10
O \
0.321 | LT=115
) \\ // 4
0.3} A, ]
A sea water
O.1I ) ]
1 4

Na/(1000*Sr) (molar ratio)

Figure 5. Molar ratio mixing diagrams of Erren River waters for (a, b) Na / (1000 - Sr) versus Ca / (1000 - Sr); circles denote the dataset at
Nanxiong Bridge, and triangles denote the dataset at Guting Bridge. The colour bar denotes survey duration. Grey circles denote the dataset
at Nanxiong Bridge during baseflow conditions from 2014 to 2016. The black triangle illustrates the groundwater endmember (Chao et al.,
2011); the black square illustrates the seawater endmember. Numbers in the triangle represent the time sequence: 1 represents the start point,
and 21 represents the endpoint. Yellow areas indicate trends in weathering types rather than the locations of the endmember. Illustration
of dynamic weathering: the red line indicates the direction of change with time, the light-blue arrow denotes dissolution of evaporite, the
dark-blue arrow denotes dilution from rainfall, and the red arrow denotes dissolution of suspended sediment.

Xiaa and Hutchinson, 2000), providing space for the
reprecipitation of evaporite minerals. Using evidence
from core samples in mudstone bedrock at the study
site, the crack depth of about 20cm can be regarded
as the thickness of the weathering layer. Higuchi et
al. (2013) suggested that the weathering layer in the top
10 cm of mudstone can easily be eroded by intense rain-
fall. Erosion exposes fresh bedrock, which would dry in
the following dry season and further produce weather-
able material.

2. Rainfall dissolves the evaporites, producing sodic water
that increases physical erosion during typhoon events.
The resulting dissolved sodium causes higher hills-
lope erosion by deflocculation, leading to increased sus-
pended sediment in the channels. In the study site, the
hillslope erosion rate is about 9-30 cm yr~! (Higuchi et
al., 2013; Yang et al., 2021a). At Nanxiong Bridge, the
denudation rate approaches about 142 857 tkm2 yr~!,
measured from the river suspended load (Dadson et
al., 2003), and the chemical weathering flux is 124—
237 tkm~2 yr~! (Chou, 2008; this study). The high hill-
slope erosion rate ensures a steady supply of freshly ex-
posed bedrock, allowing for high chemical weathering
rates.

https://doi.org/10.5194/esurf-11-475-2023

3. Physical erosion enhances silicate weathering and
bedrock exposure on hillslopes. Clay minerals in mud-
stone deposits are abraded from the abundantly avail-
able sediment and provide material for silicate weather-
ing in streams. Ultimately, with frequent typhoon events
and high temperatures in the study area, this dynamic
cycle could repeat several times a year.

6 Conclusions

We presented major element compositions of stream water
from two sites in the Erren River catchment at 3 h intervals
during a 3d typhoon event in 2017. At Guting Bridge (up-
stream), TDSevaporite is covariant with TDSg;;, the sodium
adsorption ratio and the suspended sediment concentration,
which can be assigned to dissolved evaporite (e.g. halite
and gypsum). The excess sodium in the evaporite deposits
causes material dispersion through deflocculation, which en-
hances the suspended sediment flux. Our observations show
that the water chemistry of the typhoon event is mainly con-
tributed by silicate weathering at 16.8 tkm~2 yr~! and evap-
orite weathering at 10.9tkm~2yr~!, in contrast with base-
flow (non-typhoon) conditions that are mainly contributed
by carbonate weathering. Moreover, during the course of the

Earth Surf. Dynam., 11, 475-486, 2023
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typhoon, we observed a shift from predominantly evaporite
weathering during peak precipitation to silicate weathering
at peak discharge.

Combining the observation of riverine chemistry, sus-
pended sediment properties and previous soil water chem-
istry studies, we propose a feedback cycle between physical
erosion and chemical weathering in badlands topography, il-
lustrating that precipitation of evaporites during the dry sea-
son produces sodic water during typhoon events and pref-
erentially triggers higher local erosion. The enhanced hills-
lope erosion and abrasive effects of clay in a high-discharge
stream enhance bedrock exposure on hillslopes and sili-
cate weathering, respectively. Newly exposed bedrock then
produces more weathered material. Although measurements
of the bedrock mineral chemistry and Sr isotope are still
needed for confirming sources of excess sodium and calcium
(Fig. 5), we suggest that the conceptual model could pro-
vide an insight into landscape change of badlands. The re-
sults from our study suggest that high erosion rates in mud-
stone badlands of the Erren River catchment are due to both
weakened lithology and the interaction between evaporites
and hillslope erosion.
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