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Weathering of Reactive Mineral Phases in Landslides Acts
as a Source of Carbon Dioxide in Mountain Belts
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'GFZ Deutsches Geoforschungszentrum, Potsdam, Germany, >Now at Universities Space Research Association/GESTAR,
Columbia, MD, USA, 3Now at Hydrological Sciences Laboratory, NASA Goddard Space Flight Center, Greenbelt, MD, USA,
4CRPG-CNRS-UL, Nancy, France, SInstitute of Earth and Environmental Science, University of Potsdam, Potsdam, Germany

Abstract Bedrock landsliding in mountain belts can elevate overall chemical weathering rates through
rapid dissolution of exhumed reactive mineral phases in transiently stored deposits. This link between a
key process of erosion and the resultant weathering affects the sequestering of carbon dioxide through
weathering of silicate minerals and broader links between erosion in active orogens and climate change.
Here we address the effect on the carbon cycle of weathering induced by bedrock landsliding in Taiwan and
the Western Southern Alps of New Zealand. Using solute chemistry data from samples of seepage from
landslide deposits and river discharge from catchments with variable proportions of landsliding, we model
the proportion of silicate and carbonate weathering and the balance of sulfuric and carbonic acids that act as
weathering agents. We correct for secondary precipitation, geothermal, and cyclic input, to find a closer
approximation of the weathering explicitly occurring within landslide deposits. We find highly variable
proportions of sulfuric and carbonic acids driving weathering in landslides and stable hillslopes. Despite this
variability, the predominance of rapid carbonate weathering within landslides and catchments where

mass wasting is prevalent results at best in limited sequestration of carbon dioxide by this process of

rapid erosion. In many cases where sulfuric acid is a key weathering agent, a net release of CO, to the
atmosphere occurs. This suggests that a causal link between erosion in mountain belts and climate change
through the sequestration of CO,, if it exists, must operate through a process other than chemical weathering
driven by landsliding.

Plain Language Summary There is a long-standing debate surrounding the link between erosion
and climate. It is often suggested that as temperatures increase, rainier and stormier weather could increase
erosion of rock; as that rock is exposed, silicate minerals within could break down, which, on long time scales,
can remove CO, from the atmosphere, lowering global temperatures and acting as a negative feedback.
Recent studies have shown that landslide deposits are key locations for the link between chemical
weathering and physical erosion in some mountain belts. To test how landslides affect the erosion-climate
link, we used samples of water seeping through landslides in Taiwan and New Zealand to calculate the
amount of carbon dioxide that is either absorbed or released through this chemical reaction. We find that the
large amount of freshly exposed rock in Taiwanese landslide deposits contains significant carbonate rock and
sulfide minerals; the net result of the weathering of these minerals is a release of carbon dioxide, which
inverts the traditional perspective on the role erosion plays in controlling carbon dioxide release. In some
mountain belts, it seems that increased erosion and resulting landsliding may act to increase carbon dioxide
in the air, opening further questions into the nature of erosional-climatic links.

1. Introduction

High local weathering rates in landslide deposits have been shown to be a significant control on large scale
solute fluxes from actively eroding mountain belts (Emberson et al.,, 2016). The physical effect of deep-seated
landslides is to excavate and shatter fresh rock mass and generate deposits with an extremely high internal
surface area (e.g., Casagli et al., 2003), facilitating rapid weathering. The impact of elevated rates of dissolution
in landslides on the sequestration of carbon dioxide through silicate weathering remains unconstrained. This
sequestration is important for long-term climatic cycles (Raymo et al., 1988; Raymo & Ruddiman, 1992), and
determining the role of landslides in such geochemical cycling could help understanding of the effect of
rapid erosion on climate. The form and strength of this connection remains a topic of open research (e.g.,
Millot et al., 2002; Riebe et al.,, 2004; West et al., 2005; Willenbring & von Blanckenburg, 2010); here we
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address the explicit role of bedrock landslides, the chief process of erosion in steep uplands with high rates of
denudation (Hovius et al., 1997).

Elevated weathering rates require either an increase in soluble material or an increased supply of acid, or
both, since the concentration of carbonic acid in rainfall is limited by the partial pressure of CO, in the atmo-
sphere (Galy & France-Lanord, 1999). Globally, soil respiration is the key process driving the increase in car-
bonic acid that is ultimately responsible for the rock weathering through percolation (e.g, Amundson,
2001). Soils are destroyed during landslides and weathering in bedrock landslide deposits, which involves
exfiltration of fluids percolating though the landslide body with characteristically high solute concentrations,
requires excess acid, but the process by which this is produced remains unclear. Landsliding disrupts and
mixes soil, unweathered rock (e.g., Adams & Sidle, 1987; Geertsema & Pojar, 2007), and large organic debris
(Hilton et al., 2011). The decay of fossil organic matter from bedrock and recent surface and soil derived mate-
rial could serve as a source of carbonic acid. Moreover, bedrock landslides can excavate deep bedrock mate-
rial from tens of meters below the saprolite-rock interface (Larsen et al., 2010), exposing highly labile phases
such as sulfides and petrogenic organic carbon for rapid oxidation. The resultant sulfuric and carbonic acids
are potent weathering agents (Emberson et al., 2016).

In this study, our aim is to calibrate the impact of rapid weathering in landslide deposits on the sequestration
of carbon dioxide. To quantify this, we need to estimate not only the initial sources of acid in the weathering
environment but also the balance of dissolved substrate, whether carbonate or silicate. Recently published
work (Torres et al,, 2016) has demonstrated that mountain belts can act as net sources of CO, to the atmo-
sphere through sulfuric acid-driven weathering of carbonates. We test the hypothesis that the potential for
rapid weathering of labile sulfides in fresh deposits of bedrock landslides (Emberson et al., 2016) could lead
to landslides acting as a chief source of carbon dioxide to the atmosphere in mountain belts where sulfide
minerals and carbonates coexist. In such settings carbonic and sulfuric acids are the two main weathering
acids (e.g., Calmels et al,, 2007; Galy & France-Lanord, 1999; Torres et al., 2016) and so we restrict our
analysis accordingly.

We present measurements of major dissolved elements and measurements of the carbon isotopic composi-
tion of the dissolved inorganic carbon (8'3Cpc) in seepage from a number of landslide deposits and small
tributaries in two catchments in the rapidly eroding mountains of Taiwan, as well as catchments in the
Western Southern Alps of New Zealand (WSA). Seepage refers to fluid exfiltrating at the surface of landslide
debris. It is most often found at the terminal end of landslide deposits but may also occur upslope, where the
local water table intersects the deposit surface. The initial source for the exfiltrating water, whether directly
from precipitation or from deeper groundwater, is not clear in most cases, but focused sampling of landslide
seepage can isolate the effect of this specific geomorphic process when considered at a catchment scale.

To calculate the balance of acid in these samples we use the carbon isotope ratios in dissolved inorganic
carbon (5'3Cp,c), and the proportion of sulfate to bicarbonate, defined as X50,2~:

XS04%" = 2x[S04>7| /(2x[SO4*"| 4 [HCO3  |iora) (EQ%), m

where [SO,42 7T is the concentration of sulfate in the solution and [HCO3 ~lir is the total amount of dissolved
bicarbonate. The value obtained for X50,°~ is measured in percentage of Equivalents (Eq%). X5O,°~ and
8"3Cpic depend on the relative proportions of either silicate or carbonate weathering driven by one or other
acid source. They also depend in part on several other factors, including deep degassing of metamorphic
CO,, cyclic (atmospheric) input, and combined postweathering degassing and precipitation of secondary cal-
cite, which we correct for in turn to provide first order estimates of the initial balance of solvent acids and
dissolved substrate. We refer to this as the weathering state. The postweathering effects (anthropogenic or
cyclic input, secondary precipitation, and associated degassing) are corrected for using major element
concentrations in catchment-derived suspended sediment, following methods outlined by Bickle et al.
(2015) and Albarede (1995). The solid phase chemistry is also used to establish the end-member values for
carbon isotope ratios required to model degassing.

Following these corrections, we use modeling of the end-member “initial” weathering scenarios, either sili-
cate or carbonate weathering via either sulfide-derived sulfuric acid or carbonic acid from atmospheric
sources or organic material decay, to derive the initial balance of acids that generated the final measured
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values. Using this acid balance, we compare landslide seepage with local streams to assess how the sources
of acid for weathering vary between landslides and subcatchments unaffected by mass wasting. In the WSA
we lack good constraints on secondary factors that affect §'*Cp,c and X50,°~ and as such the corrections are
more limited; nevertheless, further insights are provided into the sources of acid in mass wasting-
derived deposits.

We show that the sources of acid driving the intense weathering in recent bedrock landslides are not signifi-
cantly different from those in catchments primarily draining soil-mantled regimes. However, the higher pro-
portion of carbonate weathering in landslides results in a net output of carbon dioxide from dissolution in
Taiwanese landslide deposits. The results from Taiwan are supported by measurements from New Zealand,
where, despite lower levels of sulfide oxidation, the sequestration of CO, by silicate weathering in landslides
is limited.

2, Study Sites

For this study, we sampled seepage from deposits of recent and older (up to 20 years since initial activation)
landslides and rivers in two Taiwanese mountain catchments: the 370-km? Chenyoulan River catchment in
the center-west of the island and the 119-km? Taimali River catchment in the southeast (Figure 1). Both catch-
ments are typical of the Taiwanese orogen, both geomorphically and lithologically. The island of Taiwan is the
site of some of the highest erosion rates (Dadson et al., 2003; Fuller et al., 2003) and weathering rates (Calmels
et al, 2011; Carey et al., 2006) anywhere on the planet, as a result of the convergence of the Philippine Sea
and Eurasian plates and the associated fast crustal shortening (Yu et al., 1997). The lithological makeup of
the Taiwan Central Range is defined by the tectonic history; as an inverted passive margin, it is composed
of variably metamorphosed sediments with significant fraction of carbonate (Chang et al., 2000; Ho, 1986).
This is similar to many actively eroding mountain belts, but the erosion driven by active tectonics is enhanced
by frequent typhoon-style rainfall. The ambient subtropical climate is likely to encourage rapid decomposi-
tion of organic matter (Kirschbaum, 1995).

Erosion rates are typically high (3-7 mm yr™', Dadson et al., 2003; Willett et al., 2003); both catchments have
been affected by dramatic recent erosional events; in the Chenyoulan catchment, the 1999 Chi-Chi earth-
quake generated significant mass wasting, although short-term erosional perturbations have decayed to a
background level (Hovius et al., 2011). The Taimali catchment was strongly impacted by Typhoon Morakot
(in 2009), which produced approximately 25,000 landslides in southern Taiwan (Lin et al., 2011). Limited
anthropogenic influence makes these catchments good settings in which to study the weathering within
landslides. In both catchments a high degree of local variability exists between some tributary streams in
terms of the landslide density; some subcatchments remained relatively untouched, allowing comparison
of sources of acid between these unaffected areas and the seepage from landslides. To understand how
the individual landslides scale up, we can also compare the modeled weathering in catchments with limited
mass wasting to those where landsliding is significant, with >10% of the total area affected in some cases.

Lithologically, the Chenyoulan catchment is made up of Oligocene meta-sandstones and slates, while the
Taimali catchment is formed of Miocene slate/shale (Central Geological Survey, M. of E. A., 2000). These are
representative of the majority of the Tertiary sedimentary cover dominating the south and west of Taiwan.
There is an abundance of marine sourced carbonate in the sedimentary bedrock in both catchments.
Pyrite is an important minor component of Taiwanese lithologies, and its oxidation dominates the fluxes of
dissolved sulfate in southern rivers (Das et al., 2012).

The carbon isotope data from the WSA are measured from samples that formed the basis of a previous study
(Emberson et al.,, 2016), and the sampling locations are published therein. These New Zealand isotope sam-
ples are also from landslide seepage and catchments with variable degrees of landsliding. Briefly, the rivers of
the WSA drain a fast uplifting (9 + 4 mm yr~"', Norris & Cooper, 2001) mountain belt made up of the silicate-
rich Alpine Schist, with high precipitation (up to 12 m yr~', Henderson & Thompson, 1999) giving rise to high
rates of erosion by landsliding (Hovius et al., 1997). Generally lower concentrations of solutes in rivers in the
WSA compared to Taiwan (Carey et al., 2006) are the result of lower carbonate concentrations. The rivers are
generally undersaturated with respect to calcite (e.g., Jacobson et al., 2003), reducing the complexity of the
correction for secondary processes. Unlike Taiwan, however, we lack data to fully describe the carbon isotope
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Figure 1. Location map of the sampled catchments and landslides in Taiwan from which seepage was collected. (a) Taimali
River. (b) Chenyoulan River. Catchment maps are draped over a hillshade raster generated in ArcGIS workspace from NASA
ASTER DEM data.

ratios of end-members in the WSA, which limits how much we can interpret from our measurements in terms
of the balance of acids. This is particularly important since much of the calcite in the WSA is hydrothermally
sourced (Jacobson et al., 2002), which often leads to highly enriched carbon isotope ratios (Galy & France-
Lanord, 1999). Hence, these data are primarily used to support the more evolved analyses from the
Taiwanese catchments.

3. Sample Processing

In most landscapes, acid is derived initially from dissolution of carbon dioxide in rain, which is then signifi-
cantly supplemented by oxidation of organic matter in soils (Amundson, 2001; Jin et al.,, 2014; Solomon &
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Figure 2. Landslide seepage sample sites in Taiwan and New Zealand. (a) Travertine formation on landslide seepage,
Taimali River catchment (Taiwan). Travertine stain approx. 50 cm across. (b) Microbial growth in seepage exit point, base
of giant landslide fan, Taimali River Catchment. Fan height (middistance) is approx 50 m. (c) Similar microbial growth in
New Zealand landslide seepage sample. (d) Sample site at base of landslide deposit in Taiwan; note that all the fluid at the
base of the landslide is from water exfiltrating from the deposit itself. Corresponding author for scale.

Cerling, 1987); in addition, oxidation of pyrite provides a source of sulfuric acid in the weathering zone
(Brantley et al., 2013; Torres et al.,, 2016). Increased acidity of circulating fluids tends to increase weathering
rates; in carbonate-dominated systems where weathering tends to be saturated with respect to calcite,
increasing acidity increases the solubility of calcite and leads to buffering of pH by carbonate weathering
(e.g., Hercod et al., 1998), while in settings where saturation is less important, increasing acid provides
protons that accelerate hydrolysis. The products of silicate or carbonate weathering via carbonic acid in
simple terms are dissolved cations and dissolved carbonate, the molecular form of which is determined by
the pH. Clay minerals are a common further product, but since here we concern ourselves with the
dissolved load of water in the landscape, we do not consider them. We measure the end products of the
weathering, which, when combined with carbon isotope ratio measurements of the dissolved carbonate,
allow us to estimate the sources of acid at the initial location of weathering.

Seepage samples were collected from the point at which the water exfiltrates from the landslide deposit,
locations often clearly marked by co-associating bacterial colonies (see Figure 2). In some larger landslides,
seepage is observed in multiple locations, and we collected fluid from the strongest flowing source. The drier
weather conditions during our sampling periods precluded a systematic study of variability within specific
landslide bodies. Stream samples were collected from the middle of channels to avoid sampling
hyporheic water.

Major elemental data were analyzed to calculate both HCO; ™~ and X$O,4>~. Water samples were collected
from source using an HDPE syringe, filtered on site using single-use 0.2 um PES filters into several HDPE
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bottles thoroughly rinsed with filtered sample water and one glass vial, also rinsed, for §'*Cpc analysis.
Sampiles for cation analysis were acidified using ultrapure HNOs ™. pH values were measured in the field at
the time of sample collection. Analysis of cations was carried out using a Varian 720 ICP-OES, using SLRS-5
and USGS M212 as external standards, and GFZ-RW1 as an internal standard and quality control (QC). QC
samples were included for every 10 samples to account for drift; no systematic drift was found, with random
scatter less than 5%. Sample uncertainties were determined from calibration uncertainties and were always
lower than 10% (see Tables S1-S3 in the supporting information for element-specific uncertainties). Anion
analyses were performed using a Dionex ICS-1100 lon Chromatograph, using USGS standards M206 &
M212 as external standard and QC. Uncertainties were always less than 10% for each of the major anions
(CI~, SO4>~, and limited NO; ™). Bicarbonate (HCO;™) was calculated by charge balance; this has important
implications for data interpretation, as discussed in detail below.

To measure the carbon isotope ratios in DIC, for each sample, an aliquot of between 0.2 and 2 ml of water,
syringed directly from sealed tubes, was reacted with 3 drops of supersaturated orthophosphoric acid at
25 °C for at least 24 hr under a He atmosphere. A surplus of orthophosphoric acid was used to prevent frac-
tionation of the evolved CO,. We measured 8'3Cp,c on the evolved CO, using an autosampler Gasbench
coupled to a Thermo Fisher MAT 253 Isotope Ratio Mass Spectrometer. We measured 10 repeats of the
8"3Cpic of the evolved CO, by continuous flow IRMS. Commercially available spring waters “Thonon” and
“Contrex” and synthetic calcium carbonate (Merck) were used as internal calibration and QC standards and
are calibrated to international standards. Measurements were calibrated to V-PDB standard in per mille nota-
tion, and accuracy was always better than 0.5 per mille.

Suspended sediment from the Chenyoulan catchment was also assessed for elemental composition,
amount of particulate carbonate, and its §'3C. These sediment samples were collected over the summer
of 2010, during which the sampled sediment load varied between 0.1 g/L and above 200 g/L during
passage of a large tropical storm in August. The samples were collected from a bridge near the outlet
of the catchment, meaning the entire upstream area was represented in the suspended load. Samples
were crushed to finer than 63 um and analyzed using XRF; these data are reported in Table S6. To mea-
sure the carbonate content and its 3'3C, we followed the same approach as the water samples, although
samples were placed into tubes before ambient air was replaced with Helium. This method assumes that
the only source of carbon in the suspended sediment is carbonate, which may introduce errors, as
discussed below.

4. Uncorrected Results

In order to clarify the procedures adopted, we report the measured results before any correction is
applied; derived results are reported after the correction methodology is described. Major elemental data
and carbon isotope ratios for the samples are reported in Tables S1-S3, and all results below are reported
in molar quantities or molar proportions unless otherwise stated. In the main trunk stream and the largest
eastern tributary (the Shih-pa-chun River) in the Chenyoulan catchment, several repeat measurements
were taken (n = 28 for main trunk, n = 13 for Shih-pa-chun), which do not show significant variability;
for the sake of clarity these data are plotted as the average for each river in all figures. Overall, stream
waters sampled in both catchments are broadly similar. The anion load is dominated by HCO3™, making
up 30-48% of TDS in the Chenyoulan and Taimali; SO4°~ forms around 15-25% in the Taimali and 8-
25% in the Chenyoulan. Chloride is a minor component (<2%) reflecting relatively limited cyclic input
to both catchments. In terms of cations, Ca%* makes up 20-35% of TDS in the Taimali, similar to most
streams in the Chenyoulan catchment, although in some western subtributaries, this proportion is nearer
15%. Smaller but still significant cation contributions are made up of Mg** (4-8% of TDS in Taimali, 5-10%
in Chenyoulan) and Na* (4-5% of TDS in Taimali, 3-15% in Chenyoulan). Strontium and lithium concentra-
tions are always below 1%.

In the seepage from landslides, higher TDS concentrations are observed than in any other surface waters,
corresponding with other published locations (e.g., Emberson et al.,, 2015); TDS values of up to 65.9 mmol/
L were found. However, in some sites with very high concentrations, the ratios of Na:Ca and Li:Ca are simi-
lar to hot spring waters, suggesting a deeper groundwater source underlying the landslide, and these are
excluded from the later modeling. Excluding geothermal inputs is important, as our modeling assumes no
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Figure 3. Carbon isotope ratio of dissolved inorganic carbon (613CD|C) compared with the ratio of sulfate to bicarbonate contributions to anionic charge (XSO427,
see equation (1) for definition). (a) Samples from Taiwan not sourced from landslide seepage, including Taimali and Chenyoulan rivers and geothermal springs. (b)
Samples from Taiwan sourced from seepage from landslide deposits. (c) Samples from the Western Southern Alps of New Zealand. The error bars show the full
analytical error attached to each measurement.

input of metamorphic CO,. Within the remaining landslides, SO4%~ is a larger proportion of TDS than in
most streams (15-33%) and calcium is systematically also elevated (25-35% of TDS). The proportions of
other elements are similar to those in the local streams, except for a few samples of seepage from
landslides in the Taimali where magnesium or sodium is relatively elevated, although these seem
uncorrelated to other values.

Measured values of §'3Cp,c in Taiwanese streams vary from approximately —14%o to 0%o. X504~ values
range from 0.1 to 0.75. There is a general trend for a higher proportion of sulfate to correlate with more
enriched values of "3Cp,c in both streams and rivers (Figures 3A and 3B), which is present in samples from
both catchments. More enriched §'3Cpc and higher X5O,>~ values are also often associated with the streams
with more voluminous mass wasting (see Table S2 for landslide volumes in each catchment). The 5'3Cpicin
landslides is highly variable, between —13.1 and —0.2%o, with an average of —7.22%o. The XSO4>~ values in
landslide seepage are also similar to those measured in the streams (0.1-0.8), although in one case
(TWS15-91), the measured sulfate was so high that the HCO; ™ calculated by charge-balance was negative,
leading to XSO4>~ greater than 1. It is unclear why this is the case; we have not persisted with modeling
on this sample but do not exclude it from the sample set lacking a valid reason. Given overall similarity with
other samples, a negative HCO3™ value in TWS15-91 seems unlikely, and the measurement may represent
effects we have not considered or constrained.

Figure 3c shows the same variables in the samples from the WSA. The samples from rivers tend to have
systematically low XSO4>~ values; this is also true of the majority of the landslides, with the exception of
the Gaunt Creek landslide complex where the ratio is greater than 0.5 in some cases. The landslides
demonstrate an extremely large range in the carbon isotope ratios; 8'3Cpc varies between —19.30%o
and —0.95%o. This wide range is not just defined by different landslides—within the Gaunt Creek land-
slide complex, seepage 5'3Cpc varies between —12.04%o0 and —0.95%o over a distance of only a
few 100 m.

The XRF-derived elemental composition data of the suspended sediment from the Chenyoulan reflect vary-
ing contributions from silicate and carbonate rock, and we use these extrapolated trends to define the end-
members for later analysis. The analyzed data are found in Table S6 in the data appendix; for the purpose of
this study, we focus on the strontium:calcium and sodium:calcium ratios, which vary between 4.4 x 1073 to
7.9x 107> and 0.79 to 1.77 mol/mol, respectively. The carbonate content of these sediments ranges between
1.6 and 4.0%, and the associated values of §'3C vary between —4.55%o0 and —3.46%o, with a mean of
2.56 + 0.62% and —4.01 = 0.27%o (1 standard deviation), respectively. We have exploited these measured
values of suspended sediment to model the balance of substrates and solvent acids at the point of weather-
ing for the sampled waters; this modeling is detailed in the following section.
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Figure 4. Diagram of the XSO427 - 513CD|C phase space, showing the con-
tours of percentage of sulfuric acid driven weathering compared to carbo-

sources, but the primary inputs are from atmospheric CO,, dissolution of
carbonate, degassing of metamorphic CO,, and oxidation of organic mat-
ter. The range of pH values measured at the sampled sites (7.02-8.67 in
Taiwan, 6.87-8.43 in NZ) implies that the majority of DIC is in the form

nic acid driven weathering (dashed lines) and contours of percentage of HCO;™ (Zeebe & Wolf-Gladrow, 2001), and to reduce complexity in further
carbonate weathered compared to silicate weathered. Adapted from Galy calculations, we consider CO, and H,COs to be negligible. The isotopic

and France-Lanord (1999). We also show the approach to back-calculating
the initial weathering state (blue square), starting with the measured value

compositions of carbon imparted by the different sources to the dissolved
DIC are distinct. The marine sourced carbonate measured in the sus-

(red square) and using a value of alpha to approximate the cation-calculated

; ili ; ; ; ended sediment load of Chenyoulan River has a &'3C of
fraction of silicate weathering (Xsj)) as closely as possible—which definesan P Yy
isoline, schematically shown in yellow with error margin. —4.01 £ 0.26%o. This is similar to the values obtained by studies elsewhere

in Taiwan (—3%o, Hilton et al., 2010), which supports the use of this value
also in the Taimali catchment. Organic carbon is significantly depleted in the heavy isotope, with carbon iso-
topic ratios generally close to —26%o (Bird et al., 1994; Chiang et al., 2004; Hilton et al., 2010), and although
this is fractionated kinetically during oxidation and diffusion in soils by approximately 4.4%o (Cerling et al.,
1991), organic carbon remains a depleted source of 3¢, Acknowledging the fractionation, we use a value
of —21.6 £ 2%o as the end-member value for carbonic acid in soil, where the associated error encompasses
the majority of the published range in measurements.

As such, the §'3Cp,c measured in sampled waters is affected by both the solvent (acid) and the substrate (car-
bonate). Increased carbonate weathering compared to that of silicate will move the 813Cpc to less negative
values, while weathering via carbonic acid derived from oxidation of organic material, as opposed to sulfuric
acid derived from the oxidation of sulfide minerals such as pyrite, will pull the §'3Cp,c value closer to
—21.6%o. The balance of these forcings has previously been explored by Galy and France-Lanord (1999),
and we demonstrate the mixing using a version of their diagram (Figure 4). The balance of acid can be esti-
mated using §'3Cp,c and XS0,4>, the sulfate proportion (Eq, %). Given values for X50,%~ and 8'3Cp,c, we cal-
culate the fraction of acids and substrates for any given point within the diagram. The analytical solution for
these results is found in the openly accessible code available for this study (Emberson, 2018). Some areas are
outside the phase space allowed by the end-members (Figure 4), and samples found within those areas
demonstrate that we do not fully capture the complexity of the natural weathering system. Other end-
members, such as '*C-enriched metamorphic CO,, are not accounted for, but our model attempts to explore
the conceptually simpler carbonate-silicate substrate and sulfuric acid/organic sourced carbonic acid weath-
ering system to first order. Here we note that since we lack constraints on the carbon isotope ratios of the
end-members in the WSA we do not attempt to further correct these samples; all further analysis is of the
better constrained Taiwanese samples.

5.2. Corrections

Several of the measured data points in Taiwan (Figures 3a and 3b) lie outside the mixing zone described by
the initial weathering reactions. This can result from a number of effects; as mentioned above, other sources
of carbon may complicate the analysis. We have tried to account for this. Degassing of metamorphic CO,
would add a positive carbon isotope source to the DIC (e.g., Galy & France-Lanord, 1999; Shieh & Taylor,
1969). Himalayan springs have 8'>Cpc values of as high as +10%o, and while the values we measure in
geothermal springs (—7.04%o in the Chenyoulan and —3.17%o in the Taimali) are not as high, they still
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must be accounted for. To reduce the complexity of analysis, we have attempted to exclude sources that
could have nonnegligible deep groundwater input. The sampled hot springs provide a benchmark; the ratios
of chemical elements in this water are very distinct, with high dissolved lithium/calcium and sodium/calcium
ratios. In the Chenyoulan catchment, three of the landslide seepage samples have solute ratios very similar to
the geothermal water, and although we include these data in the reported results, they are excluded from
further analysis. This is particularly important since their enriched §'3Cp,c values, likely due to metamorphic
CO, degassing, lie outside the phase space defined by our 8"3Cpic end-members, and as such would not yield
usable results. In the Taimali, the hot spring waters are significantly more concentrated, and none of the land-
slides come close to the chemical signature of the local geothermal water (Li* concentrations are several
orders of magnitude higher in the hot springs). While we acknowledge that this does not exclude a small
amount of geothermal input to the seepage, we do not feel there is a justification for excluding any other
samples on this account.

Rainfall in Taiwan can contain cyclic or pollutant derived solutes in concentrations that can impact the overall
chemistry of the measured samples, particularly the X504~ due to release of sulfur by coal burning. To
correct for these inputs, we use rainfall chemistry measurements. Wai et al. (2008) collected rainfall at Mt
Lulin, which sits at the Southern end of the Chenyoulan catchment. Using their rainfall measurements in
the Taimali catchment yields results of greater than 100% cyclic contribution for some elements (e.g., K*).
In the Taimali catchment we instead correct with seawater chemical ratios, with the exception of sulfate
for which we use double the seawater 50, :Cl™ ratio, as suggested by Stallard and Edmond (1981). This
is reasonable because of the proximity of the Pacific Ocean (<15 km). Using the ratios of CI™ to major cations
and anions (Ca®*, K*, Mg?* and Na™*, and SO,%7) and assuming all Cl™ results from cyclic contribution, we
removed cyclic cation contributions using the following standard equation:

[X}cyclic = [Cr]sample>< ([X]rainfall/[Cr]rainfall>7 @

where [X] is the measured concentration of any dissolved species. The assumption of all CI™ from cyclic input
is feasible as there are no evaporitic units reported in the sampled areas (Das et al., 2012, Central Geological
Survey, M. of E. A,, 2000), and geothermally sourced chloride would also provide elevated lithium values for
which we have already accounted. We acknowledge that rainfall-sourced carbon can also impact the mea-
sured carbon isotope ratio. However, in prior studies, the proportion of carbon from rainfall is
~150-200 pmol/L (Fairchild et al. 1994), significantly below the approximate 10% error on the HCO3™ concen-
tration calculated by charge balance, since the latter is always much larger than the carbon that dissolves in
rain in equilibrium with the atmosphere. Hence, we do not correct the carbon isotope ratios for the small
cyclic input, but we note that metamorphic CO, may still affect the measured &'3Cp,c The rainfall correction
for major elements ensures, however, that the sulfate and calcium (in particular) that we discuss are primarily
sourced from the dissolution of the rock mass itself.

Having corrected for other inputs, our model considers only the simplified system of carbon sourced either
from oxidation of organic matter or carbonate rock. In this, postweathering effects—most importantly, the
degassing of CO, from supersaturated water and precipitation of secondary carbonates, which both act to
increase the X50,2~ and the §'3Cpc—must be accounted for. Any link between intense weathering and
increasing secondary precipitation will systematically affect estimates of weathering in mountain belts with
extensive carbonate.

Both degassing and secondary precipitation fractionate carbon isotopes significantly, degassing with an
isotopic fractionation factor (a), a = 0.992, precipitation with « = 0.998 (Friedman & O’Neil, 1977; Morse,
1983). These factors are derived for equilibrium fractionation, but we note that if the system is far from
equilibrium (e.g., if samples are highly saturated with respect to atmospheric carbon dioxide) kinetic
isotopic fractionation effects might also play a role in fractionation (e.g., Affek & Zaarur, 2014). We have
no constraint on this.

In order to buffer the pH to near neutral values (in all streams pH > 8 and in seepage pH > 7.4), we expect
that both degassing and secondary precipitation occur in concert, yielding an approximate intermediate o
of 0.995. In order to estimate the initial weathering environment, and the associated acid balance, we need
to back-calculate the initial values having accounted for the degassing and secondary precipitation.
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Figure 5. Ratio of sodium to calcium compared with the ratio of strontium to
calcium in dissolved loads of the measured samples (before correction for
secondary processes) as well as the suspended load (red circles) collected in
the Chenyoulan catchment in 2010. The circles represent rivers, the squares
landslide seepage. The filled symbols show results from the Chenyoulan
catchment, and the empty ones from the Taimali. The sediment-defined
silicate-carbonate mixing line is shown in black. Samples that are offset
above this mixing line are interpreted to be subject to secondary calcite
precipitation. This figure follows work by Bickle et al. (2015). The error bars
capture the full analytical error for samples, except the two “major river”
samples, which are the average of the series of samples collected at those
two points; the error bars are 2 standard deviations of the averages.

We calculate the secondary precipitation and then estimate the initial
values for §'3Cp,c and XSO,>~ based on this value. Following Bickle et al.
(2015) and Albarede (1995), we estimate the precipitation of secondary
calcite using a series of equations. Changes in Sr/Ca ratios through second-
ary precipitation are calculated first:

(Sr/Ca) (Sr/Ca), y!Kd-D 3)

measured —

where (Sr/Ca)g is the initial value of Sr/Ca with no precipitation, y is the
fraction of original Ca remaining in the water, and Kd is the Sr/Ca molar
partition coefficient for calcite. We use Kd = 0.05 (Bickle et al., 2015;
Rimstidt et al., 1998); we lack constraints on the error associated with this
value, but as pointed out by Bickle et al. (2015), the value calculated for y is
insensitive to the value of Kd while it remains small, and this is the assump-
tion we adopt. The value chosen for (Sr/Ca), depends on the relative con-
tributions of silicate and carbonate to the initial weathering products.
Previous studies (e.g., Bickle et al., 2015) have assumed that variations of
Na/Ca and Sr/Ca ratios in riverine sediment are driven by variable input
of silicate and carbonate end-members, and we follow the same proce-
dure here (Figure 5). The higher Na*:Ca®* and Sr**:Ca** values in the sus-
pended sediment collected from the Chenyoulan trunk stream in 2010
represent the more silicate derived sediment, and vice versa for the carbo-
nate. A linear trend through the Na*:Ca>* and Sr**:Ca** in sediment extra-
polated to where no sodium is present (the Y-intercept and thus the
carbonate end-member) suggests that Sr>*:Ca”* of a catchment carbonate
should be 2.08 + 0.18 x 10~ mol/mol. The silicate end-member Sr/Ca is

chosen based on a Na/Ca value of 4, rather typical of silicate in active mountain belts (Calmels et al.,, 2011;
Gaillardet et al., 1999; Galy & France-Lanord, 1999). An upper bound of 16.8 for the Na/Ca value can be esti-
mated from the chemistry of the suspended sediment (XRF data in Table S6) and the amount of carbonate in
the same samples approximated using the peak area of the carbon isotope signal. This assumes all the carbon
derives from pure calcite, but such rough estimates imply a negative amount of CaO in the remaining silicate
in two samples, demonstrating other contributors to the carbon—likely Dolomite. As such, we cannot use the
peak area to make quantitative estimates of the error in the Na/Ca ratio; this is a potential source of model
uncertainty, which could be better constrained in further study. The variability in lithology means that for a
single sample, sediment mixed from sources across the whole catchment is unlikely to have perfect represen-
tation of these silicate or carbonate end-members. We feel that a generalized set of end-members is more
appropriate than piece meal approach to individual samples; moreover, we lack sediment for each individual

sample.

Figure 5 shows the relationship of the water samples with the sediment samples. Those samples that are
close to or below the sediment-defined mixing line are assumed to have negligible secondary precipitation,
while those that are offset above this line are interpreted to be affected by secondary precipitation (Bickle
et al,, 2015; Tipper et al.,, 2006). Some of the Chenyoulan tributaries sit below the trend defined by the sedi-
ment, likely due to mixing with a lower Sr/Ca silicate end-member, but since we have no constraint on this
end-member we assume no secondary precipitation is occurring in these streams. Next, we calculate the
amount of secondary precipitation required to return the samples to the sediment-defined trend:

Sr/Ca = A+ B* Na/Ca (4)

where A and B are intercept and slope of the defined trend. Then, to find y (equation (3)), we solve the follow-

ing equation numerically:

Sr/Ca* y' =K _ A —B*y* Na/Ca=0 (5)

Errors on this estimate are calculated using a Monte Carlo routine, where the final error is the standard
deviation on 1,000 solutions to equation (5) where each variable has a pseudo randomly assigned
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fraction of the total error attached to the measurement. A different set of pseudorandom numbers is used
for each variable.

Itis possible that the carbonate Sr/Ca end-member value may vary between catchments, but we suggest that
since these are only first-order estimates of secondary precipitation, extrapolating from the Chenyoulan
catchment to the Taimali catchment is justified, particularly given the overall similarity of the lithologies.

Using v (equation (3)) to estimate the total amount of calcium dissolved in weathering fluid before secondary
precipitation, we can for each sample estimate the proportion of silicate weathering (versus carbonate
weathering) that led to the dissolved solute concentrations before any secondary precipitation occurred
(cation-calculated Xg;). Some previous estimates of the fraction of weathering from silicate minerals in
Taiwan have relied upon typical ratios of sodium and calcium in silicate minerals (Calmels et al., 2011); in
order to compare our findings with these studies, we also use molar ratios, but with the recalculated calcium
prior to loss to secondary precipitation.

The calculated value of vy also allows us to estimate the value of the initial HCO;™ and §'*Cpc before sec-
ondary precipitation and associated degassing. The total carbon lost is a function of the calcium con-
sumed by secondary precipitates. Assuming that the excess CO, evolved by carbonate precipitation is
degassed, precipitation will mean two moles of carbon are degassed for each mole of precipitated calcium
(equation (6)).

Ca** + 2HCO;~ = CaCOs + H,0 + CO, (6)

We make the simplifying assumption that the two processes have operated in equal proportion for each sam-
ple. However, CO, may degas from fluids that are supersaturated with respect to atmospheric CO, without
precipitation of secondary calcite (e.g., Johnson et al,, 2008; Wallin et al.,, 2013). We have no constraint on
the magnitude of this degassing, and we can only correct for the change in DIC and §"3Cp,c where we know
the loss of calcium. This may be a source of error, which we discuss below.

As such, where we estimated y values of less than 1 (i.e., secondary precipitation has occurred), we model the
values of DIC and 6'3Cp,c before secondary precipitation using an « value of 0.995 (describing simultaneous
degassing and secondary precipitation). The location of the “initial” sample in X50,42~ — 8"3Cpyc space can
then be found, and an estimate of initial carbonate-silicate weathering ratio is possible based on this location
(Figure 4). Here onward we refer to this as the “Isotope calculated Xg;.” This can be compared with the Cation-
calculated Xg;, for example, to help test whether an equal proportion of secondary precipitation and degas-
sing is a justified assumption for each sample.

A discrepancy between the two estimates of X; could arise for a number of reasons, depending on whether
the Cation-calculated or Isotope-calculated value is more silicate rich; this is discussed in more detail below in
section 6.

5.3. Modeling Results

We report the results from each stage of the correction process for the Taiwanese samples, ending with the
derived balance of acids in sampled sources, allowing comparison of different geomorphic settings. Having
corrected for metamorphic and cyclic inputs (see notes in Table S2), the next step is the correction for
secondary precipitation. Some tributaries from the Chenyoulan River are relatively well described by a mixing
between silicate and carbonate end-members with no secondary effects. A few lie below the mixing trend,
presenting no evidence for secondary precipitation (Figure 5). Elsewhere in the Chenyoulan catchment
and in the majority of the Taimali catchment, tributaries are significantly offset above the mixing trend,
suggesting that secondary precipitation is important. This is corroborated by field observations of extensive
carbonate precipitation at sites of seepage and in small tributaries. Figure 6 shows the calculated values of y
for these streams and the seepage from the landslides compared to TDS values corrected for the lost calcium
and bicarbonate (here referred to as TDS¥). As much as 80% of initial calcium is lost in some streams, and simi-
larly, many of the landslides also exhibit losses of up to 80% (i.e., low y values). Some seepage samples, how-
ever, only have ~20% loss. Higher weathering rates (reflected by higher TDS* values) in general give rise to
more extensive secondary precipitation (Figure 6).
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E this; a loss of light carbon to the atmosphere enriches the remaining DIC

10°r H%@

on which we measure the isotope ratios. The precipitation of carbonate
reduces the pH of the solution and without degassing it very quickly

in Taiwan, 6.87-8.43 in NZ) suggests various degrees of incomplete degas-
sing of the water. We have not constrained this, but where we calculated

% reaches conditions no longer favorable for precipitation without degas-
+ ] sing. CO, degassing raises the pH value, and the range in pH (7.02-8.67

01 02 03 04 05 06 07 08 09 1 only limited secondary precipitation, this may be a significant loss of DIC

Y before sampling. A true correction would therefore lead to an initial state
that is more depleted in 8'3Cpic, which would more closely match the two

Figure 6. Comparison of the calculated value of y (proportion of initially  astimates of carbonate and silicate weathering ratio.
weathered calcium that is not lost to secondary precipitation) with the cor-
rected value of total dissolved solids. The errors attached to y are the stan-  On the other hand, some samples with more depleted initial carbon iso-

dard deviation of a Monte Carlo simulation of errors, while the error bars on tope ratios yield a more silicate rich isotope-calculated Xg; value compared

TDS* are the propagated errors on the summed initial TDS and the calculated

lost calcium.

to the cation-calculated Xg; values. For the most part these are samples
from the Taimali catchment, and particularly samples of landslide seepage.
One interpretation of both of these discrepancies is that the relative proportions of degassing and secondary
precipitation are not equal, as our model assumes, or that 8'>Cp,c enriched CO, from metamorphic sources
may play a larger role than we have assumed. In both cases, these discrepancies highlight the need for
further study.

We measure the §'3Cp,c on all of the dissolved carbon, but if our assumption that all carbon in the sample is
HCOs™ is wrong, then errors could result. For example, it is possible that excess dissolved CO, in the samples
(i.e., degassing is not complete in the bottled samples) could lead to errors in the measured 8'3Cpic. This
could occur because the depletion of §'3C in dissolved CO, compared to dissolved HCO;~ (Friedman &
O’'Neil, 1977) would lead to a more negative estimate of overall 5'3Cpic than would fairly represent the
HCO5™ used to calculate XSO42~. In addition, if a significant proportion of the carbon in solution is formed
of 3C depleted dissolved organic carbon (DOC) such as organic acids and that DOC gets oxidized by the
acidification during the §'3Cp,c determination, this could lead to underestimates of the 8'>Cp,c. Published
measurements of DOC in Taiwanese mountain rivers of between 0.5and 4 mg.I”"' during nontyphoon condi-
tions (Kao & Liu, 1997) are similar to worldwide measurements (Ludwig et al.,, 1996). Such concentrations may
be significant when compared to the charge balance estimates of HCO;™, of 13.9 to 213.6 mg L™, mean
38.6 mg L™". This remains an unconstrained source of error.

The factors that affect 8'3Cp,c as described above, as well as the variability on the 8'3Cpic end-members, sug-
gest that the isotope-calculated carbonate-silicate balance is likely less reliable than that derived from
cations. However, despite the poor match between these estimates, we stress that the isotope-calculated
estimate is at least improved by correcting for the secondary precipitation. This means the estimates of
the initial acid balance are also improved by this correction.

We use the corrected values of X50,2~ and §'3Cp,c to estimate the balance of acids. The correction for loss of
calcium and DIC to precipitation of secondary calcite means the corrected values should be a better approx-
imation of the initial weathering state within the water source. In sampled streams and rivers, the values are
relatively consistent; in the Chenyoulan catchment carbonic acid makes up between 0 and 53% (average
28%) of the initial acid component (for the trunk stream and the Shih-pa-chun tributary values are taken
as an average of the individual rivers), although only one stream—draining the easternmost part of the catch-
ment—is ever below 10%. The average for the Chenyoulan trunk stream is 38%. In the Taimali catchment, the
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with an average of 64%. The contribution of carbonic acid to the initial
weathering in landslide seepage is broadly similar, albeit with a wider
range; in the Chenyoulan catchment, it is between 6 and 61%
(average 31%), while in the Taimali catchment, values are between 9
and 88% (average 54%). In each case, the contribution of sulfuric acid
to this balance is the complement of carbonic acid input (i.e.,
Veasured 100 — X%). This demonstrates emphatically the importance of sulfuric
ET%TZ acid; in seepage from landslides in the Chenyoulan catchment,
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by the modal decomposition of the dissolved elements and corrected
for secondary precipitation, and the balance of acids derived from the
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carbon isotope ratios and the relative proportions of anions (Figure 8).
Using these estimates gives a first-order constraint on the impact of
the weathering on the carbon cycle. Sulfuric acid driven weathering
of silicates and carbonic acid-driven weathering of carbonates have
no net effect on atmospheric CO,. Therefore, the balance of sulfuric
Veasures acid driven carbonate weathering to silicate weathering via carbonic
- Streeme: acid determines the net drawdown of CO, from the atmosphere,

and each variation of the acid-substrate reaction has a characteristic
Soms. CO, output or drawdown. We calculate the net drawdown or evasion

- Large river:

Figure 7. The estimated initial weathering states for samples from the (a) Taimali
and the (b) Chenyoulan. The blue lines show the connections between the mea-
sured sample (more enriched carbon isotope value) and the calculated initial state

i 8 resulting from weathering both in landslide deposits and elsewhere

Nztm‘ 2 (Tables 54 and S5) on the basis that sulfuric acid driven weathering

. of carbonate releases 1 mole of CO, to the atmosphere per mole of

18 13 10 - 0 dissolved carbonate, and carbonic acid driven weathering of silicates
¢ CD|C consumes 1 mole of CO, for each mole of carbonic acid. Establishing

the relative proportions of these two end-member reactions in our
model results, we estimate the net modeled effect on atmospheric
CO,. In most measured samples, the fraction of carbonate weathering

based on an « value of 0.995. Streams in the Chenyoulan catchment without is so high that even small proportions of sulfuric acid drive a net out-
correction are denoted with triangles. The contour lines are the same as in gassing of CO, into the atmosphere. In the Taimali streams, for each
Figure 4. Average errors are only shown to avoid cluttering of the figure, buterrors gl of weathered rock, there is an average of between 0.02 and

for each sample are given in Tables S4 and S5.

0.64 moles of CO; returned to the atmosphere; this is higher in land-
slide seepage samples, ranging from 0.08 to 0.86 moles. CO, outgas-
sing tends to increase with increasing TDS values in both streams and landslide seepage. In the Chenyoulan
catchment too, weathering results in net outgassing of CO,, but there is no strong relationship between the
TDS and the CO, export. Streams in the Chenyoulan catchment tend to release between 0.1 and 0.8 moles of
CO, per mole of weathering; for landslide seepage this is between 0.35 and 0.88 moles. These outgassing
estimates do not translate directly into changes in pCO, in the atmosphere, which depends on exchange
with oceanic waters and the carbonate chemistry therein. As pointed out by Torres et al. (2016), oceanic car-
bonate burial on long time scales (but shorter than pyrite burial time scales—on the order of 10 years) will
remove alkalinity and DIC from the ocean at a ratio of 2:1. Thus, atmospheric CO, will increase on long time
scales if rivers deliver this at a ratio of less than 2; the acid-substrate balance that would lead to this is indi-
cated in the inset to Figure 8, after Torres et al. (2016).

6. Discussion

Our analyses have allowed a description of the initial weathering state of sampled waters in two mountain
catchments in Taiwan and the impact of this weathering on the carbon cycle. In the discussion below we
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The modeled increase in secondary precipitation with increasing TDS
(Figure 6)—which tends to collocate with highest measured XS04~

Figure 8. Cation-calculated fraction of silicate weathering compared to the esti-  such as in the seepage from landslides—suggests that the second

mate of the proportion of carbonic acid (compared with sulfuric acid) in
Taiwanese samples. The errors attached to the cation-calculated fraction of silicate
weathering are propagated through the calculation according to standard

explanation posited above, in which the initial balances of acids and
substrates are similar, is a good description of the initial weathering

Gaussian propagation techniques. The error attached to the fraction of carbonic ~ States, since a greater correction must be applied to settings with
acid is calculated using a Monte Carlo technique as many of the variables that go higher measured XSO4°~. Higher secondary precipitation where the

into calculating it are not independent. Note that the error estimates here are for  \yeathering intensity is greater will lead to systematic underestima-

the modeling and should not be considered representative of natural variability.
Inset: The overall picture of how the fraction of acid and silicate to carbonate
affects the sequestration of CO,.

tion of overall weathering in some settings. Where acid concentra-
tions are greater and dissolution of carbonates is more intense, the
circulating fluids will be further from equilibrium with the atmosphere
with respect to dissolved carbon, leading to increased degassing and
concurrent reprecipitation of carbonates. Even if the initial weathering state is unsaturated due to excess
acidity, the degassing of CO, to the atmosphere will drive up the pH and supersaturate the water, leading
to secondary precipitation. Hence, a correlation between increased TDS and increasing secondary precipita-
tion is anticipated. However, it will also lead to a systematic underestimate of weathering, which worsens at
higher weathering rates.

The variability of values of y measured in landslide seepage suggests that flow paths within landslide deposits
are not necessarily isolated from the atmosphere. Where extensive secondary precipitation has occurred,
degassing must also have taken place, suggesting a significant exchange of CO, within some deposits.
This could lead to cementation of landslide deposits with travertine, which we have observed in the field.
On the other hand, field observation of gas bubbles forming in ponded seepage immediately at exfiltration
points suggests that in many cases this subsurface degassing is not complete.

One of the key assumptions that goes into the estimates of initial acid balance is that the sulfuric and carbo-
nic acids work with the same efficacy on both carbonate and silicate rock (e.g., if X; is 0.8, then it is 0.8 for
both carbonic acid reactions and sulfuric acid reactions). This may not be the case in reality; in particular
we note the work of Brantley et al. (2013), who show observations in upper parts of catchments of limited
carbonate and sulfides, with both elevated at downstream locations, implying perhaps a greater proportion
of carbonate dissolution by sulfide-derived acids. However, to maintain the simplicity of the analysis, we have
adopted a model where the acids act in the same proportion on each substrate as one another. We have
explored how the parameter space changes when this relative efficacy is altered; Figure S1 in the supporting
information demonstrates that the isolines in 8'>Cp,c and X502~ space can vary widely but remain fixed at
the axes by the input parameters. There is no convincing evidence provided by our measurements to support
a difference in efficacy for either acid. This may be because landslides excavate below any sulfide-loss reac-
tion fronts; we see no correlation between landslide size and dissolved sulfate (Figure S2), implying that the
smaller slides share a similar weathering environment with the largest, which likely excavate several tens of
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meters below the surface. Moreover, as pointed out by Torres et al. (2016), a difference in acid effect on each
substrate will not change the overall effect on CO, consumption or release.

The discrepancy between cation-calculated and isotope-calculated values of Xg; suggests that we have not
completely captured the complexity of the system in our modeling. The end-member estimates could be a
source of error, but we suggest that the carbon isotope end-member ratios are relatively well defined in these
catchments. Previous work in Taiwan has defined the organically derived CO, §'3C (e.g., Chiang et al., 2004),
and the analyzed suspended sediment gives a good constraint on the carbonate end-member, which also
agrees with previous estimates elsewhere in Taiwan (Hilton et al., 2010). Any unconstrained degassing may
be a significant source of this discrepancy as discussed above. Further, the isotope-calculated Xg; estimate
relies on the assumption that the fraction of silicate to carbonate weathering does not vary between carbonic
acid and sulfuric acid driven weathering, as well as the charge-balance calculated values for HCO3 ™.

Does this discrepancy matter? The location of the corrected samples in X504%7-8"3Cp\c space is such that
small changes in either 5'C end-members or the amount of degassing can lead to significant discrepancies,
similar to those we found, since this would generally move the samples relative to the x axis rather than the y
axis. At lower XS0,°~ values, where most samples end up after correction for secondary precipitation
(Figure 7b), the shift relative to the y axis does not affect the estimate of the acid balance as much as the
carbonate-silicate balance (see Figure 4). Hence, we suggest that the acid balance estimates are appropriate
to first order.

The proportion of acids in landslide seepage varies widely, but the variability is also encompassed by the
samples collected from streams where other fluid pathways—particularly through soils—are also important.
This suggests that oxidation of organic material is as important, proportionally, in landslide deposits as in soil
mantled hillslopes. Bearing in mind the first-order nature of the results, it is striking that the initial balance of
acids is so similar between landslide seepage and the tributary streams draining soil-mantled subcatchments.
Since we lack flux estimates for each flow path, we cannot definitively say which source has greater oxidation
of organic matter per unit volume. Under the relatively dry sampled conditions, where dilution by rainfall is
limited, the high overall solute concentrations (and therefore higher overall acid input) in seepage from land-
slide deposits suggest that water percolating in these deposits is exposed to more oxidation of organic mat-
ter compared to water in soil mantled zones. This suggests that the incorporation of macerated organic
matter into landslide deposits (e.g., Fontaine et al., 2007; Hilton et al., 2011) is important in setting the con-
ditions for weathering in these deposits, in addition to the documented role in the cycling of particulate
organic matter (Hilton et al., 2008). The decomposition of this material is likely to occur in concert with micro-
bial communities; recent work in Taiwan has shown that microbial decomposition of carbon in rocks in the
east of Taiwan increases with erosion rate (Hemingway et al., 2018), which supports our findings here. If this
is the case in sampled landslides, this implies that any inferred microbial communities are already well estab-
lished in months to years after slope failure. Combined with the fact that the decomposition of organic matter
is fast enough to sustain a significant source of isotopically depleted acid gives new insights into the organic
processes governing weathering in mass wasting deposits, as well as emphasizing the importance of micro-
bial activity in the weathering zone.

The 8'3Cpic measured in samples from New Zealand helps underline the importance of acid derived from
organic material in rapid weathering. These uncorrected samples can only offer partial support to findings
from Taiwan; we lack constraint on the carbon isotope end-members, meaning the initial balance of acid is
not simply constrained. Previous work using calcium isotopes has demonstrated that secondary precipitation
of calcite is unlikely to be significant in this setting (Moore et al., 2013). Relatively radiogenic strontium iso-
tope signatures in WSA carbonates point to extensive metamorphic exchange (Chamberlain et al., 2005;
Jacobson et al., 2003; Templeton et al., 1998), which could introduce >C enriched CO, into the weathering
system. Despite this, and the lack of secondary processes (which would also serve to increase the §'>Cp,c),
seepage from landslide deposits in some cases still exhibits extremely low 8"3Cpic values, in one case as
low as —14.5%o. This suggests a '>C depleted source of carbon, which is very likely to be organic material
degradation. In comparison to other water sources in the WSA, the high solute concentrations in landslide
seepage observed in concert with the depleted isotopic values (Figure 9) show quite how potent organic
matter degradation can be for weathering. As in Taiwan, the carbon isotope values in landslide seepage
are similar to those found in the rivers, suggesting an overall similar fraction of acid derived from organic
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matter degradation in landslides and soil-mantled regions. And, as in
Taiwan, the more accelerated weathering (higher TDS) in landslides sug-
gests that this oxidation is more intense and provides a greater flux of acid
than in soils.

Of further interest in the WSA samples is the local variability in 8"3Corc
even within individual landslide deposits. We suggest that local pockets
of degrading organic material within a deposit might act to create an aur-
eole of rapid weathering. It is notable, however, that the §'3Cp,c is not well

) correlated with the TDS values in the seepage, indicating that there may
® be other acid sources working in concert. High values of S04~ in some
of the landslide seepage samples could support a hypothesis of acid
derived from sulfide mineral oxidation alongside organic material degra-
dation. In the WSA the high solute concentrations in landslide seepage
are derived from rapid weathering of small amounts of detrital carbonate;
if this were not uniformly distributed among the rock mass in a landslide

W River
Surface Runoff
Landslide
seepage
Glacial Rivers

O Hoe

16 -4 -2 -0

613CDIC

Figure 9. Plot of carbon isotope ratio of dissolved inorganic carbon @ 3CD|C)
compared with total dissolved solids in samples from the WSA in New
Zealand. The errors attached to 613CD|C encompass the full measurement
error, while the error attached to TDS is the propagated error in the sum of

the individual dissolved elements.

8 - — 2 deposit, then highly variable 8"3Cpic might be expected.

It is important to properly contextualize the acid derived from organic
matter oxidation in the deposits of bedrock landslides within the larger
carbon cycle. Carbonic acid driven weathering of silicates tends to draw
down carbon dioxide from the atmosphere, but in each of the studied
settings, the net sequestration of CO, that would result from this process
is overwhelmed by the carbonate dominated weathering in landslides.
Other studies have demonstrated how weathering of detrital calcite in
the WSA prevents fast overall weathering there from serving as an effective drawdown for atmospheric
CO; (Chamberlain et al., 2005; Jacobson et al., 2003). In a previous study we have shown that this is driven
by weathering in landslide deposits (Emberson et al., 2016). In the two Taiwanese catchments we can take
this further and suggest that the presence of sulfides in the bedrock combined with carbonate-dominated
weathering acts as a source for carbon dioxide rather than a sink. Landslide deposits, where weathering is
fastest, tend to be most pronounced sources for CO,. This supports and adds substance to the suggestion
of some authors (e.g., Torres et al., 2014, 2016) that erosion in some rapidly denuding mountain belts acts
as a source for CO,, rather than a sink, as has been previously assumed (e.g. Bickle, 1996; Raymo
et al., 1988).

The persistence of this type of weathering over time will depend on how rapidly the oxidation of organic
material and/or sulfides depletes the stock of these labile phases within the mobilized bedrock deposits. In
the WSA, where the carbonate pool in the rock mass is rather limited, we demonstrated previously that
the rapid weathering of detrital carbonate in landslide deposits decays over a decadal time scale
(Emberson et al.,, 2016), and we anticipate that pyrite or organic matter will deplete in similar fashion (albeit
over an unconstrained timescale) in Taiwanese landslides. If the decay is over a similar time span as the tran-
sient storage of material in the surface weathering zone, then an increase in mass wasting will fundamentally
alter the long-term relationship between erosion and the drawdown of CO,.

The importance of the physical process of landsliding in mobilizing both fossil and modern organic matter for
transfer to sedimentary basins has been explored in previous studies (e.g., Hilton et al., 2008. West et al., 2011,
Kao et al., 2014). This can lead to efficient burial of organic carbon, but it seems likely that landslide products
that remain within the weathering zone—that is, within the source catchments or in transient storage centers
—could negate this effect to some extent. Recent work has shown that in other catchments in Taiwan the
oxidation of specifically fossil organic matter is not sufficient to outweigh the burial of organic matter
offshore (Hilton et al., 2014), but to fully quantify the role of rapid erosion through mass wasting in the carbon
cycle, a full census of the fluxes of both organic and inorganic carbon is necessary. The balance between
degradation/oxidation of organic carbon, the resultant weathering, and final deposition/burial will depend
on the sediment delivery ratios and storage time along the transport path of the mass wasting deposits,
meaning that the impact of mass wasting on the organic carbon cycle is strongly dependent on both the
erosional and transport history of sediment.
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At this juncture it is important to consider how our modeling relates to the natural system. Through the
course of our analysis, we have made a number of assumptions to simplify our model and corrections, which
in combination mean our final results, and particularly estimates of effect on CO, (Figure 8), may differ from
what is occurring in nature and should be considered as the beginning, rather than the end, of a research
endeavor. Further study to clarify the importance of and variability in cyclic and metamorphic input of salts
and carbon would help constrain our model, as would better constraints on the rates and proportions of
degassing and precipitation, as both can influence the parameters of our model (e.g., DePaolo 2011).
Furthermore, there are other factors that we do not consider as part of our model that play a role in natural
weathering environments; the contribution of protons through oxidation of ferrous iron silicates may dis-
solve carbonate and influence the CO, budget (e.g., Buss et al., 2008; Fletcher et al., 2006), while the particular
types and sources of organic acids additionally remain unconstrained. The natural weathering system is more
complex than we have been able to simulate, but our results nevertheless pose pertinent questions that
require further research to fully understand and answer.

7. Conclusion

We have used carbon isotope ratios and major dissolved elemental data from a range of landslides and rivers
in the rapidly eroding mountains of Taiwan and New Zealand to demonstrate the importance of degradation
of organic matter in producing the extremely elevated weathering rates observed in landslide deposits. The
modeling of initial weathering conditions by removal of the effects of secondary precipitation and degassing
allows us to see that the balance of acids in landslides is broadly similar to the local streams draining more
soil-mantled settings. Given both the highly concentrated nature of landslide seepage, the similar balance
of acids suggests that overall degradation of organic matter may be occurring proportionally faster in the
fragmented and disordered landslide deposits than the soil-mantled landscapes nearby. Our uncorrected
data from the WSA further suggest elevated degradation of organic matter. We also demonstrate that loca-
tions of accelerated weathering are systematically subject to higher fractions of secondary precipitation;
where rivers are saturated with respect to calcite, this must be corrected for to avoid systematic underesti-
mates of weathering rates. We have shown that understanding the links between erosion and weathering
requires information both about the substrate being weathered and the sources of acid (e.g., Torres et al.,
2014, 2016). Crucially, weathering in landslides in the sampled Taiwanese catchments serves as a source of
carbon dioxide to the atmosphere, refuting the common assumption that erosion drives drawdown of
CO,. Despite acting as the chief process of erosion in active mountain belts, landsliding has only a limited
effect on silicate weathering. The potential for a net outgassing of CO, from weathering in transiently stored
deposits suggests that if erosion in mountain belts does control climate through the sequestration of CO,,
then it must occur through a different process link.
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