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Abstract: The cosmogenic meteoric 10Be that is produced in the atmosphere and mainly scavenged by 15 

rainfall is a valuable tool for determining dates and rates of Earth surface processes. A key prerequisite 16 

for its applications is the knowledge of the long-term 10Be depositional flux to Earth´s surface. Previous 17 

efforts on obtaining 10Be depositional fluxes include general atmospheric circulation modelling (GCM), 18 

empirical fitting of rainfall 10Be records, and determining the inventory of soil profiles of known age. 19 

Here, we derive 10Be depositional fluxes from Holocene river terrace 10Be inventories across the Taiwan 20 

mountain belt. We measured 10Be and 9Be concentrations from three terrace profiles, with 14C ages 21 

ranging between 3.83 and 9.05 cal. kyr BP and sampling depths of up to 6.2 m.  22 

Based on 10Be inventories of our river terraces, the calculated long-term 10Be depositional fluxes 23 

vary from 0.32 to 0.49 ×106 at/cm2/yr in the Taiwan orogen. We identify partial Be retention, surface 24 

erosion, multi-phase sediment deposition, and incomplete sampling depth in these terraces as potential 25 

causes of flux underestimation. When accounting for each of these factors and their uncertainties, the 26 

resulting flux estimates of each terrace show an overlapping range of 0.66-0.88 ×106 at/cm2/yr. This 27 

newly constrained flux range representative over millennial timescales is thus recommended for Earth 28 

surface applications in the fast-eroding Taiwan orogen, especially in regions with similar climatic 29 

conditions as the studied terraces. When comparing to flux estimates from other approaches, the flux 30 

from the rainfall-based fitting equation exceeds our new terrace-derived flux by more than a factor of 31 

two. We consider such high flux to be unlikely for the Taiwan orogen, and suggest that the control of 32 

precipitation on the 10Be flux here may be overestimated in rainfall data fitting. The GCM-derived flux 33 

overestimates the 10Be depositional flux in this setting to a smaller degree (at least 23%), which is in 34 

accordance with findings from previous global data compilation of 10Be fluxes. 35 

 36 

Keywords: Holocene, geomorphology, geochronology, Taiwan Island, cosmogenic 10Be, stable 37 

Beryllium-9, chemical mobility 38 
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1. Introduction  39 

Quantifying dates and rates of Earth surface processes is essential to invoke controls on modern 40 

topography and landscape evolution over millennial timescales, with cosmogenic nuclides being one of 41 

the most powerful tools (e.g. Bierman et al., 2002; Granger and Schaller, 2014; von Blanckenburg and 42 

Willenbring, 2014). In particular, meteoric cosmogenic 10Be with a half-life of 1.39 Myr (Chmeleff et 43 

al., 2010; Korschinek et al., 2010) is produced in the atmosphere by cosmic ray spallation (Masarik and 44 

Beer, 2009), and is mainly scavenged by rainfall to Earth’s surface after adhering to aerosols, and then 45 

binds tightly to solid surfaces (Willenbring and von Blanckenburg, 2010). The measured concentration 46 

of meteoric 10Be in soil thus relates to its production in the atmosphere, its delivery to the surface, its 47 

retention in the substrate, and its stability with regards to erosion (Graly et al., 2011; Willenbring and 48 

von Blanckenburg, 2010). As such, meteoric 10Be in soil can be used as a tracer for Earth surface 49 

changes over timescales of 103-105 yrs, including determining depositional ages (Egli et al., 2010) and 50 

soil residence times (Bacon et al., 2012; Pavich et al., 1986), tracing soil movement (Jungers et al., 51 

2009; Mckean et al., 1993), nutrient uptake by trees (Uhlig et al., 2020), and quantifying rates of erosion 52 

and weathering processes over hillslope scales (Jelinski et al., 2019; Johnson et al., 2014; Maher and 53 

von Blanckenburg, 2016).  54 

Different from its sister nuclide in situ 10Be, which is produced inside minerals (mostly quartz for 55 

analysis) with well-known physical rules of production and wide-spread production rate calibration data 56 

(Lal, 1991), the delivery and retention of meteoric 10Be is not well-constrained. The reasons include 57 

spatial and temporal variations in 10Be production (Masarik and Beer, 2009), complex climatic 58 

dynamics in the atmosphere (especially precipitation variability) (Graly et al., 2011; Heikkilä et al., 59 

2013b), physical-chemical mobility in soil (Graly et al., 2010; Willenbring and von Blanckenburg, 60 

2010) and few sites of calibration data available.  61 

To this end, previous efforts on determining 10Be depositional fluxes from modelling and 62 

observations (from rainfall and soil profiles) have advanced our understanding on 10Be deposition across 63 
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diverse spatial and temporal scales. Modelling efforts encompass general circulation models (GCM), 64 

including GISS ModelE (Field et al., 2006) and ECHAM5-HAM (Heikkilä et al., 2013a), which are 65 

coupled to 10Be production functions (Kovaltsov and Usoskin, 2010; Masarik and Beer, 2009; Webber 66 

et al., 2007) and have been applied on a global scale to study the atmospheric production, transport, 67 

mixing and deposition processes of meteoric 10Be. When applied to the local (e.g. pedon or small river 68 

catchment) scale, however, GCM-derived depositional fluxes might be non-representative, given the 69 

low horizontal resolution of e.g. 2.8×2.8 degrees that often does not allow to resolve local topographic 70 

or climatic gradients (Dixon et al., 2018). In comparison, 10Be measurements in natural materials can 71 

provide site-specific 10Be depositional fluxes. Contemporary depositional fluxes can be determined by 72 

measuring meteoric 10Be concentrations in rain with known precipitation rates (Graham et al., 2003; 73 

Monaghan et al., 1986), but such values are only representative over the sampling period, rather than 74 

over geomorphically meaningful timescales (103-105 yrs).  75 

Over millennial scales, the meteoric 10Be inventory in dated soil profiles developed from river 76 

terraces, moraine deposits, or bedrock, can provide a site-specific, long-term average depositional flux 77 

(Graly et al., 2011). Even though in quite a few studies meteoric 10Be was measured in soil (e.g. Bacon 78 

et al., 2012; Jungers et al., 2009; Mckean et al., 1993), most of them aimed at exploring the vertical and 79 

lateral transport of 10Be, and only very few studies estimated the depositional processes of 10Be (Clow 80 

et al., 2020; Dixon et al., 2018; Ouimet et al., 2015; Reusser et al., 2010). This is because several 81 

prerequisites have to be met for determining site-specific 10Be deposition fluxes using dated soil 82 

profiles: 1) Full retention of meteoric 10Be since landform stabilization. The assumption of full retention 83 

(Bacon et al., 2012; Maher and von Blanckenburg, 2016) may be invalid when meteoric 10Be mixes and 84 

remobilizes within soil profiles and desorption may occur, depending on soil properties and ages (Graly 85 

et al., 2010; Schoonejans et al., 2017). 2) No removal of Be isotopes by surface erosion. This assumption 86 

is not met if the slope of the studied outcrop is steep or agricultural activities are prominent (Jelinski et 87 

al., 2019; Johnson et al., 2014). 3) Negligible or known meteoric 10Be inherited prior to landform 88 
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stabilization. Regarding alluvial substrates, ignoring such inherited 10Be can cause overestimation of its 89 

inventory (Egli et al., 2010).  90 

To evaluate the abovementioned assumptions on soil 10Be, chemical properties such as soil pH and 91 

9Be can provide independent constraints. A low soil pH (e.g. <5) indicates the potential of partial 92 

retention of 10Be, meaning the desorption of Be from particles and its loss to the dissolved phase (You 93 

et al., 1989). Stable 9Be is released during chemical weathering of primary minerals, and bound to 94 

secondary reactive minerals in soil similar to 10Be (Bacon et al., 2012; Schoonejans et al., 2017), but 95 

the difference in sources causes distinct and predictable distribution patterns of both isotopes with depth 96 

(Maher and von Blanckenburg, 2016). In young deposits (e.g. Holocene terraces), 10Be concentrations 97 

with depth often show a declining profile that is controlled by downward transport and adsorption 98 

processes (Willenbring and von Blanckenburg, 2010); the fraction of 9Be locked in primary minerals 99 

([9Be]min) shows an increasing trend with depth as mineral weathering is the strongest at the surface 100 

(Maher and von Blanckenburg, 2016); the fraction of 9Be enriched in secondary reactive minerals 101 

([9Be]reac) commonly shows a convex profile, affected by chemical leaching at the surface and the limit 102 

of illuviation processes at depth (Maher and von Blanckenburg, 2016). As such, the chemical mobility 103 

of 10Be within soil profiles can be evaluated when coupling depth variations of both Be isotopes.  104 

In this study, we focus on the Taiwan mountain belt, which is of high interest for Earth surface 105 

studies because it is one of the fastest-eroding settings (on the order of 1-10 mm/yr) in the world (Cook 106 

et al., 2014; Dadson et al., 2003; Hilton et al., 2008). The commonly used in situ cosmogenic 10Be in 107 

quartz for quantifying Earth surface processes is not readily applicable in such a rapidly eroding setting 108 

given its low concentrations at the surface, whereas meteoric 10Be is more suitable due to its higher 109 

abundance and its independence on substrate lithology (Deng et al., 2020b; Derrieux et al., 2014). We 110 

analyzed meteoric 10Be and stable 9Be in river terrace profiles formed during the Holocene on the 111 

eastern and western sides of the orogen. Our aim is to constrain the range of Holocene 10Be depositional 112 
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fluxes in the Taiwan orogen, compare this with other independent flux estimates from fitting rainfall 113 

records and GCM modelling, and evaluate potential causes of bias in each of them. 114 

 115 

2. Study area 116 

Due to the active collision between the Luzon Arc and the Asian continental margin since ~6 Ma 117 

(Huang et al., 2006), the Taiwan orogen has undergone rapid tectonic uplift with rates of 4 – 10 mm/yr 118 

in the last ~1 Ma (Hsu et al., 2016; Lee et al., 2006), and 10 – 15 mm/yr in modern times (Ching et al., 119 

2011) in the orogen’s metamorphic core (the Central Range; Fig. 1). The orogen has a tropical-120 

subtropical climate dominated by East Asian monsoon, and receives a mean annual rainfall of 2.5 m, a 121 

large fraction of which is brought by tropical typhoons (Wu and Kuo, 1999). 122 

Triggered by heavy rains or large earthquakes, the Taiwan orogen is subject to high-frequency 123 

landsliding (Hovius and Lin, 2000; Hovius et al., 2011), which supplies enormous amounts of sediment 124 

downslope. As a result, rivers draining the orogen typically have extremely high sediment yields 125 

(e.g., >104 t/km2/yr) (Kao and Milliman, 2008; Milliman and Farnsworth, 2011). Where sediment 126 

supply carried by large landslides exceeds the transport capacity, valleys aggrade, along with the 127 

development of alluvial/debris fans in otherwise incision-dominated bedrock-river systems (Hartshorn 128 

et al., 2002). Such an episodic change in river behaviour is observed in modern times (Hsieh and Capart, 129 

2013), as well as recorded by the presence of Quaternary alluvial-fan terraces that are common 130 

in/around the orogen (Hsieh and Chyi, 2010; Hsieh et al., 2011). These terraces are sometimes underlain 131 

by fluvial or debris-flow gravels as thick as >100 m and capped by weakly developed soils. Hundreds 132 

of radiocarbon dates (mostly <15 ka) have shown that these terraces were deposited in relatively short 133 

periods of time of generally less than several hundred years (Hsieh and Chyi, 2010; Hsieh et al., 2017). 134 

 135 
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3. Materials and methods 136 

3.1. Terrace deposit sampling 137 

Even though abundant terraces exist in the Taiwan orogen, accessibility and existence of terrace 138 

chronology are problematic. Often, ages of most terraces older than 1 ka dated by previous studies were 139 

derived only from the lower parts of the terraces, thus not accounting for the remaining terrace bodies 140 

rising commonly > 20 m high above riverbeds. In addition, the tops of the terraces were either difficult 141 

to reach or poorly exposed during our survey periods. Still, we rappelled and collected samples from 142 

the topmost 6.2 m-thick deposits overlying the ~150 m-high Xinxiang (XX) fan terrace exhibited along 143 

the Chenyoulan River in central Taiwan (Fig. 1). The XX terrace, constructed jointly by three tributaries, 144 

extends for 7 km along the trunk river and consists entirely of gravelly sediment. The main part of this 145 

deposit consists of ~120 m of greyish gravel deposits, presumably of debris-flow origin, and has yielded 146 

5 radiocarbon dates from residual plant material and ranging from 9.30 to 8.80 kyr cal. BP (calibrated 147 

in years before 1950 AD) (Hsieh and Chyi, 2010). Around the sampling segment from the top, the 148 

terrace is capped by yellowish debris-flow gravel of ~10 m thickness. Our samples are all derived from 149 

this yellowish unit, which has a sharp boundary with the underlying greyish gravel.  150 

We also collected samples from the Shengguang (SG) fan terrace, a 3.2 m-high minor terrace in 151 

the upper Dajia River catchment, central-northern Taiwan (Fig. 1). This terrace is dominated by fluvial 152 

gravel. The sampled segment has yielded 3 radiocarbon dates ranging from 3.57 to 4.08 kyr cal. BP.  153 

Finally, we sampled the topmost 5.9 m of the Changbin (CB) fan terrace in eastern Taiwan (Fig. 154 

1), from a drill core obtained by the Central Geological Survey of Taiwan in 2006 (Hsieh et al., 2011). 155 

The deposits sampled from bottom to top include muddy debris-flow and peaty mud; both units have 156 

yielded 7 radiocarbon dates from e.g. peat and charcoal and ranging from 7.70 to 6.44 kyr cal. BP (Hsieh 157 

et al., 2017; Hsieh et al., 2011).  158 
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3.2. Measurement of soil pH and bulk density  159 

Soil pH (derived from 0.01 M CaCl2) was determined on the sieved <2 mm fraction of air-dried 160 

samples using a soil-solution ratio of 1:2. For each profile, three additional samples were collected from 161 

top to bottom using a steel cylinder of known volume (100 cm3); these oven-dried samples were 162 

weighed to obtain the bulk density.  163 

3.3. Extraction of 10Be and 9Be 164 

We extracted 10Be and 9Be from the oven-dried fine fraction (<2 mm) of all samples based on the 165 

sequential chemical extraction procedure described in Wittmann et al. (2012). After gentle grinding that 166 

aimed at breaking up secondary grain sizes formed during oven-drying, 0.3-0.5 g of each sample was 167 

treated subsequently with 0.5 M HCl for extracting the amorphous oxyhydroxide fraction, and then with 168 

1M hydroxylamine-hydrochloride solution for the crystalline oxyhydroxide fraction. These fractions 169 

contain amorphous and crystalline oxyhydroxides that were then combined as the reactive fraction 170 

(termed as “reac”) for measuring stable 9Be and meteoric 10Be concentrations. After these sequential 171 

extraction steps, the residue (termed “min”) was decomposed with a mixture of hydrofluoric acid and 172 

aqua regia.  173 

After matrix decomposition, the reactive and residual solute fractions were split. One split was 174 

analyzed for stable 9Be concentrations by Inductively Coupled Plasma-Optical Emission Spectroscopy 175 

(ICP-OES, Varian 720-ES). The second split of all the reactive fractions and selected (i.e. the surface 176 

and bottom samples of each profile) residual fractions were spiked with 9Be carrier of known weight 177 

and purified for 10Be analysis by performing anion and cation column separation and alkaline 178 

precipitation (e.g. von Blanckenburg et al., 1996). 10Be concentrations were obtained from accelerator 179 

mass spectrometry (AMS) measurements of 10Be/9Be ratios (with carrier) at the University of Cologne 180 

relative to the KN01-6-2 standard with a 10Be/9Be ratio of 5.35×10-13 (Dewald et al., 2013). For blank 181 

correction of 10Be concentrations we used a blank 10Be/9Be ratio of 0.74 ± 0.21×10-15 (n=2) for reac 182 

fractions and 8.32 ± 1.30×10-15 (n=1) for min fractions, respectively.  183 
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3.4. Calculation of 10Be depositional flux 184 

The 10Be inventory accumulating after terrace formation can be calculated using the following 185 

equation (modified from Egli et al. (2010)): 186 

I10=∑ (�� Be10 �𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏,𝑖𝑖 − � Be10 �𝑖𝑖𝑖𝑖ℎ� × ρ𝑖𝑖 × z𝑖𝑖 × V𝑓𝑓,𝑖𝑖) 𝑖𝑖
𝑖𝑖=1                                                         (1) 187 

Where I10 represents the total 10Be inventory in a soil column corrected for 10Be inheritance (at/m2), 188 

[10Be]bulk,i the total 10Be concentration in each sample (at/kg), [10Be]inh the 10Be concentration in each 189 

profile inherited from the previous erosion process (at/kg), ρ i the soil bulk density (kg/m3), zi the 190 

integrated thickness of the ith horizon (m), and Vf,i the volume percentage (%) of the fine earth fraction 191 

(<2 mm) containing 10Be. The parameters in Eq. (1) were obtained as follows.  192 

1) To determine the 10Be inherited from the erosion event that formed the terrace ([10Be]inh), two 193 

approaches were applied: (1a) using the 10Be concentration of modern river sediment obtained close to 194 

the terrace location, or (1b) using the 10Be concentration measured at the bottom of the terrace profile 195 

that is unaffected by meteoric 10Be delivery since terrace deposition.  196 

2) In most samples we only measured meteoric 10Be in reactive fractions where the majority of 197 

10Be is contained. However, a small fraction of 10Be can be contained in the silicate residual “min” 198 

fraction after chemical leaching (Simon et al., 2016; Wittmann et al., 2012). This observation may be 199 

explained by non-quantitative extraction of reactive 10Be in oxyhydroxides by the leaching procedure 200 

or 10Be contribution of secondary clay minerals that can not be decomposed by the leaching procedure. 201 

From a few samples in which both the reac and the min fractions were measured we determined the 202 

mean fraction of reactive 10Be relative to bulk 10Be (freac-10). We hence divided the reactive 10Be 203 

([10Be]reac) in each sample by this fraction to account for contribution of “min” 10Be and obtain [10Be]bulk. 204 

3) The soil thickness integrated by each sample (zi) was determined as the distance from the mid-205 

point between samplei-1 and samplei to the mid-point between samplei and samplei+1; at the bottom of 206 



10 of 47 
 
 

 

each profile, an additional sample thickness, being the same as the distance from the mid-point between 207 

samplebottom-1 and samplebottom to samplebottom, was added below for calculating 10Be inventory.  208 

4) Based on field observations (see Fig. 2), terraces XX and SG contain a certain percentage of 209 

gravel and boulders. Due to the low specific surface area of such large particles, particles with a 210 

diameter of >2 mm accumulate a negligible amount of 10Be relative to finer-grain soil material 211 

(Willenbring and von Blanckenburg, 2010). Hence, zi in Eq. (1) should be corrected by removing such 212 

coarse fractions, that is, multiplied by the volume percentage of the fine earth fraction (<2 mm) 213 

containing 10Be (Vf). In practice, we used a two-step approach to separate the coarse fraction (>2 mm) 214 

from the fine earth fraction containing 10Be. 1) The >2 mm fraction contained in the collected samples 215 

was determined by sieving (using a 2 mm sieve) and weighing the corresponding fractions. The weight 216 

percentage of the >2 mm fraction that is dominated by rock fragments was then converted to volume 217 

percentage (Vc1) by assuming a density of 2.65 g/cm3 common for sedimentary rocks. 2) As the 218 

unsampled boulders in the profile commonly had a diameter of >6 cm in our case, we manually 219 

extracted their area percentage from photos of each profile (Fig. 2a-b) using GIS mapping software 220 

(ArcMap). Next, the area percentage (ellipse area of boulders divided by rectangle area of profile) was 221 

converted to the volume percentage (Vc2, ellipsoid volume divided by cube volume), that is, multiplied 222 

by a factor of 2/3. The resulting Vf in Eq. (1) is calculated by combining the two steps of correction:  223 

Vf = (1-Vc2)×(1-Vc1)                                                                                                                    (2) 224 

The terrace-derived meteoric 10Be depositional flux Fmet (at/m2/yr) is then calculated as: 225 

Fmet = I10 × λ/(1 − 𝑒𝑒−λt)                                                                                     (3) 226 

where t (yr) is the depositional age of the terrace derived from an independent method, in this case 227 

from radioactive 14C, and λ is the decay constant of 10Be (5×10-7 yr-1). The uncertainty of the resulting 228 

Fmet is propagated from the analytical uncertainty of 10Be measurements, the 14C age uncertainty, the 229 

standard deviation of soil density measurements, and a relative standard deviation of 5% from obtaining 230 
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Vf. The calculation of Fmet assumes that 10Be is completely retained since terrace deposition and may 231 

represent a lower-limit estimate in many cases. 232 

3.5. Correction for 10Be loss from desorption 233 

Be desorption can occur under low soil pH conditions which leads to an underestimation of 10Be 234 

inventory. To estimate such inventory loss, one approach is to use the mass loss percentage of reactive 235 

9Be to constrain the chemical depletion of 10Be, assuming that the retention of reactive 9Be and 10Be 236 

within soil profiles is the same (Bacon et al., 2012; Schoonejans et al., 2017). Nevertheless, 10Be is 237 

supplied from the surface while 9Be is released at the weathering front. As such, incomplete retention 238 

may affect each of both isotopes to a different extent due to difference in sources (Maher and von 239 

Blanckenburg, 2016). 240 

The other approach developed here is a partition coefficient (Kd)-based estimation of inventory 241 

loss. The pH-dependent Kd (in L/kg) of Be is calculated by the ratio of reactive to dissolved Be 242 

concentrations at chemical equilibrium (You et al., 1989), which provides an estimate of the potential 243 

loss of Be to the dissolved phase due to desorption. Taking the soil column as a whole and assuming a 244 

constant pH over time, the change in 10Be inventory at a given time is the deposition of meteoric 10Be 245 

from the surface minus the removal of 10Be from the soil column due to desorption; when integrating 246 

from the terrace depositional age (t) to present-day, we can then derive the loss percentage of 10Be 247 

inventory (I10,loss). The conceptual framework and the equation for 10Be desorption loss correction is 248 

provided in Appendix A. 249 

 250 

4. Results  251 

Soil pH and bulk density data are provided in Table 1. The soil pH in terrace XX decreases from 252 

4.83 to 3.85 within the top 0.2 m, and then gradually increases to 6.09 at 6.2 m. The soil pH in terrace 253 

SG decreases from 7.02 to 3.85 within the top 1 m, and then increases to 4.91 at 3.2 m. Circum-neutral 254 
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soil pH prevails in terrace CB, ranging from 5.60 to 7.00. For each profile the bulk density of surface 255 

soil is always lower than that of samples attained from depth (Table 1). The range of bulk density in 256 

each profile is 0.86-1.09 g/cm3 (XX), 0.76-1.78 g/cm3 (SG) and 1.32-2.08 g/cm3 (CB), respectively. The 257 

bulk density of the surface layer is measured including a relative uncertainty of 10%. To assign a density 258 

value to each subsurface terrace layer, we use the average value of the two density measurements taken 259 

below the surface as bulk density, including an uncertainty of the standard deviation of both 260 

measurements. The assigned density values are shown in Table 1. 261 

10Be and 9Be concentrations of reac and min fractions with depth are shown in Figs. 3-5 and Table 262 

2. In terraces XX and CB, [10Be]reac generally decreases with depth, from 40.56×106 at/g to 6.50×106 263 

at/g (XX, Fig. 3) and from 68.34×106 at/g to 0.47×106 at/g (CB, Fig. 5). In contrast, the [10Be]reac in 264 

terrace SG decreases from 24.85×106 at/g to 1.57×106 at/g within the top ~1 m, but then increases again 265 

to 7.64×106 at/g with increasing depth (Fig. 4). From replicates taken from different locations at the 266 

surface (labelled “0 m” in Table 1), the surface average [10Be]reac ± 1σ is 36.98 ± 5.06×106 at/g in terrace 267 

XX, 23.26 ± 2.25×106 at/g in terrace SG, and 66.80 ± 2.18×106 at/g in terrace CB. The low standard 268 

deviation indicates good spatial replicability of surface soils. Similar to [10Be]reac, the bulk 10Be 269 

concentration ([10Be]bulk, sum of reac and min fractions, Table 2) of the surface sample is always much 270 

higher than that at the bottom for each profile. In general, the [10Be]reac accounts for most of [10Be]bulk 271 

(71%-86%), the only exception being the [10Be]reac at the bottom of terrace CB, where [10Be]reac accounts 272 

for only 44.3% of [10Be]bulk. We regard the resulting freac-10 in this sample as an outlier given that 273 

[10Be]reac is extremely low (0.47×106 at/g) in this sample and [10Be]reac of all the other analyzed samples 274 

ranges within 106-107 at/g. Hence, we use the average ratio of [10Be]reac to [10Be]bulk in terraces XX and 275 

SG (78.2%, n=4) as a reasonable estimate of freac-10.  276 

[9Be]reac shows a different distribution pattern with depth compared to [10Be]reac (Figs. 3-5). In 277 

terrace XX, [9Be]reac is characterized by a convex profile, with [9Be]reac increasing from 0.39 μg/g to 278 

0.82 μg/g within the top 0.80 m and then decreasing to 0.59 μg/g. In terrace SG, [9Be]reac fluctuates at 279 
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the top 2.4 m but overall increases from 0.58 μg/g to 1.07 μg/g, and then decreases to 0.84 μg/g at the 280 

bottom. In terrace CB, [9Be]reac shows a declining profile from 0.29 μg/g at the surface to 0.11 μg/g at 281 

depth. In general, [9Be]min is the highest in terrace SG (Fig. 4) and the lowest in terrace CB (Fig. 5), 282 

consistent with the trend in [9Be]reac. In terrace XX, [9Be]min increases from 0.66 μg/g to 1.15 μg/g at 283 

the top 0.80 m and then stays relatively constant with depth (1.14 ± 0.03 μg/g, n=6, Fig. 3). [9Be]min in 284 

terrace SG generally increases with depth from 0.89 μg/g to 2.01 μg/g (Fig. 4), whereas [9Be]min remains 285 

stable (0.23 ± 0.03 μg/g, n=8) in the whole CB profile, except one value of 0.42 μg/g at 0.51 m (Fig. 5). 286 

 287 

5. Discussion 288 

5.1. Depth-related controls of 9Be and 10Be concentrations  289 

When coupling the depth profile of 10Be to those of 9Be and soil pH, we can determine the 290 

controlling factors of remobilization of Be isotopes within soil profiles and further evaluate the retention 291 

of 10Be. In terrace XX the vertical distribution of 9Be is consistent with the weathering mechanism. The 292 

increase of [9Be]min with depth (in the upper ~0.8 m, Fig. 3) is caused by weaker dissolution of primary 293 

minerals towards the bottom, whereas the lower [9Be]reac at near-surface is due to the low soil pH and 294 

thus low Be retentivity there. At depths below ~0.8 m, the uniformity in [9Be]min indicates insignificant 295 

dissolution of primary minerals (Maher and von Blanckenburg, 2016). In comparison, high [10Be]reac at 296 

the surface and its subsequent decrease with depth (Fig. 3) is related to the supply of meteoric 10Be from 297 

the surface followed by downward transport through fluid flow. The constantly low [10Be]reac below 3.2 298 

m (6.93 ± 0.37×106 at/g, n=3) suggests that this 10Be concentration is inherited from the river sediment 299 

prior to deposition, rather than from post-depositional accumulation and downward transport.  300 

In terrace SG the increasing [9Be]min in the upper 2.4 m relative to the constant value of 2.0 μg/g 301 

below this depth also suggests a main control of primary mineral dissolution on its distribution (Fig. 4). 302 

The increase of [9Be]reac in the upper 2.4 m (Fig. 4) is consistent with an increase in Be retentivity there. 303 

Similar to terrace XX, the pattern of [10Be]reac generally reflects expected trends of high 10Be 304 
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concentrations at the surface due to atmospheric supply, followed by much lower [10Be]reac at depth. 305 

However, the low soil pH (3.85-3.92) at depths of 1.0-1.9 m (Fig. 4) that results in low retentivity of 306 

10Be (You et al., 1989) may lead to further downward transport of dissolved 10Be at depth where the pH 307 

is higher (4.91). At these depths, [10Be]reac increases in accordance to changes in pH-related retentivity 308 

that controls the formation of secondary minerals (Graly et al., 2010; Maher and von Blanckenburg, 309 

2016).  310 

For terrace CB, [9Be]min is relatively constant with depth, indicating minor chemical alteration of 311 

primary minerals in the sampled profile (Fig. 5). The co-variation and the similar declining trend of 312 

both [10Be]reac and [9Be]reac suggests, in contrast to the other profiles, significant surface erosion as the 313 

upper part of the profile with high [10Be]reac and low [9Be]reac (Maher and von Blanckenburg, 2016) is 314 

eroded. As a result, the variations of [10Be]reac and [9Be]reac in the remaining lower part of the soil 315 

column are dominated by illuviation processes, meaning the gradual re-formation of reactive phases 316 

that are sourced from the leaching of reactive phases in the original top-soil (missing in terrace CB due 317 

to erosion). Concentrations of both isotopes then increasingly reflect the influence of parent materials 318 

with depth.  319 

The depth profile of 10Be can also help to determine its inheritance in each terrace, which is a key 320 

parameter for correction of 10Be inventory in Eq. (1). In terrace XX, given that [10Be]reac below 3.2 m 321 

is invariant with depth (Fig. 3), the mass-weighted [10Be]reac of the bottom three sampled layers is 322 

assumed to represent the inheritance (i.e., 6.97×106 at/g). Furthermore, since inherited 10Be is sourced 323 

from the erosion event that formed the terrace, we can use the Be isotopic dataset of the bottom layers 324 

to determine a paleo-denudation rate. Following the framework of the 10Be (meteoric)/9Be denudation 325 

proxy (von Blanckenburg et al., 2012) and using the same parameterization applied for the modern 326 

Chenyoulan River by Deng et al. (2020b) (see Appendix B for details), the resulting denudation rate of 327 

the Chenyoulan Basin in the early Holocene is 0.51 ± 0.03 mm/yr (n=3). This paleo-denudation rate is 328 

lower than that in the modern times (1.01 ± 0.20 mm/yr, Deng et al. (2020b)), indicating potential 329 
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acceleration of sediment removal through the Holocene. Similarly for terrace CB, we assume the 330 

[10Be]reac value at the bottom of the terrace to be the inherited signal (0.47×106 at/g) due to its extremely 331 

low concentration (Fig. 5). In terrace SG, an increase of [10Be]reac in the lower profile (Fig. 4) makes 332 

identifying a value for inherited 10Be difficult. To constrain 10Be inheritance in terrace SG, we adopted 333 

a published [10Be]reac value (0.81×106 at/g) from a modern sediment sample in the Zhuoshui headwaters 334 

nearby (Deng et al., 2020b, Fig. 1). We consider the choice of this 10Be inheritance to be reasonable as 335 

erosion rates (and presumably [10Be]) in both locations should be similar because: 1) the Zhuoshui 336 

sediment (ZS-1) is sourced from a sub-catchment with similar geological (slate lithology) and 337 

topographic (Central Range) features as the Dajia headwaters, hinting at a similar erosion process; 2) 338 

the exhumation rate of 3 mm/yr since ~1 Ma (Hsu et al., 2016) determined in a transect of the northern 339 

Central Range (only ~20 km away from terrace SG) is indeed close to the denudation rate of ZS-1 (3.8 340 

± 0.7 mm/yr) (Deng et al., 2020b).  341 

More importantly, the variations of both Be isotopes suggest incomplete Be retention and surface 342 

erosion in certain profiles and hence the violation of the assumption of a complete 10Be inventory since 343 

terrace deposition. These factors will be evaluated below to derive a better estimate on 10Be depositional 344 

flux. 345 

 346 

5.2. Terrace-derived 10Be depositional fluxes and evaluation of potential uncertainties 347 

10Be inventories of the three terraces are calculated based on Eq. (1) using chemical and physical 348 

data provided in Table 1 and Table 2. The resulting 10Be depositional fluxes derived from Eq. (3) and 349 

corrected for 10Be inheritance are provided in Table 3. In brief, the 10Be depositional flux calculated 350 

from terrace XX is 0.32×106 at/cm2/yr, which is lower than the flux values derived from terraces SG 351 

and CB that range between 0.45-0.49×106 at/cm2/yr (Table 3). 352 
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Next, we consider a range of scenarios in Taiwan terraces that may lead to violation of assumptions 353 

on deriving 10Be depositional flux from soil profiles, and then evaluate their effect on resulting flux 354 

estimates. The scenarios include 1) low Be retentivity, and terrace properties such as 2) surface erosion, 355 

3) multi-phase sediment deposition and 4) incomplete sampling depth. Based on reasons summarized 356 

below (Table 4), these scenarios affect each terrace to a different extent.  357 

1) Partial retention, meaning the desorption of Be from particles and its loss to the dissolved phase, 358 

should be taken into account when soil pH is low. In terrace CB, the soil pH is generally around or 359 

above 6 (Fig. 5) and thus 10Be in soil is considered to be retained completely. In contrast, the upper part 360 

(depth < ~1.2 m) of terrace XX and the lower part (depth > ~1m) of terrace SG show a soil pH lower 361 

than 5, which makes partial loss of 10Be likely. When correcting the 10Be inventory for desorption loss, 362 

a higher 10Be depositional flux will result for terraces XX and SG (see Sections 5.2.1 and 5.2.2 and Fig. 363 

6). 364 

2) Surface erosion should be insignificant in terraces of which the flat surfaces were well-preserved. 365 

We observed no obvious field signs of soil removal from the top for terraces XX and SG. Nevertheless, 366 

as mentioned in Section 5.1, the co-variation and the similar declining trend of both [10Be]reac and 367 

[9Be]reac in profile CB does suggest significant surface erosion. Hence, adding a missing 10Be inventory 368 

from the eroded top soil will increase the calculated 10Be depositional flux for terrace CB (Section 5.2.3 369 

and Fig. 7). 370 

3) The depositional ages of collected SG and CB sediments are considered to be well-constrained 371 

as several dating points (n=3 for SG and n=7 for CB) are available for the sampled segments. However, 372 

the thickness of terrace XX is ~150 m and the dating points (n=5) are limited to the lower part (Site 11 373 

in Hsieh and Chyi (2010)) unsampled for Be isotopes. Hence, the depositional age at the top 6.2 m 374 

where our samples were taken may be younger and thus, according to Eq. (3), a realistic depositional 375 

flux should be higher for terrace XX (Fig. 6).  376 
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4) Incomplete sampling, meaning that the sampling depth is not deep enough to reach the 10Be 377 

inheritance signal and a part of the 10Be inventory may be missing, might be the cause of an 378 

underestimate of the inventory in terrace SG where the lower part (depth of 1-3.2 m) shows a gradual 379 

increase of [10Be]reac. Extending the sampling depth to a deeper level will result in an increased 10Be 380 

inventory and thus a higher 10Be depositional flux (Fig. 6). 381 

In consideration of these different kinds of scenarios, the 10Be depositional flux that we derived 382 

from our terrace profiles is indeed a lower-bound estimate. Next, we will evaluate effects of soil pH 383 

and depositional age for terrace XX (Section 5.2.1), effects of soil pH and unsampled depth for terrace 384 

SG (Section 5.2.2), and for terrace CB, surface erosion is considered as the main cause (Section 5.2.3).  385 

5.2.1. Terrace XX   386 

To derive a realistic range of 10Be depositional flux from terrace XX, we estimate the pH-dependent 387 

desorption loss of the 10Be inventory using Eq. (A.3) and the age-dependent 10Be flux using Eq. (3) 388 

according to the following parameter constraints (Table 4):   389 

1) The depositional age in Eqs. (3) and (A.3) is set to be younger than 9.05 ka (Table 3).  390 

2) To obtain a profile-scale Kd in Eq. (A.3) we calculated a mass-weighted pH (4.62) based on the 391 

soil pH and the mass of the <2 mm fraction for each sampled layer above the inheritance (mid-point of 392 

XX6 and XX7). The resulting profile-scale desorption rate represents a lower limit, however, because 393 

most loss likely occurs in the upper part of the profile where concentrations are highest and pH is lowest. 394 

To account for this effect we vary pH values in a range from 3.85 (the lowest pH in the profile) to 4.62 395 

(Fig. 6a). Within the given range of pH and depositional ages, the range of desorption-related I10,loss is 396 

8% to 76%, higher than the proportion of bulk 9Be loss in the profile (0.2%). Bulk 9Be loss is the 397 

difference between initial terrace 9Be inventory calculated by assuming a constant [9Be]bulk as the 3 398 

samples at the bottom and 9Be inventory calculated by the measured [9Be]bulk profile and indicates the 399 

total loss of 9Be to the dissolved pool. Bulk 9Be loss is controlled by both desorption and primary 400 
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mineral dissolution, and the latter process is much slower compared to desorption (Maher and von 401 

Blanckenburg, 2016). Hence I10,loss higher than the bulk 9Be loss (%) is expected.  402 

The response of modelled 10Be depositional fluxes from terrace XX to ranges in depositional age 403 

and soil pH obtained from the above-made assumptions is shown in Fig. 6a. As expected, lower pH and 404 

younger depositional ages result in a higher modelled depositional flux (Fig. 6a). Using this modelling 405 

approach, we derive modelled 10Be fluxes that must exceed a value of 0.66×106 at/cm2/yr (red start in 406 

Fig. 6a) within the given range of pH values (<4.62). Furthermore, based on existing 14C-dated terraces 407 

in the Chenyoulan River, the calculated fan incision rate from old terraces (>1 ka) should be 8-31 m/ka 408 

(n=5) (Hsieh and Chyi, 2010). The upper-bound incision rate, if applicable in terrace XX (thickness: 409 

~150 m), indicates a minimum terrace age of 4.84 ka. Accordingly, the maximum modelled 10Be flux 410 

varies within a range of 0.94-2.26×106 at/cm2/yr depending on soil pH (Fig. 6a).  411 

5.2.2. Terrace SG 412 

In terrace SG we estimate a modelled 10Be inventory and flux according to the depth-dependent 413 

inventory calculation using Eq. (1) and the pH-dependent desorption loss of the 10Be inventory using 414 

Eq. (A.3), based on the following parameter constraints (Table 4):  415 

1) For the unsampled section below 3.2 m, we assume that its physical properties (e.g. density and 416 

fine earth fraction) are the same as those of the deepest sample (SG9) and the 10Be concentration linearly 417 

decreases from 3.2 m until reaching the assumed inheritance value of 0.81×106 at/g (Section 5.1). Note 418 

that this is a conservative estimate considering that 10Be concentrations could still increase below 3.2 419 

m, although the increasing pH at this depth (Fig. 4) suggests that leaching processes will gradually play 420 

a minor role. Under these assumptions, the missing inventory is then a function of the unsampled depth 421 

having an average 10Be concentration of SG9 and the assumed inheritance value (Table 3). 422 

2) Similar to terrace XX, a representative profile-scale soil pH is needed for estimating the 10Be 423 

loss from desorption using Eq. (A.3). Nevertheless, the resulting profile-scale desorption rate using 424 
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mass-weighted pH (4.68) represents an upper limit as less loss likely occurs in the upper part of the 425 

profile where both [10Be]reac and pH are highest. To account for this effect we vary pH values in a range 426 

from 4.68 to 7.02 (the highest pH in the profile) (Fig. 6b). In contrast to terrace XX, the range of 427 

desorption-related I10,loss is <1% to 13% within the given range of pH and unsampled depth, and the 428 

bulk 9Be loss (7%) falls within this range. It indicates that desorption in terrace SG may play a secondary 429 

role in evaluation of 10Be inventory given the higher profile-scale pH (>5) and thus the small horizontal 430 

gradient in color in Fig. 6b. 431 

Overall, the modelled 10Be depositional flux increases with lower soil pH and larger unsampled 432 

depth (Fig. 6b). Besides, based on the well-constrained infiltration depths of 10Be of our other Taiwan 433 

Holocene terraces (Fig. 3 and Fig. 5), we infer that the maximum infiltration depth in terrace SG should 434 

not exceed 6 m. An infiltration depth of 6 m would then correspond to an unsampled depth of 2.8 m, 435 

and a modelled flux of 0.80-0.88×106 at/cm2/yr would result for terrace SG within the given pH range 436 

(Fig. 6b).  437 

5.2.3. Terrace CB 438 

In terrace CB we model the variations in 10Be depositional flux as a function of eroded soil thickness 439 

(Fig. 7) following a strategy similar to Clow et al. (2020). To constrain the 10Be concentration in the 440 

eroded surface soil ([10Be]surface), two scenarios are considered here:  441 

1) We extrapolate the decreasing trend of 10Be concentration with depth at the top ~0.22 m (Fig. 5) 442 

to the eroded soil segment, resulting in a positive correlation between [10Be]surface and the thickness of 443 

eroded soil (scenario ① in Fig. 7). The underlying assumption is that the soil profile is not well-444 

developed and its upper part has been removed by erosion recently (e.g. in recent decades).  445 

2) Assuming a mixed layer that has developed in the upper soil due to bioturbation, a constant 446 

[10Be]surface same as that of the surface sample (CB-surface and CB1C) is used (scenario ② in Fig. 7).  447 
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Since no independent erosion estimates exist for terrace CB, we assume that the erosion rate may 448 

vary within a range similar to the Pakua terraces of western Taiwan (3-30 mm/kyr) where erosion rates 449 

are well-constrained by in situ 10Be depth profiles (Siame et al., 2012). When using the highest erosion 450 

rate as an upper-bound limit for terrace CB, modelled depositional fluxes of 0.80×106 and 0.93×106 451 

at/cm2/yr result for scenarios 2 and 1, respectively. Although such assumption on the maximum erosion 452 

rate might not be necessarily valid, the lower limit as the measured terraced-derived flux can still help 453 

to constrain the realistic flux range in this orogen. 454 

 455 

5.3. Comparison between 10Be flux estimates by multiple approaches 456 

Here we aim to derive a better constrained 10Be depositional flux in the Taiwan orogen by 1) 457 

comparing between the plausible range of 10Be flux from each terrace and then 2) comparing terrace-458 

derived fluxes with independent estimates from GCM integrating over the Holocene (Heikkilä and von 459 

Blanckenburg, 2015) and from a rainfall 10Be-based fitting equation (including precipitation rate and 460 

latitude as parameters) (Graly et al., 2011). For the latter we use modern precipitation rates (Table 3) to 461 

calculate the 10Be flux. We consider that the temporal variability in precipitation rate may be relatively 462 

small because the Taiwan orogen is dominated by subtropical-wet climate consistently during the study 463 

period (9-0 kyr BP) based on pollen records (Liew et al., 2006).  Few dry or wet episodes on a timescale 464 

of ~102 years occurred during the Holocene (Liew et al., 2006) but their effect should be averaged out 465 

over the integration timescale of terrace profiles. Fluxes from modern rainfall data fitting are further 466 

normalized to the average Holocene 10Be production rate (Deng et al., 2020a) for comparison with other 467 

two approaches.   468 

Key controlling factors of 10Be depositional flux include temporal variations in stratospheric 10Be 469 

production and the mechanisms of its delivery that depend on climatic effects such as precipitation 470 

(Graly et al., 2011; Heikkilä et al., 2013b). We first evaluate how these factors might have caused 471 

difference in flux estimates between terraces. According to proxy records of global 10Be production 472 
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(Steinhilber et al., 2012), the 10Be production rate within the depositional age of each terrace is 1.16-473 

1.23 times that of the modern value (Fig. 8). In other words, given this narrow range the time-averaged 474 

10Be production rate should be in agreement between terraces. The effect of precipitation on soil-derived 475 

10Be depositional flux is a matter of debate (Deng et al., 2020a). One group of studies suggested that 476 

the 10Be depositional flux is positively correlated with precipitation rate, and that this precipitation 477 

dependence can explain the variability of 10Be inventories in some soil profiles (Dixon et al., 2018; 478 

Graly et al., 2011). Other studies, however, have observed no correlation between soil-derived 10Be flux 479 

and precipitation rates (Ouimet et al., 2015; Willenbring and von Blanckenburg, 2010). For the studied 480 

terraces we observed no clear correlation between precipitation rate and depositional flux (Table 3 and 481 

Fig. 9). Unless such correlation is obliterated by compounding effects the difference in 10Be delivery 482 

should be secondary between sampling locations. We thus consider that the difference in depositional 483 

fluxes derived from the three terraces should be minor. As such, the overlapping range of all the terrace-484 

derived flux estimates (Fig. 9) is considered as the first-order flux estimate for the Taiwan orogen, that 485 

is, 0.66-0.88 ×106 at/cm2/yr. 486 

When comparing to other two approaches, the plausible range of terrace-derived fluxes is 487 

consistently lower. Specifically, the flux from rainfall data fitting in each sampling location can be even 488 

3-4 times higher than the upper-bound limit of terrace-derived flux (Fig. 9) and is thus unlikely to be 489 

realistic in the study area. In comparison, the GCM-derived flux is closer to but still higher than the 490 

corresponding terrace-derived flux (Fig. 9). Such flux offset may be partly explained by the uncertainty 491 

in 10Be production models implemented in the GCM. For example, the production model adopted by 492 

the GCM applied here (Heikkilä and von Blanckenburg, 2015) gives a global average 10Be production 493 

rate of 0.21 at/cm2/yr (Masarik and Beer, 2009), while other rate estimates using different production 494 

models can vary from e.g. 0.19 at/cm2/yr (Webber et al., 2007) to 0.32 at/cm2/yr (Kovaltsov and 495 

Usoskin, 2010). Furthermore, such comparison shown for the Taiwan orogen is consistent with that 496 

revealed by the recent compilation of global 10Be depositional fluxes from multiple approaches, 497 
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indicating that a realistic flux commonly stays between measured soil-derived fluxes and GCM-derived 498 

fluxes (Deng et al., 2020a). 499 

 500 

5.4. Implications for the precipitation effect in the Taiwan orogen  501 

The site-specific calibration in this study provides further implications for the precipitation effect 502 

on 10Be depositional flux. To account for the existing conflicting views on the presence of the 503 

precipitation effect as mentioned above, Willenbring and von Blanckenburg (2010) proposed two 10Be 504 

delivery effects, i.e. the dilution effect and the additive effect. 10Be concentrations in rain are assumed 505 

to be constant in the additive effect and thus the 10Be depositional flux depends on precipitation rate. 506 

The rainfall-based fitting equation (Graly et al., 2011) is derived assuming a sole additive effect. 507 

However, in the dilution effect, 10Be contained in proximal rain sources is mainly limited by the 10Be 508 

flux at which it is introduced into the lower atmosphere and thus the depositional flux is independent 509 

of precipitation rate (Willenbring and von Blanckenburg, 2010). Both effects can also exist in 510 

combination at a certain geographical setting such as orogens. 511 

In the Taiwan orogen, the realistic Holocene 10Be depositional flux we estimated is much lower 512 

(<50%) than the flux derived from rainfall data fitting. This result suggests a potential overestimation 513 

of the control of precipitation by this fitting equation due to underestimation of the precipitation dilution 514 

effect. We thus conclude that in the Taiwan orogen, 10Be depositional flux does not increase 515 

proportionally with precipitation rate and the dilution effect may play a major role in millennial-scale 516 

10Be deposition here. This new piece of evidence also fits in with the recent global compilation of 10Be 517 

fluxes: the short-term rainfall-derived flux commonly exceeds the millennial-scale soil-derived estimate, 518 

as short-term stochasticity in precipitation events could introduce a measurement time-interval bias 519 

towards higher fluxes (Deng et al., 2020a).  520 

 521 
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6. Conclusions 522 

We measured 10Be and 9Be concentrations in three river terraces of Taiwan Island, in order to 523 

quantify deposition and retention processes of meteoric 10Be in Holocene archives. Compared to 524 

previous efforts on estimation of the long-term 10Be depositional flux (Clow et al., 2020; Dixon et al., 525 

2018; Ouimet et al., 2015; Reusser et al., 2010), the terraces of this study have the deepest sampling 526 

depths (e.g. 5.8-6.2 m) and youngest ages (<10 ka). This new dataset explicitly evaluates controls of 527 

vertical migration of Be isotopes in young soil profiles, and provides further constraints on long-term 528 

10Be depositional flux in the Taiwan orogen. The main conclusions are as follows: 529 

1) The millennial-scale 10Be depositional flux derived from 10Be inventory of each terrace, corrected 530 

for 10Be inheritance only, ranges from 0.32 to 0.49 ×106 at/cm2/yr. However, we regard this flux as a 531 

lower-bound estimate, because potential presence of low Be retentivity, surface erosion, multi-phase 532 

sediment deposition and incomplete sampling depth can cause violation of assumptions on calculating 533 

terrace-derived 10Be fluxes.  534 

2) We quantitatively evaluate the effect of each scenario above on the 10Be depositional flux and 535 

further provide a plausible range of flux estimates for each terrace. The overlapping range of flux 536 

estimates from all the terraces is 0.66-0.88 ×106 at/cm2/yr.  537 

3) We compare this newly constrained range of terrace-derived fluxes with independent flux 538 

estimates from GCM (Heikkilä and von Blanckenburg, 2015) and from a rainfall-based fitting equation 539 

(Graly et al., 2011). The flux from rainfall data fitting is >2 times higher than our terrace-derived flux, 540 

indicating an overestimation of the control of precipitation in the Taiwan orogen. In comparison, the 541 

GCM-derived flux is closer to but still overestimates the millennial-scale 10Be depositional flux by at 542 

least 23%.  543 
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In summary, we recommend to use a range of terrace-derived fluxes obtained in this study (0.66-544 

0.88 ×106 at/cm2/yr) for Earth surface applications in the fast-eroding Taiwan orogen, especially in 545 

regions with similar climatic conditions (precipitation rate of 2-3 m/yr) as the studied terraces. 546 

 547 

Appendix A. Conceptual framework on estimation of 10Be desorption loss 548 

To estimate the desorption loss of Be due to low soil pH, we here develop a partition coefficient 549 

(Kd)-based method. Taking the soil column as a whole and assuming a constant pH with time, the 550 

change in 10Be inventory at a given time (t) is the deposition of meteoric 10Be from the surface minus 551 

the removal of 10Be from the soil column due to desorption: 552 

𝑑𝑑𝐼𝐼10(𝑡𝑡)
𝑑𝑑𝑡𝑡

= Fmet −
𝑄𝑄

𝑀𝑀𝐾𝐾𝑑𝑑
𝐼𝐼10(𝑡𝑡)                  (A.1) 553 

where Q is the runoff through the soil profile (m/yr) and M the total mass of the soil column (kg/m2) 554 

that is assumed not to change with time. To calculate Q, we use a published empirical relationship 555 

between precipitation rate and runoff in Taiwan, where Q=-0.025×P2+0.820×P (P is precipitation rate, 556 

in m/yr) (Deng et al., 2020b). Here modern precipitation rates (Table 3) are adopted for this calculation. 557 

The variability in precipitation rate may be minor during the study period because the Taiwan orogen 558 

is dominated by subtropical-wet climate consistently during the Holocene (Liew et al., 2006). To obtain 559 

the pH-dependent Kd, we apply a published empirical fitting equation that relates soil pH (in H2O) and 560 

Kd mainly based on sorption experimental data using clays and silt/sand, that is, Kd=105.82/(1+exp(-(-561 

1.82+0.55*pH))) (Campforts et al., 2016).  562 

After integrating Eq. (A.1) from the terrace depositional age (t) to present-day, the time-integrated 563 

10Be inventory (I10,t) accounting for desorption loss is: 564 

I10,t =
𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚−𝑒𝑒

−Q𝑚𝑚
𝑀𝑀𝐾𝐾𝑑𝑑×�𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚−

𝑄𝑄
𝑀𝑀𝐾𝐾𝑑𝑑

𝐼𝐼10,𝑖𝑖𝑖𝑖ℎ�
Q

𝑀𝑀𝐾𝐾𝑑𝑑

              (A.2) 565 
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where I10,inh is the initial inventory of 10Be at the time of terrace deposition inherited from the 566 

previous erosion process. The ratio of I10,t to a theoretical inventory assuming full retention of 10Be will 567 

derive the theoretical fractional loss of 10Be inventory caused by desorption (I10,loss) after subtracted 568 

from 100%: 569 

I10,loss = 1 −
𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚−𝑒𝑒

−Q𝑚𝑚
𝑀𝑀𝐾𝐾𝑑𝑑×(𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚−

Q
𝑀𝑀𝐾𝐾𝑑𝑑

𝐼𝐼10,𝑖𝑖𝑖𝑖ℎ)
Q

𝑀𝑀𝐾𝐾𝑑𝑑
�𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡+𝐼𝐼10,𝑖𝑖𝑖𝑖ℎ�

             (A.3) 570 

We thus use Eq. (A.3) to correct for desorption loss of 10Be inventory in Section 5.2. Please note 571 

that I10,loss is relatively insensitive to the non-prior-known Fmet, and shifts by less than 10% for varying 572 

Fmet by one order of magnitude (see Supplementary materials). 573 

Appendix B. Calculation of denudation rates using 10Be (meteoric)/9Be ratios 574 

To calculate denudation rates using Be isotopic data in terrace sediments unaffected by post-575 

depositional alteration, we adopt the steady-state mass balance framework for the 10Be (meteoric)/9Be 576 

system developed by von Blanckenburg et al. (2012). The 10Be (meteoric)/9Be-derived denudation rate 577 

(Dmet, in kg/m2/yr, or in mm/yr when using a density of 2.65×103 kg/m3 for conversion) can be 578 

calculated using a simplified equation:  579 

Dmet=
F𝑚𝑚𝑚𝑚𝑚𝑚

(
Be10

Be9 )reac×[ Be9 ]parent

×( [ B9 e]min
[ B9 e]reac

+1)                                                                                     (B.1) 580 

where [9Be]parent
 (mg/kg) is the 9Be concentration of the parent bedrock prior to weathering. For 581 

terrace XX we use the same parameterization as that used for the modern Chenyoulan River by Deng 582 

et al. (2020b), including a [9Be]parent of 2.03 ± 0.37 µg/g and GCM-derived Fmet of 1.08 ± 0.03×106 583 

at/cm2/yr.  The bottom three sampled layers are used for denudation rate calculation, with an average 584 

(10Be/9Be)reac of 1.67×10-10. The detailed derivation for Eq. (B.1) including requirements and 585 

assumptions is given in von Blanckenburg et al. (2012).  586 
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Table 1 Basic properties of sampled terrace sediments. 753 

Sample Depth Density1 pH2 
<2 mm 
volume3 

  m  g/cm3   % 
Xinxiang terrace (XX)  
Location: 23.6534 °N, 120.8743 °E  
XX-1-1 0.00 0.86 4.34 92.4% 
XX-1-4 0.00 0.86 4.83 92.4% 
XX1-5 0.20 1.04 3.85 86.9% 
XX2 0.45 1.04 3.88 84.8% 
XX3 0.80 1.04 3.94 82.8% 
XX4 1.15 1.04 4.49 76.8% 
XX6 2.20 1.04 5.44 79.4% 
XX7 3.10 1.04 5.65 67.9% 
XX8 4.70 1.04 6.07 71.9% 
XX10 6.20 1.04 6.09 79.1% 
Shengguang terrace (SG)   
Location: 24.3705 °N, 121.3390 °E  
SG1-1 0.00 0.76 7.02 85.0% 
SG1-4 0.00 0.76 6.99 85.0% 
SG2 0.25 0.76 6.71 86.3% 
SG3 0.40 1.71 6.26 62.6% 
SG4 0.55 1.71 5.51 52.0% 
SG5 1.00 1.71 3.85 59.4% 
SG6 1.50 1.71 3.92 56.5% 
SG8 2.35 1.71 4.36 46.5% 
SG9 3.20 1.71 4.91 54.4% 
Changbin terrace (CB)4   
Location: 23.3193 °N, 121.4545 °E  
CB-surface 0.00 1.32 5.84 100.0% 
CB1C 0.00 1.32 6.02 100.0% 
CB2C 0.22 1.87 6.37 84.4% 
CB3C 0.51 1.87 6.49 67.2% 
CB4C 0.82 1.87 6.44 87.5% 
CB5C 1.22 1.87 6.46 89.7% 
CB6C 1.63 1.87 6.48 98.9% 
CB8C 2.66 1.87 5.60 99.4% 
CB12C 5.88 1.87 7.00 86.1% 

 754 

Note: 1) To obtain the bulk density, three samples were collected with a known volume from top, 755 
middle, and bottom, respectively; after oven-drying, the samples were weighed. The bulk density of 756 
the surface layer is measured including a relative error of 10%. To assign a density value to each 757 
subsurface terrace layer, we use the average value of the two density measurements taken below the 758 
surface as bulk density, including an error of the standard deviation of both measurements. 759 
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2) Soil pH was determined on the sieved < 2 mm fraction of air-dried samples using a soil-solution 760 
(0.01 M CaCl2) ratio of 1:2. 761 

3) To calculate the <2 mm volume, we separate the coarse fraction (> 2 mm) of each terrace layer into 762 
two parts and determine each in different approaches. ① The >2 mm fraction contained in the 763 
collected samples. The weight percentage of this fraction is determined by sieving (using a 2 mm 764 
sieve) and weighing and was then converted to volumetric percentage. ② The unsampled boulders in 765 
the profile. Given their large size (a diameter of > 6 cm in our case), we manually extracted their areal 766 
percentage from the photos of each profile and convert areal percentage to volumetric percentage. The 767 
<2 mm volume is then calculated using Eq. (2). 768 

4) No preserved outcrops of terrace CB were found in the field, and thus a sediment core was drilled 769 
from the surface (Hsieh et al., 2017).  770 

  771 
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Table 2 Concentrations of meteoric 10Be and stable 9Be in reactive (reac) and silicate residual (min) 772 
fractions.  773 

Sample1,2,3 [9Be]reac [9Be]min [10Be]reac
4 [10Be]min

4 freac-10 
5 

  μg/g μg/g ×106 at/g ×106 at/g % 
Xinxiang terrace (XX) 
XX-1-1* 0.39 ± 0.02 0.66 ± 0.03 40.56 ± 1.45 9.13 ± 0.53 81.6% 
XX-1-4 0.38 ± 0.02 0.65 ± 0.03 33.41 ± 1.22   
XX1-5* 0.41 ± 0.02 0.81 ± 0.04 34.19 ± 1.25   
XX2 0.49 ± 0.02 0.89 ± 0.04 31.16 ± 1.15   
XX3 0.82 ± 0.04 1.15 ± 0.06 19.84 ± 0.78   
XX4* 0.70 ± 0.03 1.18 ± 0.06 10.12 ± 0.50   
XX6* 0.74 ± 0.04 1.15 ± 0.06 10.41 ± 0.51   
XX7 0.62 ± 0.03 1.14 ± 0.06 6.50 ± 0.35   
XX8 0.66 ± 0.03 1.09 ± 0.05 7.09 ± 0.38   
XX10* 0.59 ± 0.03 1.14 ± 0.06 7.19 ± 0.38 2.49 ± 0.29 74.3% 
Shengguang terrace (SG) 
SG1-1 0.65 ± 0.03 0.89 ± 0.04 24.85 ± 1.04   
SG1-4 0.58 ± 0.03 0.99 ± 0.05 21.67 ± 1.15   
SG2* 0.75 ± 0.04 1.45 ± 0.07 21.69 ± 0.85 3.55 ± 0.35 85.9% 
SG3 0.61 ± 0.03 1.63 ± 0.08 2.93 ± 0.23   
SG4* 0.67 ± 0.03 1.73 ± 0.09 1.59 ± 0.16   
SG5 0.71 ± 0.04 1.81 ± 0.09 1.57 ± 0.16   
SG6* 0.74 ± 0.04 1.88 ± 0.09 3.02 ± 0.22   
SG8 1.07 ± 0.05 2.07 ± 0.10 4.48 ± 0.28   
SG9* 0.84 ± 0.04 2.01 ± 0.10 7.64 ± 0.39 3.10 ± 0.30 71.1% 
Changbin terrace (CB) 
CB-surface 0.29 ± 0.01 0.22 ± 0.01 68.34 ± 2.29   
CB1C* 0.27 ± 0.01 0.23 ± 0.01 65.26 ± 2.22 12.52 ± 0.68 83.9% 
CB2C* 0.17 ± 0.01 0.25 ± 0.01 12.18 ± 0.57   
CB3C 0.17 ± 0.01 0.42 ± 0.02 9.29 ± 0.46   
CB4C* 0.15 ± 0.01 0.27 ± 0.01 5.87 ± 0.37   
CB5C 0.15 ± 0.01 0.23 ± 0.01 3.22 ± 0.24   
CB6C* 0.13 ± 0.01 0.20 ± 0.01 0.87 ± 0.12   
CB8C 0.11 ± 0.01 0.20 ± 0.01 0.98 ± 0.12   
CB12C* 0.12 ± 0.01 0.27 ± 0.01 0.47 ± 0.09 0.60 ± 0.20 44.3% 

Note: 1) The order of samples is the same as Table 1. 774 
2) All uncertainties denote 1σ analytical error. For 9Be measurements using ICP-OES, the given 775 
uncertainty (5%) is the long-term repeatability.  776 
3) All samples were processed in two batches, and the samples with an asterisk belong to the first 777 
batch.  778 
4) We use a blank 10Be/9Be ratio of 0.74 ± 0.21×10-15 (n=2) and 8.32 ± 1.30 ×10-15 (n=1) to perform 779 
the blank correction for reactive (reac) fractions and residual (min) fractions, respectively. 780 
5) freac-10 is the proportion of reactive 10Be relative to bulk 10Be (sum of reac and min fractions).781 
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Table 3 Terrace-derived 10Be inventories and calculated depositional fluxes. 782 
 783 

Terrace 
Depositional 

age1 Rainfall2 [10Be]reac 
inventory3 

Inherited 
[10Be]reac

4 
Total corrected 
10Be inventory5 

Measured 10Be 
depositional flux 

Proposed upper 
flux limit6 

ka m/yr ×109 at/cm2 ×106 at/g ×109 at/cm2 ×106 at/cm2/yr ×106 at/cm2/yr 
XX 9.05 ± 0.35 2.46 6.10 ± 0.21 6.97 ± 0.37 2.91 ± 0.15 0.32 ± 0.02 0.94-2.26 
SG 3.83 ± 0.36 2.89 1.74 ± 0.08 0.81 ± 0.13 1.89 ± 0.10 0.49 ± 0.05 0.80-0.88 
CB 7.07 ± 0.89 2.08 3.10 ± 0.20 0.47 ± 0.09 3.20 ± 0.23 0.45 ± 0.07 0.80-0.93 

 784 
Note: 1) The 14C ages of terraces XX and CB, calibrated in years before present (cal. BP), are from Hsieh and Chyi (2010) and Hsieh et al. (2017).  785 
2) The rainfall data is sourced from WorldClim Version2 (Fick and Hijmans, 2017).  786 
3) [10Be]reac inventory is the inventory derived from [10Be]reac summed over the sampled depth of each terrace without correction for inheritance. 787 
4) Inherited [10Be]reac is derived from soil mass-weighted [10Be]reac of the bottom three samples for XX, from the [10Be]reac in the headwaters of the Zhuoshui 788 
River nearby for SG (ZS-1 in Fig. 1, Deng et al. (2020b)), and from the [10Be]reac of the bottom-most sample for CB. The proposed inherited [10Be]reac (0.81×106 789 
at/g) in terrace SG is much lower than [10Be]reac of the bottom sample (7.64×106 at/g). We consider that the latter is affected by contribution of dissolved 10Be 790 
delivered from depths above. 791 
5) Inventory corrected for inherited 10Be and converted to a bulk 10Be inventory using an average percentage of reactive 10Be of 78.2%. 792 
6) Details on constraining this upper limit of 10Be depositional flux is provided in Section 5.2. 793 
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Table 4 Scenarios on violation of assumptions on 10Be flux derivation and their parameterization. 794 

Terrace Violation of assumptions1 
Low Be retentivity Surface erosion Multi-phase deposition Incomplete sampling 

XX pH: 3.85-4.62 × Age < 9.05 ka × 
SG pH: 4.68-7.02 × × Unsampled depth > 0 m  
CB × Rate > 0 cm/yr × × 

 795 
Note: 1) “×” indicates that the corresponding assumption is considered to be valid in a terrace. The parameterization of each scenario is explained in Sections 796 
5.2.1-5.2.3. 797 
  798 
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 799 

Fig. 1 Topographic map of Taiwan Island and terrace sampling locations. XX: Xinxiang terrace 800 
(Chenyoulan River catchment); SG: Shengguang terrace (Dajia River catchment); CB: Changbin 801 
terrace (cored) located in the Coastal Range. ZS-1 is a modern river sediment in the headwaters of the 802 
Zhuoshui River (Deng et al., 2020b) close to terrace SG. 803 

  804 



40 of 47 
 
 

 

 805 

Fig. 2 Field photos for terraces XX (a), SG (b) and CB (c). Both images a) and b) are used for analyzing 806 
the areal percentage of unsampled boulders in each profile. No boulders were found in the sampled 807 
segment of a core drilled in terrace CB (c). Each segment in (c) is 1 m in length and 6 segments in total 808 
are shown.  809 

  810 



41 of 47 
 
 

 

 811 

Fig. 3 Depth profiles of [10Be]reac, [9Be]reac, [9Be]min and soil pH (in 0.01 M CaCl2, open symbols) in 812 
terrace XX (9.05 ± 0.35 ka). The axis of [10Be]reac is in log scale. 813 
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 816 

Fig. 4 Depth profiles of [10Be]reac, [9Be]reac, [9Be]min and soil pH (in 0.01 M CaCl2, open symbols) in 817 
terrace SG (3.83 ± 0.36 ka). The axis of [10Be]reac is in log scale. 818 
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 820 

Fig. 5 Depth profiles of [10Be]reac, [9Be]reac, [9Be]min and soil pH (in 0.01 M CaCl2, open symbols) in 821 
terrace CB (7.07 ± 0.89 ka). The axis of [10Be]reac is in log scale. 822 
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 824 

Fig. 6 Dependence of terrace-derived 10Be depositional flux estimates (contour lines) on assumptions 825 
on soil pH as a proxy for 10Be retentivity (X axis, panels a-b), depositional age (Y axis, panel a), and 826 
sampling depth (Y axis, panel b). a) Terrace XX, where incomplete Be retention and age 827 
overestimation likely introduce the largest bias; b) Terrace SG, where incomplete Be retention and 828 
incomplete sampling depth introduce bias. The depositional age of 9.05 ka in a) and the sampling 829 
depth of 3.2 m in b) indicate the original measured conditions. Details on setting the range of each 830 
axis, the minimum depositional age (a) and the maximum infiltration depth of 10Be (b) are explained 831 
in Sections 5.2.1 and 5.2.2. Red star marks the lowest modelled 10Be depositional flux within the 832 
given range of parameters in each figure.  833 
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 836 

Fig. 7 Effect of surface erosion on 10Be depositional flux estimates for terrace CB. The apparent 837 
erosion rate is calculated using eroded thickness divided by the terrace depositional age (7.07 ka). We 838 
evaluate two scenarios of [10Be]-depth patterns: ① linear decrease in [10Be] at the surface layer and ② 839 
constant [10Be] at the surface layer. The red star marks the calculated 10Be depositional flux assuming 840 
zero surface erosion. The maximum erosion rate is assumed to be similar to that of Pakua terraces of 841 
western Taiwan (30 mm/kyr) estimated by in situ 10Be depth profiles (Siame et al., 2012). 842 

  843 



46 of 47 
 
 

 

 844 

Fig. 8 The variations in global 10Be production rates in the Holocene relative to the modern rate, 845 
modified from Steinhilber et al., (2012). The red numbers (1.16-1.23) indicate the time-averaged 846 
relative 10Be production rate since deposition of each terrace. Note that the average relative 10Be 847 
production rate in the Holocene is 1.23. 848 
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 851 

Fig. 9 Comparison between 10Be depositional flux estimates from three independent approaches 852 
including terrace 10Be inventories, GCM and rainfall-based fitting equation. The range of upper limit 853 
of terrace-derived fluxes is constrained by variable soil pH for terraces XX and SG (see details in 854 
Sections 5.2.1-5.2.2), and by two different scenarios of surface erosion for terrace CB (Section 5.2.3); 855 
the lower limit for each terrace is the same as the flux value marked by the red star in Fig. 6 or Fig. 7. 856 
The light red band is the overlapping range of flux estimates from three terraces (0.66-0.88 ×106 857 
at/cm2/yr). The uncertainty of GCM-derived fluxes (0.03 ×106 at/cm2/yr) is smaller than the symbol 858 
size (Heikkilä and von Blanckenburg, 2015). The uncertainty of fluxes from rainfall data fitting is 859 
20% (Graly et al., 2011). 860 
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