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Abstract 58 

The Chilean Coastal Cordillera features a spectacular climate and vegetation gradient, ranging 59 

from arid and unvegetated areas in the north to humid and forested areas in the south. The 60 

EarthShape project (“Earth Surface Shaping by Biota”) uses this natural gradient to investigate 61 

how climate and biological processes shape the Earth’s surface. We explored the Critical Zone, 62 

the Earth’s uppermost layer, in four key sites located in desert, semidesert, mediterranean, and 63 

temperate climate zones of the Coastal Cordillera, with the focus on weathering of granitic rock. 64 

Here, we present first results from 16 approximately 2 m-deep regolith profiles to document: (1) 65 

architecture of weathering zone; (2) degree and rate of rock weathering, thus the release of 66 

mineral-derived nutrients to the terrestrial ecosystems; (3) denudation rates; and (4) microbial 67 

abundances of bacteria and archaea in the saprolite.  68 

From north to south, denudation rates from cosmogenic nuclides are ~10 t km-2 yr-1 at the arid Pan 69 

de Azúcar site, ~20 t km-2 yr-1 at the semi-arid site of Santa Gracia, ~60 t km-2 yr-1 at the 70 

mediterranean climate site of La Campana, and ~30 t km-2 yr-1 at the humid site of Nahuelbuta. A 71 

and B horizons increase in thickness and elemental depletion or enrichment increases from north 72 

(~26 °S) to south (~38 °S) in these horizons. Differences in the degree of chemical weathering, 73 

quantified by the chemical depletion fraction (CDF), are significant only between the arid and 74 

sparsely vegetated site and the other three sites. Differences in the CDF between the sites, and 75 

elemental depletion within the sites are sometimes smaller than the variations induced by the 76 

bedrock heterogeneity. Microbial abundances (bacteria and archaea) in saprolite substantially 77 

increase from the arid to the semi-arid sites. 78 

With this study, we provide a comprehensive dataset characterizing the Critical Zone 79 

geochemistry in the Chilean Coastal Cordillera. This dataset confirms climatic controls on 80 
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weathering and denudation rates and provides prerequisites to quantify the role of biota in future 81 

studies. 82 

Keywords: weathering, denudation, microbial abundance, climate, Chile  83 
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1 Introduction  84 

The Earth’s surface, where rock, the atmosphere, the hydrosphere, and the biosphere interact, is 85 

often referred to as the Critical Zone (Anderson et al., 2007). Soils, mantling 95% of the terrestrial 86 

Earth’s surface, are the top layer of this zone. Soil is made “from below” by weathering, the 87 

breakdown of rocks and minerals (Riebe et al., 2017), and “from above” by the addition of organic 88 

matter and atmospheric inputs (Chorover et al., 2007). Weathering turns fresh rock into a loosely 89 

consolidated “regolith” (comprising both mobile soil at the top and weathered rock beneath it). The 90 

inorganic chemical process of weathering involves the dissolution of primary minerals and their 91 

partitioning into solutes and secondary minerals (e.g. amorphous and crystalline oxides, clays). 92 

These abiotic weathering products, as well as organic compounds, are exported from catchments 93 

via erosion and rivers (Gaillardet et al., 1999; Hilton, 2017). The Critical Zone thus plays an 94 

important role in the cycling of mineral nutrients across the Earth’s surface and the mechanisms 95 

of weathering are key. 96 

Numerous studies have shown that soil physico-chemical parameters, such as soil organic matter, 97 

soil acidity, exchangeable ions, extractable oxides, and volumetric strain (ε) systematically change 98 

with temperature and precipitation (e.g. Bardelli et al., 2017; Bojko and Kabala, 2017; Khomo et 99 

al., 2013; Khomo et al., 2011; Khormali et al., 2012). Egli et al. (2003) have shown that the amount 100 

of smectite and the degree of weathering in Alpine soils increase with precipitation. Moreover, the 101 

degree of plagioclase weathering seems to increase exponentially with temperature and linearly 102 

with precipitation (Dere et al., 2013). Still, from studies that make use of climatic gradients no clear 103 

relationship between climate and denudation rates has yet emerged. Large variations in 104 

denudation rates in any given climate indicate that a potential climatic imprint might have been 105 

severely overprinted by factors such as uplift, physical and chemical bedrock characteristics, and 106 

biota (e.g. Dixon et al., 2009; Egli et al., 2004; Ferrier et al., 2012; Riebe et al., 2004; Schaller et 107 
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al., 2018; Starke et al., 2017). In this context, Owen et al. (2011) postulated that a mean annual 108 

precipitation threshold exists below which bedrock denudation is precipitation-dependent and 109 

above which soil production from bedrock is controlled by complex feedback mechanisms 110 

between tectonics, temperature, and biota. 111 

One of the key players in weathering processes is biota, which is receiving increasing scientific 112 

attention in this context (Amundson et al., 2015b; Brantley et al., 2011; Egli et al., 2014; Hahm et 113 

al., 2014). A broad spectrum of biota (plants, animals, and microorganisms) interacts with the 114 

Earth’s surface, although the direction and magnitude of the effects biota has on Earth-surface 115 

processes, and conversely the Earth surface effects on biota, are still not well understood (e.g. 116 

Wilcke et al., 2017). For example, little is known about microorganisms that live beneath soil, even 117 

though more than one third of the microbial biomass is concentrated in regolith depths deeper 118 

than 25 cm (Fierer et al., 2003; Schutz et al., 2010). Several studies demonstrated that even in 119 

the saprolite active bacterial cells exist (Buss et al., 2005; Richter and Markewitz, 1995). Biogenic 120 

weathering is a potentially important mechanism because microorganisms in the regolith are 121 

highly specialized to their environment (Fritze et al., 2000; Ghiorse and Wilson, 1988; Zvyagintsev, 122 

1994). Fungi and their associated bacteria can directly weather minerals (Balogh-Brunstad et al., 123 

2008; Quirk et al., 2014; Smits et al., 2012). In this process they mobilize mineral-bound nutrients 124 

(e.g. P, Ca, Mg, K) that are essential elements to plants. When these nutrients are made available 125 

for plants, a biogeochemical cycle is induced that, for some elements, exceeds the weathering 126 

flux measured in rivers up to a factor of 40 and more (e.g. Uhlig et al., 2017; Wilcke et al., 2017). 127 

This biotically modulated silicate weathering is of major significance for global atmospheric CO2 128 

cycles in the Phanerozoic (Doughty et al., 2014; Pagani et al., 2009; Quirk et al., 2012) and for 129 

sustaining a continuous soil cover (Amundson et al., 2015a). Whether these biological 130 

mechanisms overwhelm the abiotic weathering mechanisms and whether they serve to provide a 131 
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feedback balancing soil erosion and soil production has never been shown, owing to the lack of 132 

diagnostic observables that allow to distinguish between abiotic and biotic drivers. 133 

To resolve the control of climate and biota on rock disintegration, we combined the fields of 134 

geochemistry, soil science, biogeochemistry, and geomorphology and applied these to different 135 

study sites along the Chilean Coastal Cordillera. We did this within the German-funded 136 

“EarthShape” (Earth surface shaping by biota) research priority program along four Critical Zone 137 

field sites along a latitudinal transect in the Chilean Coastal Cordillera. The Coastal Cordillera of 138 

Chile encompasses a prominent climate and vegetation gradient that provides a natural laboratory 139 

for investigating biotic and abiotic weathering processes. Soil formation processes in this region 140 

were previously explored by Owen et al. (2011). The authors found a 40-fold increase in soil 141 

production rate from 1 m My-1 in the hyper-arid to 40 m My-1 in the arid region. Vázquez et al. 142 

(2016) described a more than 30 m thick weathering profile developed on granitic bedrock in the 143 

Coastal Cordillera in the mediterranean climate of central Chile. The authors calculated 144 

denudation rates (derived from cosmogenic 10Be) from 20 to 70 m My-1, leading to mean residence 145 

times of 0.5 to 1.8 Ma for minerals in the saprolite.  146 

The investigated areas of this study include (from north to south) the Pan de Azúcar National Park 147 

(~26 °S), Santa Gracia Nature Reserve (~30 °S), La Campana National Park (~33 °S), and 148 

Nahuelbuta National Park (~38 °S). Site selection for these areas was based on the minimal 149 

tectonic and lithologic differences, and their position along the climate (arid to humid) gradient. 150 

We thus followed the “climosequence” approach (e.g. Egli et al., 2003). In each of these four study 151 

sites, four regolith profiles were excavated on different slope positions. 152 

In this paper, we (1) describe the architecture of the weathering zone; and quantify (2) the degree 153 

and rate of rock weathering, thus the release of mineral-derived nutrients to the terrestrial 154 

ecosystems; (3) denudation rates from cosmogenic nuclides; and (4) microbial abundances of 155 
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bacteria and archaea in the saprolite. We discuss these results on (1) a continental scale, on 156 

which the observed geochemical signatures are mainly caused by large scale variations in 157 

precipitation and vegetation cover, on (2) a hillslope scale, where influences on weathering and 158 

microbial abundances are caused by differing solar irradiation on N- and S-facing slopes, and on 159 

(3) a regolith profile scale. Within the scope of the “EarthShape” research program, we thus 160 

contribute towards addressing the question: how does the gradient in precipitation and vegetation 161 

cover influence weathering, microbial abundances, and mineral nutrient supply to ecosystems? In 162 

a companion paper (Bernhard et al., under review) the site-specific characterization of the soil and 163 

its properties are described. With these two papers, we also provide the basic Critical Zone 164 

background data that will serve as basis for future studies employing other field and laboratory 165 

techniques to decipher the role of biota along this transect. 166 

2 Study area  167 

2.1 Geological and climatic conditions 168 

Central Chile (~25 – 40 °S) is built of three structural units (from West to East): The Coastal 169 

Cordillera, the Central Depression, and the Pre-Western Cordillera of the Andes. Of these, the 170 

Coastal Cordillera is the oldest and westernmost trench-parallel morpho-structural unit. The 171 

Coastal Cordillera is composed of the remnants of a Late Paleozoic to Mesozoic magmatic arc 172 

and Paleozoic metamorphic rocks (Charrier et al., 2007; Hervé et al., 2007; Hervé et al., 1988; 173 

Pankhurst and Hervé, 2007; Parada et al., 1988; Vázquez et al., 2016). The northern Coastal 174 

Cordillera (~21 – 27 °S) is suggested to have experienced exhumation between ~118 – 152 Ma 175 

and 60 – 80 Ma prior to Andean mountain building (Juez-Larré et al., 2010). Following this (from 176 

~40 Ma to present), deformation migrated to the east of the Coastal Cordillera and led to the onset 177 

of Andes mountain building and plateau formation (Barnes and Ehlers, 2009). Less well known is 178 

the tectonic history of the Coastal Cordillera south of 27 °S, although it is commonly assumed to 179 
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be similar to the northern Cordillera. More recently, ongoing and minor amounts of Quaternary 180 

neotectonic activity have been documented in the northern Coastal Cordillera (Riquelme et al., 181 

2003; Starke et al., 2017). 182 

The EarthShape study area features a vegetation gradient controlled by climate, ranging over 183 

1300 km (from 26°06’S to 37°48’S), spanning from arid, via mediterranean, to humid-temperate 184 

climate conditions. Within this area four different sites were chosen, all located within 80 km of the 185 

Pacific coast and within plutonic rocks of the Chilean Coastal Cordillera (Fig. 1). The basement at 186 

those four sites is mainly composed of: (1) monzo- to syenogranitic intrusions (Pan de Azúcar, 187 

Triassic age; Parada et al., 2007), (2) pyroxene and hornblende-bearing diorites and 188 

monzodiorites (Santa Gracia granite, 98-89 Ma; Moscoso et al., 1982), and (3), (4) tonalites and 189 

granodiorites (Nahuelbuta complex, 294 Ma; Parada et al., 2007 and the Illapel Plutonic Complex 190 

in La Campana, 130-90 Ma; Parada et al., 1999). 191 

The 30-year mean annual precipitation (MAP) at the study sites increases from north to south, 192 

from 10 mm yr-1 in Pan de Azúcar, 89 mm yr-1 in Santa Gracia, 436 mm yr-1 in La Campana, to 193 

1084 mm yr-1 in Nahuelbuta, respectively (Fig. 2a; Ministerio de Obras Públicas, 2017). The mean 194 

annual air temperatures (MAT) vary between 18.1°C in the northernmost site and 14.1°C in the 195 

southernmost site (Fig. 2b; Ministerio de Obras Públicas, 2017). The northernmost site, Pan de 196 

Azúcar, is located at the southern border of the Atacama Desert. The aridity of the Atacama Desert 197 

has developed in the Miocene (Clarke, 2006; Dunai et al., 2005), and the hyperaridity in the early 198 

Quaternary (Jungers et al., 2013). The sites were unglaciated during the last glacial maximum 199 

(Hulton et al., 2002) and are situated in national parks and nature reserves, where anthropogenic 200 

influence is minimized compared to the surrounding areas. However, occasional grazing by cows 201 

(La Campana; Rundel and Weisser, 1975) and goats (Santa Gracia; Armesto et al., 2007; Bahre, 202 

1979) within the protected areas have been reported by local authorities. 203 
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2.2  Critical Zone description  204 

In each study site, three south-facing (S-facing) profiles at top-, mid-, and toe-slope position and, 205 

as an initial cross-check for aspect, a single north-facing (N-facing) mid-slope regolith profile were 206 

investigated (Fig. 3 – 6; Table S1). 207 

Here, we describe the soil as consisting of the O, A, and B horizon, underlain by a C horizon 208 

consisting of saprolite (bedrock that was weathered in situ). In this paper, we call the entire zone 209 

above unweathered bedrock “regolith” (Scott and Pain, 2008), which thus comprises saprolite and 210 

soil. The vascular flora of each study site was classified after Marticorena and Quezada (1985) 211 

and Luebert and Pliscoff (2006). 212 

2.2.1 Pan de Azúcar 213 

The S-facing regolith profiles in Pan de Azúcar national park (AZ) are located on a slope of 9 m 214 

length. The N-facing slope is located at a distance of 30 m from the S-facing slope. The elevations 215 

range from 328 to 343 m above sea level (a.s.l.) with hillslope angles between 25 to 40° (Fig. 3b; 216 

Table S1). 217 

The profiles’ surfaces are comprised of fine grained, quartz-rich granite gruss of a few cm in 218 

thickness with a grayish to yellow color (Fig. 3c). At the very top of this A horizon, where silt- and 219 

clay-sized particles are absent, angular fragments occur in size of up to 1 cm. Below the top layer, 220 

a B horizon of reddish-brown color is found. The size of fragments increases downwards. The 221 

transition to the saprolite of the C horizon occurs at 20 to 25 cm depth and does neither depend 222 

on slope position nor aspect.  223 

The saprolite has a reddish-brown color and is characterized by coarse-grained material (Fig. 3). 224 

The entire regolith is jointed, with joint width and joint spacing augmenting with depth. Joints are 225 



 11 

either filled with fine-grained material of unknown composition or with visible calcite and gypsum 226 

crystals (Fig. 3d). At the base of the regolith profiles, the width of the joints decreases; the joints 227 

pinch out to the bottom. Unweathered parent material was not observed. Dead root material has 228 

been found in the profiles only rarely. 229 

The area belongs to the vegetation formation “Mediterranean coastal desert scrub of Euphorbia 230 

lactiflua and Eulychnia saint-pieana” (Luebert and Pliscoff, 2006). The vegetation cover is very 231 

low (< 10%) and is represented only by small shrubs, geophytes and annual plants (Armesto et 232 

al., 1993), which are present in more abundance in small ravines. On the sampled S-facing slope, 233 

a few individuals of Tetragonia maritima, Nolana mollis, Perityle sp. and Stipa plumosa can be 234 

found. On the N-facing slope, single individuals of N. mollis and Cristaria integerrima are present. 235 

From these species, only T. maritima, N. mollis and C. integerrima maintain their vegetative 236 

structures during dry years. 237 

2.2.2 Santa Gracia 238 

In the natural reserve of Santa Gracia (SG) the three S-facing regolith profiles are located on a 239 

153-m long slope. The N-facing regolith profile is located at a distance of 160 m from the S-facing 240 

mid-slope profile. The elevations of these four profiles range from 628 to 718 m a.s.l. with the two 241 

mid-slope profiles at approximately 690 m a.s.l.. Slope angle is slightly lower than in Pan de 242 

Azúcar and varies between 15 and 25 degrees at the mid-slope regolith profiles (Fig. 4b; Table 243 

S1).  244 

The surface of the regolith profiles in Santa Gracia is composed of sub-angular, coarse sand-sized 245 

quartz and granodiorite fragments. This brownish A horizon is made of grussified granodioritic, silt 246 

to fine sand-sized particles, supporting fragments of up to 2 mm in diameter. Roots are abundant 247 

in this horizon and reach diameters of up to 1 cm (Fig. 4). This horizon is underlain by a brownish 248 

white-spotted transitional (B) horizon. Within this horizon, the proportion of fragments increases 249 
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with their size, resulting in a fine-grained matrix that is supported by coarse fragments at the 250 

horizon’s base. Fine roots pervade this horizon. The extent of the soil horizon (comprised of A and 251 

B horizon) increases from the top- to toe-slope regolith profiles of the S-facing slope from 30 to 252 

55 cm (Table S1). The depth of the soil horizon in the regolith profile on the N-facing slope 253 

(SGPED70) is thinner (35 cm) and its brownish color less dominant.  254 

The orange-brownish saprolite is dominated by greenish-black weathered biotite and hornblende 255 

and reddish feldspars, respectively. Fragments are up to 1 cm in size and are surrounded by fine-256 

grained material and fine roots. Joint spacing in the weathered granodiorite is approximately 257 

30 cm. Roots (average diameter of 1 mm) penetrate the fractures and weather the adjacent rock 258 

face (Fig. 4d). In contrast to the S-facing regolith profiles, the weathered bedrock in the N-facing 259 

regolith profile exhibits a white and grey mottled pattern at depth, with only a few orange spots 260 

visible. 261 

The vegetation belongs to the “Interior Mediterranean desert scrub of Heliotropum stenophyllum 262 

and Flourensia thurifera” formation (Luebert and Pliscoff, 2006). The original vegetation has been 263 

highly disturbed and the current shrubby vegetation is influenced by livestock grazing (mostly 264 

goats; Bahre, 1979). For these reasons, combined with the semi-arid climate, vegetation cover is 265 

low, especially in the herbaceous layer. The shrub layer is sparse (∼ 30 – 40% cover) and is 266 

dominated by Proustia cuneifolia and Senna cumingii on the sampled S-facing slope, and by 267 

Cordia decandra and Adesmia sp. on the N-facing slope. On the latter slope, the cactus 268 

Cumulopuntia sphaerica is very abundant and the columnar cactus Eulychnia acida is present 269 

with individuals of more than 2 m height (i.e. cardonal vegetation community; Bahre, 1979). In the 270 

area, some individuals of the shrubs Balbisia peduncularis, Baccharis paniculata and Bulnesia 271 

chilensis also occur. 272 

2.2.3 La Campana 273 
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The regolith profiles in La Campana national park (LC) are located on a S-facing slope of 152 m 274 

length where the S-facing and the N-facing mid-slope regolith profiles are separated by 173 m. 275 

The elevations of the four profiles range from 706 to 750 m a.s.l. with the two mid-slope profiles 276 

being at 730 and 734 m a.s.l., respectively. The mean slope angle at the mid-slope profiles is 277 

around 18° (Fig. 5b; Table S1). 278 

The regolith at this site is covered by an O horizon of a few centimeters thickness, composed of 279 

litter and tree-debris mixed with granitic gruss of sand size. The dark-brown A horizon on the S-280 

facing catena has a thickness of up to 40 cm. In contrast, the N-facing regolith profile’s A horizon 281 

is of grayish-brown color and measures only 12 cm. It is composed of fine-sand to silt-sized 282 

particles, hosting some granodioritic fragments of up to 3 mm in diameter and is highly permeated 283 

by roots of various size. The base of the soil horizon is characterized by a brown to orange-brown 284 

transitional (B) horizon. As the matrix is coarsening downwards, the number of fragments 285 

increases and the horizon shifts from a matrix- to a clast-supported one. The final transition from 286 

soil to saprolite occurs at a depth of 60 cm within 3 to 5 cm. At the N-facing slope, this transition 287 

occurs at a shallower depth. 288 

The saprolite develops from (at least) two distinct granodiorite types: a coarse-grained and a fine-289 

grained one (Fig. 5c). In both cases, the granodiorite fabric is still visible and the mineral 290 

composition (plagioclase ≫ quartz ≫ K-feldspar & biotite) is similar. Throughout the saprolite, fine 291 

roots are common and are most abundant within fractures. 292 

The vegetation of La Campana belongs to the “Coastal mediterranean sclerophyllous forest of 293 

Lithraea caustica and Cryptocaria alba” formation (Luebert and Pliscoff, 2006) and includes 294 

examples of all the major biotic communities of sclerophyllous forest of central Chile (Gajardo, 295 

1994; Rundel and Weisser, 1975). Vegetation cover is high, with almost 100% ground cover. The 296 

forest canopy is dominated by the evergreen sclerophyllous trees L. caustica, C. alba, Quillaja 297 
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saponaria, and in lower abundance Kageneckia oblonga. The medium shrub layer is dense and 298 

dominated by Colliguaja odorifera, Aristeguietia salvia and Retanilla trinervia, and in less 299 

abundance Podanthus mitiqui. The herbaceous layer presents a high cover and diversity and is 300 

especially rich in annual species. The most abundant species are Geranium robertianum, Stellaria 301 

media and the fern Adiantum chilense. Along the S-facing catena, the trees L. caustica and C. 302 

odorifera are the most abundant and dominant species. In less abundance, P. mitiqui and A. salvia 303 

are found in the shrub layer, while the herbaceous layer is dominated by Alstroemeria sp., G. 304 

robertianum, S. media, Solenomelus pedunculatus and A. chilense. Near the N-facing slope 305 

profile, high vegetation is less abundant and less rich in species. The canopy is strongly dominated 306 

by L. caustica, accompanied by some individuals of Jubaea chilensis. The most abundant shrub 307 

is R. trinervia, followed by A. salvia and C. odorifera. Poacea spp. and Sonchus oleraceus 308 

dominate the herbaceous layer, where climbing species like Tropaeolum sp. and Dioscorea sp. 309 

also occur. 310 

2.2.4 Nahuelbuta 311 

The regolith profiles in the Nahuelbuta national park (NA) are located on a 136-m long S-facing 312 

slope where the S-facing and the N-facing mid-slope regolith profiles are separated by 145 m. The 313 

elevations of these four profiles range from 1 219 to 1 248 m a.s.l., being the highest amongst the 314 

four study sites. Slope angles of around 14 degrees at the mid-slope profiles are the smallest of 315 

the study area (Fig. 6b; Table S1). 316 

The regolith at Nahuelbuta is covered by a 2 to 5 cm thick O horizon, almost entirely composed 317 

of roots, leaves, and moss. The A horizon is characterized by a large number of roots (various 318 

sizes, up to 3 cm in diameter; Fig. 6) and a brown to black color. This horizon is mainly composed 319 

of silt-sized particles, forming nodular soil aggregates, giving this layer a granular texture. In the 320 

upper part of the A horizon, up to 1 mm large quartz grains are embedded and at the base, larger 321 
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granodioritic fragments occur. The transitional (B) horizon increases in thickness from the top to 322 

the toe slope regolith profile on the S-facing catena. Its matrix is made of fine-sand sized particles, 323 

hosting sub-angular granodioritic fragments. As depth increases, fragment abundance and size is 324 

increasing and the horizons’ color is lighter. Unlike in the upper two S-facing regolith profiles, 325 

where the transition from soil to saprolite is gradual, the S-facing toe slope and the N-facing mid-326 

slope profile are characterized by a thin soil-saprolite transition zone. At this transition, highly 327 

weathered mafic rock (NAPED30) and granodioritic core stones (NAPED40) appear, respectively. 328 

The saprolite is coarse-grained and disaggregates readily. Its color varies from dark gray to 329 

whitish. The dark color is attributed to weathered bedrock of mafic composition and the whitish 330 

color to weathered rock with an increased plagioclase abundance. Some reddish intercalations 331 

within the saprolite follow fluid pathways along formerly open fractures and pathways once 332 

occupied by roots. 333 

The dominant vegetation belongs to the “Coastal temperate forest of Araucaria araucana” 334 

formation (Luebert and Pliscoff, 2006). Here also, vegetation cover is 100%. The general area 335 

also supports tall evergreen mixed forest dominated by the broadleaved Nothofagus dombeyi and 336 

the iconic conifer A. araucana, but around the soil pits the forest is more open and dominated by 337 

the lower-stature deciduous trees Nothofagus obliqua and Nothofagus antarctica, together with 338 

the tall A. araucana. The dominant shrub species is Gaultheria mucronata, but other species like 339 

Azara microphylla, Baccharis sp., Ribes magellanicum and Berberis montana are also present. At 340 

the herbaceous level, Stipa sp. and Mutisia decurrens are very abundant. However, herbaceous 341 

diversity is very high and is also represented by e.g. Chusquea culeou, Bromus sp., Viola maculata 342 

and Adenocaulon chilense. Around the regolith profile on the N-facing slope, N. obliqua and N. 343 

antarctica are the most abundant species in the canopy and the understory is dominated by G. 344 

mucronata and Stipa sp.. Along the catena on the S-facing slope, the canopy is less dense and 345 

A. araucana is the most abundant species, followed by N. antarctica, while in the understory C. 346 
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culeou is very common. Lichens of the genus Usnea abundantly cover most of the tree trunks and 347 

branches. 348 

3 Material and analytical methods  349 

3.1 Sampling 350 

Regolith samples were collected from bottom to top (if applicable) in a continuous sequence of 351 

depth increments, amounting to a thickness of 5 cm (uppermost two samples), 10 cm (3rd sample 352 

from top), and 20 cm (4th sample from top and below), respectively. About 1 kg of material was 353 

taken per sample. In addition, saprolite samples (50 ml) were taken under sterile conditions for 354 

DNA-based analyses of microbial abundances. These latter samples were stored and transported 355 

under frozen conditions to Germany. 356 

Underlying unweathered bedrock has not been reached in the regolith profiles of this study and 357 

the depth to bedrock remains unknown. However, a set of 20 bedrock samples (4 in Pan de 358 

Azúcar, 8 in Santa Gracia, 5 in La Campana and 3 in Nahuelbuta, respectively) was thus obtained 359 

from nearby outcrops. 360 

All sample metadata are already available on a public server using unique sample identifiers in 361 

form of the new “International Geo Sample Number” (IGSN). 362 

3.2  Bedrock and regolith geochemistry  363 

Major and trace element concentration of bedrock and regolith samples were determined using 364 

the PANalytical AXIOS advanced X-Ray Fluorescence spectrometer at the GFZ German 365 

Research Centre for Geosciences, Section “Inorganic and Isotope Geochemistry”. The device is 366 

equipped with a Rh anode X-ray tube, which was operated at an excitation voltage of 25 to 60 kV 367 

and currents between 60 and 160 mA. Measuring times for major elements varied between 10 368 
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and 20 seconds, for trace elements it was set to 40 seconds. 369 

Prior to measurement, each sample was milled in an agate mortar and sieved through a 62 μm 370 

gauze sieve. Powdered samples were dried at 105 °C for 24 h before glass bead preparation. 371 

Glass beads were made with 1 g of sample material, 6 g of dilithiumtetraborate, and up to 1 g of 372 

ammonium nitrate, brought to complete fusion in a heating system in six steps of up to 8-minute 373 

intervals. The intervals were adjusted depending on the concentration of organic compounds. The 374 

loss on ignition for each sample was determined by weighing the glass beads and the platinum 375 

crucibles used for glass bead preparation before and after fusion. 376 

XRF data of regolith samples have been recalculated to a volatile free basis using 377 

 
[𝑋𝑋]𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = [𝑋𝑋𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚]

𝑆𝑆𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚−(𝐿𝐿𝐿𝐿𝐿𝐿𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚− 𝐿𝐿𝐿𝐿𝐿𝐿�����𝑏𝑏𝑚𝑚𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑏𝑏)
, ( 1 ) 

where [X]recalc and [Xmeasured] refers to the recalculated and measured concentration of an element, 378 

SUMmeasured to the sum of all elements analyzed, and LOImeasured to the samples’ loss on ignition, 379 

respectively. LOIbedrock is the average loss on ignition of associated bedrock samples. 380 

Pedogenic oxides of Iron (Fe), Aluminum (Al), Manganese (Mn), and Silicon (Si) were determined 381 

at University Bern with the dithionite-citrate method as described by Mehra and Jackson (1958). 382 

Active oxides of the same elements were examined as ammonium-oxalate extractable 383 

compounds (Schwertmann, 1964; modified after Tamm, 1922). Oxides associated with soil 384 

organic matter (SOM) were extracted with a 0.1 M pyrophosphate reagent (Na2P2O7 × 10 H2O) 385 

at pH 10. Elements have been analyzed on an ICP-MS (7700x Agilent Technologies). 386 

Mineral assemblages and approximate mineral abundances in representative bedrock samples 387 

were estimated at GFZ Potsdam using thin section microscopy and standard point counting 388 

techniques. 389 
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3.3 Cosmogenic 10Be in quartz 390 

For determination of the in situ-produced 10Be concentration in quartz, the saprolite samples were 391 

washed, dried, and sieved to a fraction of 0.25 to 2.0 mm at the University of Tübingen, 392 

Department of Geosciences, Germany. The 1.0 to 2.0 mm fraction was crushed to 0.25 to 1.0 mm. 393 

After magnetic separation and treatment with HCl, the sample material was leached with HF/ 394 

HNO3. The remaining non-quartz minerals were dissolved and meteoric 10Be was removed from 395 

quartz grains by HF etching. A total of 15 to 35 g of cleaned quartz was spiked with ∼0.3 mg 9Be 396 

and dissolved with concentrated HF. Beryllium was separated from other elements with column 397 

chromatography and precipitation techniques after von Blanckenburg et al. (1996). After oxidation 398 

BeO was mixed with Nb powder for measurement of 10Be/9Be ratios at the accelerator mass 399 

spectrometer (AMS) facility in Cologne. Uncertainty on measured ratios is reported as 1σ. 400 

Calculated sample concentrations were corrected for a combined mass spectrometry and 401 

chemistry blank of 3.4 × 104 atoms. 402 

3.4 DNA extraction and quantification of 16S rRNA gene copies 403 

Total genomic DNA was extracted at GFZ Potsdam from saprolite samples which were collected 404 

under sterile conditions. The PowerSoil® DNA Isolation Kit was used for soils from La Campana, 405 

Santa Gracia, and Nahuelbuta with a maximum sample amount of 0.25 g each. Samples from 406 

Pan de Azúcar were treated with the PowerMax® Soil DNA Isolation Kit (both from MoBio 407 

Laboratories, CA, USA). Before processing, saprolite samples from Pan de Azúcar and Santa 408 

Gracia were crushed by hand. Following this, DNA was extracted in triplicates following the 409 

manufacturer’s protocol with one exception; DNA elution was done with PCR-grade water. Final 410 

concentrations were measured with a NanoPhotometer® (P360, Implen GmbH, Germany). Purity 411 

was controlled by the optical density values of OD260/ OD280 and OD260/ OD230. 412 
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Gene copy numbers of universal bacteria and universal archaea were determined by quantitative 413 

polymerase chain reaction (qPCR). 16S rRNA genes were amplified by using the bacterial primer 414 

pair Eub341F (5’ – CCT ACG GGA GGC AGC AG – 3’) and Eub534R (5’ – ATT ACC GCG GCT 415 

GCT GG – 3’) (Muyzer et al., 1993), and the archaeal primer pair 340F (5’ – CCC TAC GGG GYG 416 

CAS CAG - 3’) and 1000R (5’- GGC CAT GCA CYW CYT CTC - 3’) (Gantner et al., 2011). The 417 

qPCR assay was carried out in a total reaction volume of 20 µL using the KAPA SYBR® FAST 418 

qPCR Kit Master Mix (2X) Universal (Kapa Biosystems, Sigma-Aldrich, Germany) in accordance 419 

with the manufacturer’s recommendations. Quantification was performed in the CFX96 Connect™ 420 

Real-Time System (Bio-Rad Laboratories, CA, USA) with the following cycling program for 421 

bacterial 16S rRNA genes (and archaeal 16S rRNA genes): initial denaturation at 95 °C for 3 min, 422 

followed by 40 (45) cycles of denaturation at 95 °C for 3 sec, annealing at 60°C (57 °C) for 20 sec, 423 

elongation at 72 °C for 30 sec. Fluorescence was measured at 80 °C. The melting curve was 424 

recorded by rising temperature from 65 to 95 °C. Due to preliminary experiments, DNA extracts 425 

were used in 1:10 for archaea and 1:100 dilutions for bacteria to avoid putative inhibitions of co-426 

extracted substrates. Every qPCR run included blanks, calibration standards in triplicates and 427 

saprolite samples in quadruplicates. The reaction efficiency ranged between 92.0 - 98.6%. Data 428 

analysis was carried out using the CFX Manager™ Software (Bio-Rad Laboratories, CA, USA). 429 

4 Calculation of weathering indicators and denudation rates 430 

To quantify the element fluxes as well as the weathering intensities that emerge when the 431 

bedrocks’ elements are solubilized in percolating fluids and new elements are introduced from the 432 

atmosphere, various indices and coefficients have been developed. The common denominator of 433 

all these approaches is the identification of an element considered to be immobile during 434 

weathering. Furthermore, cosmogenic nuclide concentration can be converted into rates of mass 435 

removal. In the following, we outline these quantification approaches. 436 
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4.1 Chemical index of alteration (CIA), chemical depletion fraction 437 

(CDF), mass transfer coefficient (τ), and volumetric strain (ε) 438 

To assess the relative degree of chemical weathering, we used the CIA (Eq. 2) developed by 439 

Nesbitt and Young (1982). In this approach, aluminum is assumed to be an immobile element and 440 

the degree of weathering is traced by comparing the aluminum content of a sample with this of 441 

the readily soluble cations calcium, sodium and potassium in silicate minerals. 442 

 
𝐶𝐶𝐶𝐶𝐶𝐶 =

𝐶𝐶𝐴𝐴2𝑂𝑂3
𝐶𝐶𝐴𝐴2𝑂𝑂3 + 𝐶𝐶𝐶𝐶𝑂𝑂 + 𝑁𝑁𝐶𝐶2𝑂𝑂 +  𝐾𝐾2𝑂𝑂

× 100. ( 2 ) 

The CIA in unweathered granitoid rock has values of 45 to 55. The degree of weathering has to 443 

be evaluated from the CIA in weathered material relative to its respective unweathered precursor. 444 

As weathering proceeds the CIA evolves to a maximum value of 100 (Nesbitt and Young, 1982). 445 

To calculate the relative mass loss caused by chemical weathering of the parent rock we used the 446 

chemical depletion fraction (CDF; Riebe et al., 2003): 447 

 
𝐶𝐶𝐶𝐶𝐶𝐶 = 1 −  [𝑋𝑋𝑖𝑖]𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑝𝑝𝑝𝑝

[𝑋𝑋𝑖𝑖]𝑤𝑤𝑚𝑚𝑚𝑚𝑝𝑝ℎ𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
, ( 3 ) 

where [Xi]weathered and [Xi]parent represent the concentration of the immobile element Xi in 448 

weathered regolith and unweathered parent bedrock, respectively. If no element loss has occurred 449 

during the transition from parent rock to regolith, the CDF is zero. If weathering has proceeded to 450 

completion (i.e. only quartz, clay minerals, and secondary oxides remain), the CDF attains a 451 

maximum value of ca. 0.5 in granitic rock. 452 

To estimate the relative loss of individual elements (X), we used the mass transfer coefficient τ 453 

(tau; Anderson et al., 2002; Brimhall and Dietrich, 1987). It is important to note that the ratio of X 454 

in weathered material to X in unweathered parent rock depends on both the loss of X and the loss 455 

of other elements besides X. To take the loss of other elements into account, the calculation of τ 456 
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involves concentrations of an immobile element Xi in parent material relative to weathered 457 

material: 458 

 
𝜏𝜏𝑋𝑋 = [𝑋𝑋]𝑤𝑤𝑚𝑚𝑚𝑚𝑝𝑝ℎ𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

[𝑋𝑋]𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑝𝑝𝑝𝑝
× [𝑋𝑋𝑖𝑖]𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑝𝑝𝑝𝑝

[𝑋𝑋𝑖𝑖]𝑤𝑤𝑚𝑚𝑚𝑚𝑝𝑝ℎ𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
− 1. ( 4 ) 

 If τ = 0 no loss of X has occurred compared relative to the parent material. τ < 0 denotes relative 459 

elemental loss, τ > 0 denotes gain, respectively. 460 

The conversion of primary minerals into secondary phases and solutes is usually accompanied 461 

by a change in density ρ and volume V. A measure of this change and an estimate of deformation 462 

is the volumetric strain  ε (Brimhall and Dietrich, 1987): 463 

 
𝜀𝜀 = 𝜌𝜌𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑝𝑝𝑝𝑝

𝜌𝜌𝑤𝑤𝑚𝑚𝑚𝑚𝑝𝑝ℎ𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
× [𝑋𝑋𝑖𝑖]𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑝𝑝𝑝𝑝

[𝑋𝑋𝑖𝑖]𝑤𝑤𝑚𝑚𝑚𝑚𝑝𝑝ℎ𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
− 1. ( 5 ) 

Positive values of ε indicate dilation, negative ones collapse of a profile. Values near zero are 464 

evidence of isovolumetric weathering. 465 

4.2 Denudation rates based on cosmogenic nuclides and immobile 466 

elements 467 

At each primary study site, the total denudation rate D (in t km-2 yr-1) was determined for the mid-468 

slope regolith profile of the S-facing and N-facing catena (AZPED50 & 21, SGPED40 & 70, 469 

LCPED20 & 40, and NAPED20 & 40; Table S6). To ensure that the calculated D reflects that of 470 

the regolith profiles and is not influenced by mixing of the surface layer with material from above 471 

(e.g. Heimsath et al., 1997), mobile material from the soil layer was avoided. Thus, we determined 472 

the in situ-produced 10Be concentrations in quartz from material sampled from the top of the 473 

physically immobile saprolite just below the mobile soil layer (see Schaller et al., 2018). D 474 

measures the total mass loss within the adsorption depth of cosmic rays (ca. 1 m; e.g. Dixon et 475 

al., 2009; Riebe and Granger, 2013; Riebe et al., 2001), which entails chemical loss (weathering, 476 
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W) and physical loss (erosion, E): 477 

If mass loss by weathering occurs beneath the cosmic ray adsorption depth, as it is likely in the 478 

saprolite that is weathered at great depth in the Chilean Coastal Cordillera (Vázquez et al., 2016), 479 

then the 10Be concentration does not account for this loss and D is a minimum estimate (Riebe 480 

and Granger, 2013). Nucleonic, stopped muonic, and fast muonic production rates P at sea level 481 

and high latitude (SLHL) used for denudation rate calculation are 3.92 atoms g-1 yr-1 (Borchers et 482 

al., 2016), 0.012 atoms g-1 yr-1, and 0.039 atoms g-1 yr-1, respectively (Braucher et al., 2011). SLHL 483 

production rates were scaled to sample altitude and latitude with the online tool of Marrero et al. 484 

(2016) using the scaling procedure based on Lifton et al. (2014). Shielding factors for topography 485 

and slope are 1.0. No shielding by snow has been taken into account. However, in order to correct 486 

for the influence of increasing vegetation cover on the production rate, shielding by vegetation of 487 

2.3% for acadian/ boreal forest and 7.3% for rain forest have been applied in La Campana and 488 

Nahuelbuta, respectively (Plug et al., 2007). Shielding factors due to sample overburden (depth 489 

and soil density) were calculated for nucleonic, stopped, and fast muonic production rates. The 490 

adsorption lengths used were 157, 1500, and 4320 g cm-2, respectively (Braucher et al., 2011). 491 

Denudation rates D [t km-2 yr-1] were calculated based on the blank-corrected nuclide 492 

concentrations [atoms g-1], the 10Be decay constant λ = 4.99 × 10−7 yr−1 (Chmeleff et al., 2010; 493 

Korschinek et al., 2010), and the respective production rates P [atoms g-1 yr-1] at sample depths 494 

and adsorption lengths Λ [g cm-2] for each production mechanism using equation 7: 495 

 
D = �

P
[ Be]10 − λ�Λ ( 7 ) 

The weathering rate can be calculated from D by using the CDF, which is a measure of the fraction 496 

of the total denudation that is accounted for by chemical weathering or also the ratio of chemical 497 

weathering to total denudation W/D. W is given by: 498 

 
𝐶𝐶 = 𝐸𝐸 +𝑊𝑊 ( 6 ) 
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 W = 𝐶𝐶 ⋅ 𝐶𝐶𝐶𝐶𝐶𝐶 ( 8 ). 

We determined W with the CDF averaged over all soil samples, thus calculating a maximum 499 

chemical loss over the entire regolith profile. 500 

5 Results 501 

5.1 Chemical and mineralogical bedrock composition and classification 502 

Major and selected trace element concentrations and density of local bedrock for each of the study 503 

sites are listed in Table S2. The bedrock in Pan de Azúcar and La Campana is characterized by 504 

SiO2 > 71 wt% and a high Na2O and K2O content (∼ 7 wt%; Fig 7a). Apart from Mg, Ca, and Ba, 505 

major and trace elements show uniform concentrations (i.e. standard deviations below 15%). In 506 

contrast, bedrock samples from Santa Gracia and Nahuelbuta show extensive compositional 507 

heterogeneities. In Santa Gracia and Nahuelbuta, the standard deviation of the major and trace 508 

element concentrations is 33 and 50%, respectively. At Santa Gracia, the SiO2 concentration is 509 

by far the lowest (50 wt% < SiO2 < 64 wt%) whereas the MgO concentration is the highest 510 

(0.91 wt% < MgO < 5 wt%) of all analyzed bedrock samples. The major element bedrock 511 

composition at Nahuelbuta is similar to that of Santa Gracia with the exception of SiO2 512 

concentrations that are 65 – 70 wt%. 513 

Modal mineral abundances based on CIPW norm calculation (Johannsen, 1937) of average 514 

bedrock composition for each study site are given in Table S3. With the exception of Santa Gracia, 515 

bedrock composition includes quartz (≥ 35 Vol%) and feldspar-rich (Pl ≥ 35 Vol%; Kfs ≥ 17 Vol%) 516 

granitoid rocks. According to the two classification schemes of igneous and volcanic rocks 517 

introduced by Le Bas et al. (1986; Fig. 7a) and Streckeisen and LeMaitre (1979; Fig. 7b), the 518 

bedrock samples from Pan de Azúcar, La Campana, and Nahuelbuta are granites, granodiorites, 519 

and tonalites, respectively. Santa Gracia bedrock yield CIPW-based mineral modes for 520 
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plagioclase- (An + Ab) of 67 Vol%, pyroxenes (14 Vol%), quartz (9 Vol%), and K-feldspar (5 Vol%) 521 

rock. Both schemes classify these rocks as gabbros and diorites – igneous rocks with a low quartz 522 

content. 523 

5.2 Regolith chemistry and weathering patterns 524 

Major element concentrations of the four regolith profiles at each site are shown in Table S4 and 525 

Figure 8. The principle differences in the overall compositions between the sites reflect the 526 

differences in bedrock composition. The compositional heterogeneity is small in Pan de Azúcar, 527 

Santa Gracia and La Campana within the saprolite. Only at Nahuelbuta the saprolite shows a high 528 

level of compositional heterogeneity between and within profiles, which is due to initial bedrock 529 

heterogeneity. Importantly, no gradients towards the base of the profiles are observed, implying 530 

that the weathering front has not been reached in any of these profiles. A and B horizon samples 531 

have a higher degree of heterogeneity, with some showing an increase in P and Ca 532 

concentrations. 533 

The compositional features translate into the following patterns of weathering intensity (CIA, 534 

Fig. 9). CIA of the EarthShape bedrock samples lie within the typical range of granitoid rocks (44 –535 

 55; Nesbitt and Young, 1982; Table S5). The CIA at Pan de Azúcar ranges from a bedrock 536 

average value of 55 ± 1 to a value as low as 32 in soil and saprolite (Table S5). This trend is 537 

opposite to that expected from weathering and is presumably due to atmospheric additions (see 538 

also Bernhard et al., under review). The CIA at Santa Gracia ranges from a bedrock value of 539 

43 ± 4 to 52 in regolith, which is due to the reaction of plagioclase to clay (Fig. 9a; Table S5). At 540 

La Campana the bedrock CIA value is 52 ± 1. The range of CIA of regolith samples between 50 541 

and 58 is similar and indicates a low degree of weathering (Table S5). The bedrock CIA at 542 

Nahuelbuta is 54 ± 1, regolith samples show progressively increasing CIA values (Table S5) from 543 

56 in saprolite to 75 in the A horizon. Thus, the degree of chemical weathering in the study area 544 
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is generally relatively low, except for Nahuelbuta, and increases from Pan de Azúcar to 545 

Nahuelbuta. 546 

5.2.1 Assessing Zr and Ti immobility in the study area 547 

Zr, Ti, and Nb are commonly assumed to be least mobile during weathering (Chadwick et al., 548 

1990; White et al., 1998) and are thus used in estimates of mass loss in the dissolved form during 549 

weathering (Eq. 3 & 4). We first evaluated the suitability of these elements on a case to case basis, 550 

as their abundance can be biased from rock values by heterogeneity, loss, or external inputs. In 551 

Figure 10 we perform this evaluation for Zr and Ti. A line (i.e. weathering enrichment line, including 552 

uncertainty envelopes representing bedrock heterogeneity) was constructed from the initial Ti/Zr 553 

ratios of bedrock samples. The line describes the expected relationship between these elements’ 554 

concentration in regolith if they were entirely immobile during chemical weathering, and if a change 555 

in their concentration is solely due to weathering (i.e. no external input, no differential mobility), 556 

such that their concentrations increase in proportion to each other by loss of other elements 557 

(Hewawasam et al., 2013). 558 

Only Zr and Ti concentrations in regolith samples in Pan de Azúcar and La Campana roughly plot 559 

on the weathering enrichment line (Fig. 10a, c). In La Campana, exceptions are restricted to 560 

LCPED30 (Fig. 10c) and are most likely caused by compositional heterogeneities of the regoliths’ 561 

parent material (Table S2). In Santa Gracia, regolith samples plot exclusively below the 562 

weathering enrichment line (Fig. 10b). Ti loss cannot be excluded, given the higher solubility of Ti-563 

bearing minerals (i.e. biotite, titanite) when compared to zircon. In Nahuelbuta, most soil samples 564 

plot along the weathering enrichment line, but saprolite samples scatter widely (Fig. 10d). The 565 

high concentration of Ti in the saprolite and B horizon of samples from NAPED20 and NAPED40 566 

can only be explained by heterogeneity in the substrate. Based on the possibility that Ti is mobile 567 

in some samples and the fact that Zr is used as a reference element in the majority of weathering 568 
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and soil production studies worldwide (e.g. Green et al., 2006; Hewawasam et al., 2013; Riebe 569 

and Granger, 2013; Riebe et al., 2001; Uhlig et al., 2017), we will use Zr as immobile reference 570 

element in our study. 571 

5.2.2 Chemical depletion fraction (CDF) 572 

Whereas the CIA presented above describes relative weathering trends, the CDF quantifies 573 

elemental loss. The CDF has been calculated using the study sites’ average bedrock Zr 574 

concentration. The median CDF of the entire sampled regolith is between 0.2 and 0.5 for 575 

Nahuelbuta, La Campana, and Santa Gracia. At these sites, the CDF in the A and B horizon is 576 

also higher than that in the saprolite (Fig. 11). This increase in the intensity of weathering between 577 

saprolite and soil is most pronounced in the S-facing mid-slope profile at Santa Gracia (weathering 578 

intensity increase by 28%) and in the top-slope pit at La Campana (weathering intensity increase 579 

by up to 35%; Table S5). Only in Pan de Azúcar the degree of weathering as quantified by the 580 

CDF is very low: at this site, the saprolite CDF is zero within uncertainty and only the thin A horizon 581 

shows some loss with a median CDF of 0.1. The B horizon shows enrichment (CDF < 0), which 582 

is due to atmospheric input and the formation of gypsum and calcite precipitates in this horizon. 583 

Differences in the degree of weathering between N- and S-facing regolith profiles are either not 584 

resolvable or, as in Nahuelbuta, caused by substrate heterogeneities within the profile. However, 585 

all CDF values are subject to high uncertainties, as shown by the standard deviation of the pooled 586 

samples at each site (Fig. 11). These uncertainties stem from the chemical heterogeneity in the 587 

bedrock (Fig. 7 & 10; Table S2) and heterogeneities within the regolith profiles (Fig. 10; Table S4). 588 

This limits the attainable resolution in CDF to ± 0.04 at Pan de Azúcar, ± 0.6 at Santa Gracia, and 589 

± 0.1 for Nahuelbuta and La Campana (Table S5). Due to the high uncertainty of the CDF in Santa 590 

Gracia, we cannot exclude that the degree of weathering is actually lower than estimated at this 591 

site. The large variation in the Zr concentration within the regolith profiles in Nahuelbuta, especially 592 

in NAPED20 (Table S4), account for the high variability in CDF values in this study site.  593 
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5.2.3 Elemental mass transfer coefficients (τ) 594 

Elemental mass transfer coefficients (τ) have been calculated using the Zr concentration of each 595 

regolith profile's lowermost sample as reference since the geochemical heterogeneity of bedrock 596 

(Table S2) does not allow the identification of a representative Zr concentration from rock samples. 597 

We thus evaluate vertical structure in elemental loss or gain relative to the base of the regolith 598 

profiles, rather than relative to bedrock. For Figure 12, we averaged τ values for A, B and saprolite 599 

horizons within each site (Table S5) to resolve statistically significant patterns for each site. 600 

The regolith at Pan de Azúcar shows almost no losses, but an enrichment (i.e. τ > 0) of Ca and 601 

Mg with decreasing depth. At Santa Gracia, averaged τ values for major elements and P in the 602 

saprolite indicate neither loss nor gain (i.e. τ = 0; Fig. 12b). These elements are slightly depleted 603 

in A and B horizons. In La Campana, only Na and Si are lost in significant proportions from the 604 

saprolite (Fig. 12c; Table S5). These elements are progressively depleted with decreasing depth. 605 

P and K are depleted in the A and B horizon relative to the saprolite. Significant differences are 606 

apparent in the depletion of Ca, Mg, Fe, and Mn between the N- and the S-facing mid slope profile 607 

(Table S5). In Nahuelbuta, τ values spread widely around their median values, which we attribute 608 

to the large chemical heterogeneity within the parent material (Fig. 12d; Table S4 and S5). In the 609 

A and B horizons, τ values indicate moderate (i.e. τCa, K, Mg ≈ -0.25) to high depletion (i.e. τP, Si ≈ -610 

0.60). 611 

5.2.4 Volumetric strain (ε) 612 

Volumetric strain has been calculated using each study sites’ average bedrock density and Zr 613 

content (Table S2) along with the regolith samples’ bulk density (Bernhard et al., under review) 614 

and Zr content (Table S4). Largest volumetric expansion is seen in saprolite and soil samples from 615 

Nahuelbuta, ranging from 0.22 in saprolite to 1.54 in soil (Fig. 13; Table S5). The saprolite in the 616 
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two sites further north (La Campana and Santa Gracia) experienced neither expansion nor 617 

collapse (Fig. 13; Table S5). For Pan de Azúcar, strain values in saprolite have not been calculated 618 

because no measurements of density were available. Whereas the soil horizons in La Campana 619 

and Santa Gracia are affected by minor dilation (ε ≈ 0.25) and collapse (ε ≈ -0.25), respectively, 620 

the A- and B-horizons in Pan de Azúcar show a higher volume expansion (ε ≈ 0.8; Fig. 13; Table 621 

S5). 622 

5.3 Pedogenic oxides 623 

The oxalate-extractable Fe (Feo, ferrihydrite and poorly crystalized goethite) and dithionite-624 

extractable Fe (Fed, well crystalized goethite, hematite, and lepidocrocite) were normalized to the 625 

total samples’ Fe concentration determined from XRF analyses (Table S4). The Feo/Fetot ratio in 626 

Pan de Azúcar, Santa Gracia, and La Campana ranges from 0.002 to 0.025 with slightly increasing 627 

proportions of extractable Fe towards the A horizon (Fig. 14a – c). Differences between oxalate- 628 

and dithionite-extractable Fe are most pronounced in Pan de Azúcar and La Campana. In 629 

Nahuelbuta, both the Fed/Fetot and Feo/Fetot ratios increase to values up to 0.24 in the A and B 630 

horizons. Pyrophosphate-extractable Fe (Fep, organic-bound colloidal Fe) range from 15 to 631 

6870 ppm. The absolute Fep concentration substantially increase from La Campana to 632 

Nahuelbuta. The northern three study sites’ average Fep is ∼ 200 ppm. 633 

From the oxalate-extractable Al (Alo, amorphous Al-Si-OH) and dithionite-extractable Al (Ald, clay) 634 

we have calculated oxalate-extractable (Alo/Altot) and dithionite-extractable Al fractions (Ald/Altot) 635 

that range between 0.1 and 0.2 (Fig. 14). Large differences between the two extracts were 636 

observed only in Nahuelbuta and to some extent in Santa Gracia (Fig. 14b and 14d). In 637 

Nahuelbuta, fractions of extractable Al increase towards the profiles’ A and B horizons. Here, the 638 

differences between oxalate- and dithionite-extractable fractions become increasingly 639 
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pronounced. Pyrophosphate-extractable Al (Alp, organic-bound colloidal Al) range from 30 to 640 

12500 ppm. Alike Fep, the highest absolute Alp concentration is observed in Nahuelbuta. 641 

Only small amounts of Si were extracted by oxalate (Sio), dithionite (Sid), and pyrophosphate (Sip). 642 

Oxalate-extractable Si range from 65 to 1500 ppm, dithionite-extractable Si range from 65 to 643 

3800 ppm, and pyrophosphate-extractable Si range from values below detection limit to 644 

1615 ppm, respectively (Table S4). For all fractions, lowest values are observed in Pan de Azúcar 645 

(with the exception of Sip in La Campana) and highest values are observed in Nahuelbuta. The 646 

oxalate-extractable Mn (Mno), dithionite-extractable Mn (Mnd), and pyrophosphate-extractable Mn 647 

(Mnp) range from 36 to 1400 ppm, from 22 to 1600 ppm, and from 1 to 420 ppm, respectively 648 

(Table S4). 649 

5.4 Denudation, weathering, and erosion rates  650 

In situ-produced 10Be concentrations in quartz used for denudation rate calculations range 651 

between 8.9 ± 0.4 and 45.0 ± 1.4 × 104 atoms gQtz
-1

 (Table S6). Denudation rates D calculated 652 

from these nuclide concentrations increase from Pan de Azúcar (S-facing: 11.0 ± 0.7 t km-2 yr-1; N-653 

facing: 8.2 ± 0.5 t km-2 yr-1) to Santa Gracia (S-facing: 22.4 ± 1.5 t km-2 yr-1; N-facing: 654 

15.9 ± 0.9 t km-2 yr-1) and La Campana (S-facing: 53.7 ± 3.4 t km-2 yr-1; N-facing: 69.2 ± 4.6 t km-655 

2 yr-1). D at the southernmost location, Nahuelbuta, is lower than that at La Campana (S-facing: 656 

47.5 ± 3.0 t km-2 yr-1; N-facing: 17.7 ± 1.1 t km-2 yr-1; Table S6). 657 

Based on denudation rates and the CDF derived from Zr concentrations in soil and bedrock 658 

samples, respectively, the chemical weathering rate and the physical erosion rate are calculated 659 

using equations 6 and 8 (Table S6). The average chemical weathering rates increase from Pan 660 

de Azúcar (≈ 0.9 t km-2 yr-1; excluding the negative W value for AZPED21) to Santa Gracia 661 

(≈ 9.5 t km-2 yr-1) and La Campana (≈ 32.8 t km-2 yr-1). The physical erosion rate is similar in Pan 662 
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de Azúcar and Santa Gracia (≈ 10.1 and ≈ 9.6 t km-2 yr-1), whereas the physical erosion rate is 663 

higher in La Campana (≈ 28.7 t km-2 yr-1) than at the locations further North. The heterogeneity in 664 

bedrock and regolith Zr concentrations prohibits the calculation of an accurate weathering rate at 665 

Nahuelbuta. Taking the total denudation rates at face value, the estimated chemical weathering 666 

rates in Nahuelbuta would be ≈ 5.5 t km-2 yr-1 and the physical erosion rates would be ≈ 27.1 t km-667 

2 yr-1. However, we have no confidence in the accuracy of these estimates. 668 

5.5 Microbial abundance in saprolite 669 

The extraction of total genomic DNA resulted in high variability (Fig. 15). Lowest DNA amounts 670 

were detected in saprolites from Pan de Azúcar with a minimum of 14.5 ± 2.5 µg gregolith
-1, followed 671 

by Nahuelbuta ranging from 14.0 ± 1.0 to 26.0 ± 2.0 µg gregolith
-1. In contrast, highest DNA yields 672 

and variations from 20.5 ± 0.5 to 44.1 ± 11.1 µg gregolith
-1 were obtained in saprolites from Santa 673 

Gracia. DNA concentration in La Campana mainly varied around 27.0 µg gregolith
-1 (Table S7). 674 

Quantification of 16S rRNA genes revealed consistently higher abundances of bacteria than 675 

archaea within the saprolite samples (Fig. 16). Pan de Azúcar was the only primary study site with 676 

no topography-specific variations. Bacterial cell numbers ranged constantly around 105 gene copy 677 

numbers per gram of regolith. Archaea were lower by up to two orders of magnitude. Saprolites 678 

from Santa Gracia revealed the overall highest bacterial abundances in the top slope with 679 

6.5 × 107 gene copies gregolith
-1. The lowest bacterial cell numbers with 3.9 × 104 copy 680 

numbers gregolith
-1 were detected in the mid-slope (N) in La Campana. In Nahuelbuta, the highest 681 

and lowest archaeal abundances were obtained, ranging from 1.2 × 102 in the mid-slope (S) to 682 

5.2 × 106 gene copy numbers gregolith
-1 in the toe-slope. However, relative microbial abundances 683 

did not significantly differ between the regions Nahuelbuta, La Campana, and Santa Gracia 684 

(P > 0.09). Only data from Pan de Azúcar turned out to be significantly different from all other 685 

study sites (P < 0.05). In general, bacteria outnumber archaea in all study sites. In the driest 686 
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regions Santa Gracia and Pan de Azúcar, the highest archaea-to-bacteria ratios were detected 687 

(Table S7). The overall highest archaea-to-bacteria ratio (1:217) was obtained in the mid-slope 688 

(N) in Santa Gracia. The mid-slope (S) of La Campana showed the lowest archaea-to-bacteria 689 

ratio (1:3). 690 

6 Discussion 691 

Assuming that the EarthShape approach, namely that geological boundary conditions (i.e. 692 

bedrock, rock uplift rate) do not differ along the transect, the bio-climatic forcings can be evaluated. 693 

We initiate this evaluation by structuring the observed geochemical trends into three categories: 694 

(1) A continental latitudinal trend, where (chemical) weathering intensity increases from north to 695 

south as precipitation and vegetation cover increase; (2) a local trend, where regolith on the N-696 

facing catenae is exposed to more incoming solar radiation and thus less moisture is available for 697 

weathering reactions and plant biomass compared to the S-facing slope, and (3) an in-situ trend, 698 

where weathering intensity decreases with increasing regolith depth. We discuss these trends for 699 

the four EarthShape study sites. Further, we discuss the drivers of weathering and whether it is 700 

possible to discern abiotic from biotic processes. 701 

6.1 The continental trend 702 

6.1.1 Permanent slow erosion: Denudation rates and saprolite residence times 703 

Total denudation rates increase from Pan de Azúcar (8 – 11 t km-2 yr-1) to Santa Gracia (16 – 704 

22 t km-2 yr-1) and reach a maximum in La Campana (54 – 69 t km-2 yr-1). Although MAP (Fig. 2) 705 

and vegetation cover increase from north to south, the denudation rate in Nahuelbuta is lower (18 706 

– 48 t km-2 yr-1; Table S6) than in La Campana. If not caused by a differing influence of biota on 707 

denudation processes (Schaller et al., 2018) between La Campana and Nahuelbuta, the 708 

difference in denudation rate between the two sites can be explained with (1) the hillslopes in La 709 
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Campana that are the steepest of all study sites (Table S1); and (2) higher uplift rates in the region 710 

of La Campana compared to the other parts of the Chilean Coastal Cordillera (Carretier, 2018; 711 

2013), both leading to higher denudation rates. The denudation rates of this study are in 712 

agreement with published data. Owen et al. (2011) reported average bedrock erosion rates of 713 

active slopes from locations near Pan de Azúcar and Santa Gracia of 2.7 ± 0.4 mm･ky-1 and 714 

26 ± 7 mm･ky-1, respectively. Based on a bedrock density of ρ = 2.6 g･cm-3, these rates equal a 715 

denudation rate of ∼7 t km-2 yr-1 and ∼70 t km-2 yr-1, respectively. At a location 50 km south from La 716 

Campana, the total denudation rates range from 42 to 147 t km-2 yr-1 (Vázquez et al., 2016), which 717 

encompasses our value of 60 t km-2 yr-1. All these rates are at the lower end of global cosmogenic 718 

nuclide-based soil denudation rates (Dixon and von Blanckenburg, 2012). The relative uniformity 719 

and narrow range can be attributed to the uniform tectonic drivers in the whole study area (Blanco-720 

Chao et al., 2014; Melnik, 2016). Furthermore, the low denudation rates in the two northern sites 721 

are typical for those observed in arid areas (e.g. Carretier et al., 2015; Cockburn et al., 1999; 722 

Kober et al., 2007; Starke et al., 2017).  723 

Residence times of material in the uppermost 60 cm of regolith (which is the cosmic ray mean 724 

attenuation pathway, used by convention to report residence times based on cosmogenic 725 

nuclides; von Blanckenburg, 2005) and the denudation rate are around 200 kyr in Pan de Azúcar, 726 

100 kyr in Santa Gracia, 30 kyr in La Campana, and 40 to 100 kyr in Nahuelbuta. Thus, over these 727 

averaging time scales, the material contained in a 60 cm depth interval of regolith is being replaced 728 

by supply of material from depth, its removal by erosion at the surface, and weathering in the 729 

weathering zone. The regolith is thus permanently turned over by slow erosion. 730 

6.1.2 Degree of weathering 731 

Prior to comparing the degree of weathering between the four study sites, differences in their 732 

bedrock composition and potential external inputs have to be evaluated. All study sites are 733 
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underlain by granitoid rock. However, its composition differs between sites. Bedrock at Pan de 734 

Azúcar and La Campana is granodioritic, bedrock at Santa Gracia is more mafic, ranging to quartz 735 

gabbro, and Nahuelbuta is intermediate with tonalitic composition (Fig. 7). 736 

External input in the form of volcanic ash potentially affects Nahuelbuta, given the sites’ proximity 737 

to the Andean volcanic arc (Moreno and Clavero Ribes, 2006; Naranjo and José, 2005; Parada 738 

et al., 2007; Petit-Breuilh and Lobato, 1994). Volcanic input results in soils with andic properties. 739 

Andic soils are defined to exist if the bulk density is typically lower than 0.9 g cm-3, Alo + ½ Feo 740 

exceeds a value of 0.4 or 2% (Bäumler et al., 2005, and references therein; Parfitt and Clayden, 741 

1991), and a considerable amount of glass is found in the soil fraction < 2 mm (i.e. < 30%; Soil 742 

Survey Staff, 1999). The formation of allophane and imogolite would emerge if these glasses 743 

weather and ultimately lead to Sio/Alo ratios between 0.5 and 1 (Wada, 1989). In the soils of 744 

Nahuelbuta, bulk density is close to the threshold of 0.9 g cm-3 or below (Bernhard et al., under 745 

review) and Alo + ½ Feo ratios exceed 0.4% persistently. However, Alo + ½ Feo > 2% were never 746 

attained (Table S4) and no volcanic glass particles were found. Thus, the soils of Nahuelbuta 747 

reveal some features of andic soils. Still, neither the chemical composition of the investigated 748 

regolith samples nor the pedogenic oxides indicate the presence of volcanic ash: (1) No 749 

enrichment in Na, K, or Mg is observed in A or B horizons in any regolith profile. Mixing models 750 

between characteristic Mg and Na concentrations in andesitic volcanic ash and the Nahuelbuta 751 

saprolite indicate that volcanic ash additions, if occurring in soil, are insignificant and within the 752 

resolution of the sample, and are thus < 2% (Fig. 17); (2) Sio/Alo ratios are < 0.25; and (3) 753 

prevailing west winds (García, 1994) would impede the deposition of thick volcanic ash layers in 754 

this area. 755 

The input of sea spray into the soil profiles is well-documented only at Pan de Azúcar by (1) lower 756 

CIA values in regolith than in bedrock (Fig. 9), (2) positive τCa and τMg (Fig. 12), and (3) further 757 

supported by positive ε (Fig. 13) despite CDF being close to zero (Fig. 12) in the soil horizons. 758 
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In granitoid rock, the maximum degree of weathering (CDF) is typically 50%, as the remaining 759 

mass is insoluble quartz and clay minerals (Hewawasam et al., 2013). Such maximum CDF would 760 

correspond to a CIA of 1. In Pan de Azúcar, physical erosion exceeds chemical weathering by an 761 

order of magnitude (Table S6). Here, the processes disintegrating rock and developing regolith 762 

are mainly physical weathering (CDF ≈ 0.1 over the entire profile; Fig. 11) and are mostly 763 

attributed to either insolation- or salt weathering, or a combination of both. This is also in 764 

agreement with the low abundance of microorganisms in the saprolite at this site. Upon insolation 765 

weathering, diurnal or annual heating and cooling cycles lead to a granular disintegration of biotite 766 

and to the grussification of feldspar and quartz. This process opens pathways along grain 767 

boundaries and ultimately increases the reactive surface of rock (e.g. Tchakerian and Pease, 768 

2015; and references therein). Sea spray in combination with coastal fog (i.e. camanchaca) 769 

provides considerable amounts of water (e.g. Larrain et al., 2002). Consequently, the formation of 770 

gypsum and anhydrite (Fig. 3) further fracture the rock (i.e. salt weathering) and percolating 771 

moisture and oxygen initiate biotite weathering. These processes release approximately 8 to 10% 772 

of the total Fe from primary minerals and form secondary phases (Fig. 14). In Santa Gracia, 773 

chemical weathering equals physical erosion (Table S6). The high degree of weathering 774 

(CDF ≈ 0.4 – 0.5; Fig. 11) despite low precipitation can be attributed to the low abundance of 775 

quartz on the one and the high abundance of weatherable plagioclase and mafic minerals on the 776 

other hand (Fig. 9; Table S3). However, given the high uncertainty in the bedrocks’ Zr content and 777 

arising CDF uncertainties, we cannot exclude that the fraction of chemical weathering on total 778 

denudation is lower in this study site. In La Campana, chemical weathering also equals physical 779 

erosion (Table S6). Such a degree of weathering (CDF ≈ 0.3 – 0.6; Fig. 11) is expected in such a 780 

mediterranean climate (e.g. Schoonejans et al., 2016). However, Al is also lost as indicated by 781 

negative τ values (Table S5). Thus, secondary mineral formation seems to be subordinate (Fig. 9). 782 

In Nahuelbuta, physical erosion outpaces chemical weathering by a factor of 5 (Table S6). 783 
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However, we are unable to assign reliable ratios of erosion to weathering due to the high 784 

heterogeneity in bedrock and regolith samples. 785 

Concentrations of oxalate- and dithionite-extractable Fe and Al (relative to the samples’ Fe and Al 786 

content; Fig. 14) are increasing with increasing precipitation. Together, the proportion of well-787 

crystallized Fe oxides (e.g. goethite, lepidocrocite, hematite) in the extractable Fe decreases with 788 

increasing precipitation (Feo/Fed; Table S4). These observations are in accordance with (1) 789 

chemical pedogenic development that is higher in humid climates compared to arid climates and, 790 

hence, a higher production rate of pedogenic Fe oxides and hydroxides (Alexander, 1985; 791 

Birkeland et al., 1989) and (2) a higher proportion of oxalate extractable oxides under more humid 792 

and, hence, higher soil moisture conditions (Schwertmann, 1964, 1985). 793 

Regolith density in saprolite is another indicator of the degree of weathering. Along the transect, 794 

saprolite density (Bernhard et al., under review) is 1.5 – 1.7 g cm-3 in Santa Gracia, 1.4 – 1.8 g 795 

cm-3 in La Campana, and 0.9 – 1.3 g cm-3 in Nahuelbuta (Table S4). In Pan de Azúcar, no 796 

volumetric samples were taken from the hard saprolite. By comparison, typical density in saprolites 797 

measured in weathering studies over granitoid rock in a range of denudation and climate zones 798 

are 1.0 – 1.5 g cm-3 in deep, slow humid tropical weathering, 1.3 – 2.5 g cm-3 in tropical granite 799 

rejuvenated by constant erosion, and 2.0 – 2-6 g cm-3 in rapidly eroding temperate climate 800 

(Anderson et al., 2002; Braun et al., 2009; Brimhall et al., 1991; Buss et al., 2017; Buss et al., 801 

2008; Hewawasam et al., 2013; Scholten et al., 1997; White, 2002). Within uncertainties, the 802 

volumetric strain ε is zero in saprolite samples from Santa Gracia and La Campana (Fig. 13b, c). 803 

In Nahuelbuta ε, in saprolite largely scatters around its median value of about 1 (Fig. 13d). 804 

However, this scatter arises from the high variation of Zr within the regolith profile and is not 805 

necessarily related to expansion upon the formation of secondary minerals. Consequently, the 806 

EarthShape transect is subject to strong isovolumetric weathering despite strong differences in 807 

mass loss. 808 
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6.2 The local trend: N-facing versus S-facing hillslopes 809 

The A and B horizons are thicker (with the exception of Pan de Azúcar) on S-facing slopes (Table 810 

S1), which is expected on N-facing slopes in the southern hemisphere as they are more prone to 811 

solar radiation and therefore experience more xeric conditions (Dixon, 2015). Still, neither in 812 

chemical property nor in the derived depletion indices (i.e. CDF & 𝛕𝛕) we find significant differences 813 

between regolith profiles on N- and S-facing slopes. Additionally, pedogenic oxides neither differ 814 

significantly in (1) their total abundance, nor (2) their proportion of oxalate-extractable oxides, nor 815 

(3) their degree of chemical pedogenic development between regolith profiles on N- and S-facing 816 

slopes throughout all four study sites (Table S4). 817 

In the two northern sites Pan de Azúcar and Santa Gracia, where solar inclination is high, the 818 

differences in microclimate and hence changes in vegetation cover and type between N- and S-819 

facing slopes are minimal. Still, each combination of different (micro-) climate and biota might 820 

result in discernable weathering patterns. Thus, emerging differences in the weathering pattern in 821 

these sites might either not exist or might not be resolvable with the analyzes we applied. However, 822 

the absence of significant differences in La Campana and Nahuelbuta is particularly surprising 823 

given the substantial differences in the vegetation and species composition between the N- and 824 

S-facing slopes in these sites. If the exposure to sunlight indeed controls biomass growth, then 825 

the absence of N – S differences in the degree of weathering and other chemical pedogenic 826 

properties could indicate that either the differences in vegetation between slopes are not big 827 

enough to be reflected on regolith processes, or that the impact of biogenic weathering in these 828 

four study sites is low. 829 

La Campana was the only site showing N – S differences in bacterial and archaeal gene copies 830 

in saprolite. Archaea- to bacteria ratios differed among slopes in all sites, but showing contrasting 831 

patterns in different sites. In the saprolite on S-facing slopes of the Pan de Azúcar and Nahuelbuta 832 
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region, bacteria are outnumbering archaea by far. In La Campana and Santa Gracia, this trend is 833 

seen in the saprolite on the N-facing slopes. 834 

6.3 The in-situ trend: vertical structure of the weathering zone 835 

Along the gradient the degree of soil formation increased with precipitation and vegetation cover 836 

(Bernhard et al., under review) as shown by increasing thickness of soil horizons and an increasing 837 

amount of oxalate- and dithionite-leachable Al and Fe (Fig. 14, Table S1 & S4). However, neither 838 

do total denudation rates nor the degree of weathering regularly increase with precipitation and 839 

vegetation cover. We cannot establish whether this observation also holds for the depth of the 840 

weathering zone, because in none of the regolith profiles the weathering front has been 841 

encountered. As our profiles attain a depth of 2 m at the most, this observation is expected as 842 

global depth profiling in weathered granitoid rock resulted in a mean depth of 13 ± 5 m for the 843 

location of the weathering front (i.e. where rock is converted into saprolite; Bazilevskaya et al., 844 

2013). In the Chilean Coastal Cordillera, this depth appears to be even higher, exceeding 30 m in 845 

some cases (Vázquez et al., 2016). Such great depth, if not due to an inherited weathering history, 846 

could also be explained with the overall low erosion rates that prevents a steady state between 847 

weathering front advance rate and erosion at the surface (Lebedeva et al., 2010). 848 

Within the sampled regolith profiles, vertical gradients are virtually absent within the saprolite. This 849 

stability hints at a depletion gradient that is located at a much greater depth. However, gradients 850 

in elemental concentrations and depletion do appear within the soil horizons. Namely, P 851 

concentrations increase over those found in the saprolite in all sites, and strongly so in 852 

Nahuelbuta. This increase hints at nutrient uplift and recycling via leaf and root litter (Jobbagy and 853 

Jackson, 2004). Vertical gradients in element depletion are not discernable due to the high initial 854 

bedrock heterogeneity. 855 



 38 

That the depth profiles of pedogenic oxides show a relative decrease in pedogenic to total oxide 856 

ratios in Nahuelbuta and to a lesser extend in La Campana can be interpreted to be caused by 857 

gradients in regolith moisture. For the other two sites, there is no clear decrease of this ratio with 858 

depth, which can be explained by the lower infiltration into these profiles. 859 

Total microbial abundances decrease with depth at all study sites, containing the highest 860 

abundances in surface soils as shown in (Bernhard et al., under review). This pattern is in 861 

agreement with several other studies, which highlight the importance of soil depth and plant C 862 

input on microbial abundance and community structures (Agnelli et al., 2004; Eilers et al., 2012; 863 

Fierer et al., 2003; Will et al., 2010). Moreover, bacteria numerically dominate over archaea also 864 

in the saprolites in all sites. 865 

6.4 Is the biogenic weathering engine discernable? 866 

The coastal dry environments of northern Chile (from 20 – 32 °S; Pan de Azúcar and Santa Gracia) 867 

are characterized by permanently low water availability and biotic activities that are controlled by 868 

rare episodic moisture inputs (Armesto et al., 2007; Rundel et al., 2007). Samples from these two 869 

sites show no significant element depletion in the soil compared to the saprolite (Fig. 11 & 12). In 870 

the samples from Nahuelbuta, which receive the largest amount of annual rainfall, elements such 871 

as Ca, Mg, K, and Na that do not form insoluble hydroxides and are readily leached, show the 872 

largest degree of depletion (Fig. 12). Thus, as a result of this increased leaching with increasing 873 

precipitation the pools of mineral-derived nutrients decrease along the precipitation gradient from 874 

north to south. Yet, at none of the sites the regolith is so depleted in mineral nutrients that the 875 

weathering zone would be “supply-limited”. In the geochemical terminology, this means that 876 

nutritive elements are wholesale absent in regolith, which then depends on recycling and aeolian 877 

inputs (Dixon et al., 2012; Porder et al., 2007; Uhlig et al., 2017). The main imprint of biogenic 878 

processes we found to be the enrichment of P and partly Mg that can be observed in samples 879 
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from the A- compared to the B-horizons at La Campana and Nahuelbuta (Fig. 12c, d). This surface 880 

enrichment shows that nutrient uplift and vegetation recycling is at work at those sites (e.g. 881 

Jobbagy and Jackson, 2004; Porder and Chadwick, 2009).  882 

All sites do contain distinct bio-signatures though. Properties found in the A and B horizons of soils 883 

that can, in theory, be interpreted to be influenced by biota, such as total organic carbon content 884 

and C/N ratios show pronounced trends along the transect (Bernhard et al., under review). In the 885 

saprolite, bacterial gene copies (indicative for universal abundances) are highest at the non-arid 886 

sites. Previous studies already indicated that deeper soil layers contain microbial communities, 887 

specialized for low C and O2 input (Fritze et al., 2000; Ghiorse and Wilson, 1988; Zvyagintsev, 888 

1994). This strategy to exploit different ecological niches is also provided by the interaction with 889 

soil minerals (Ehrlich, 1995). Several studies already demonstrated the crucial influence of 890 

minerals on the bacterial community structure (Carson et al., 2009; Carson et al., 2007; Certini et 891 

al., 2004). Thus, it is suggested that these microbes may provide a biological contribution to 892 

mineral-weathering processes.  893 

7 Conclusions  894 

We provided first interpretation of a comprehensive geochemical dataset, addressing how climate 895 

and vegetation cover influence weathering, microbial abundance and potential activity, and 896 

mineral nutrient supply to different ecosystems in the Chilean Coastal Cordillera. We explored four 897 

sites along a climate gradient from arid to humid with S-and N-facing regolith profiles that 898 

experienced low and high insolation, respectively. We provided a complete description of (1) the 899 

regolith profiles and their vegetation cover; (2) the denudation rates that describe their permanent 900 

turnover by erosion and weathering; (3) a comprehensive geochemical characterization of regolith 901 

and bedrock as well as (4) microbial abundances in the saprolite. 902 
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We found that denudation rates generally increase with increasing precipitation and vegetation 903 

cover from north to south, being highest in the mediterranean climate of La Campana, where 904 

hillslopes are also highest. Further south in Nahuelbuta where precipitation and the vegetation 905 

cover are highest, denudation rates are lower than in La Campana. However, hillslopes in 906 

Nahuelbuta are also lower than in La Campana. These low slopes can explain the difference in 907 

denudation rate if it is not due to the higher vegetation cover. Chemical depletion and microbial 908 

abundances in saprolite are low in Pan de Azúcar (arid and sparsely vegetated site) and are higher 909 

in the three southern (more humid and denser vegetated) sites that do not show pronounced 910 

differences between them. However, no clear trend of chemical depletion and microbial 911 

abundances with increasing precipitation and vegetation cover has been found. 912 

We have shown that the thickness of the soil horizons is higher on S-facing slopes compared to 913 

the N-facing analogues. However, expected differences in the degree of chemical weathering 914 

between S- and N-facing slopes could not be detected. Thus, the N – S comparison did not yet 915 

allow to discern the effects of abiotic versus biotic weathering. 916 

Even though indicators of weathering characteristics that allow to distinguish the abiotic (purely 917 

climate-related) from the biotic (climate- and bio-related) driver have not yet emerged, the 918 

EarthShape study sites are suited to evaluate biological effects on weathering, using advanced 919 

biological and geochemical techniques. Future studies should focus on the unique and puzzling 920 

features of the EarthShape Critical Zones such as (1) the low chemical weathering rates, which 921 

appear to be contradicted by the substantial depth of the weathering front; and (2) the interacting 922 

role of climate, vegetation, microbiota, and fauna in controlling the respective erosion and 923 

weathering rates. These findings will eventually be placed into the context of efforts to derive the 924 

abiotic and biotic driving forces that shape the Critical Zone, both within future studies in the 925 

“EarthShape” project, and within global studies of the Critical Zone (Brantley et al., 2016; Chorover 926 

et al., 2007; Hilton, 2017; Riebe et al., 2017). 927 
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Table S1 Catena properties of the four primary EarthShape study areas. 945 

Table S2 Major and selected trace element concentration for bedrock samples. 946 

Table S3 Normative modal abundance of rock-forming minerals. 947 
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Table S4 Major and selected trace element concentration for regolith samples and dithionite 948 

and oxalate soluble pedogenic oxides. 949 

Table S5 Weathering indices CDF and CIA, the mass transfer coefficients (𝛕𝛕) for major and 950 

trace elements, and volumetric strain (ε). 951 

Table S6 Chemical weathering and physical erosion rates. 952 

Table S7 Relative microbial abundances in saprolite of the four study areas. 953 

Table S8 Uncorrected major and trace element concentration. 954 

Table Captions 955 

Table S1 Catena properties of the four primary EarthShape study sites. Climate data obtained 956 

from nearby climate stations are given in brackets. 957 

Table S2 Major and selected trace element concentration for bedrock samples. 958 

Table S3 Normative modal abundance of rock-forming minerals based on CIPW norm 959 

calculations of average bedrock com-position of each study area. Estimation of mineral 960 

abundances based on thin section microscopy: -: absence, x: presence (<10 Vol%), xx: 961 

abundant (10-35 Vol%), xxx: very abundant (>35 Vol%). 962 

Table S4 Major and selected trace element concentration for regolith samples of the four 963 

primary EarthShape study areas recalculated to a secondary volatile free basis following Eq. 1 964 

and pedogenic oxides (oxalate, dithionite, and pyrophosphate soluble). 965 

Table S5 Weathering indices CDF and CIA, the mass transfer coefficients (𝛕𝛕) for major and 966 

trace elements and volumetric strain (ε). The given values represent median values for each 967 

horizon ± 1 standard deviation. CIA and CDF are calculated using Eq. 2 and Eq. 3, repsecitvely. 968 

𝛕𝛕-values are calculated uisng Eq. 4 and ε according Eq. 5. More information is given in the text. 969 
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Table S6 Chemical weathering and physical erosion rates. 970 

Table S7 Relative microbial abundances in the four study areas. Bacterial and archaeal 971 

abundances were measured by copy numbers of 16S rRNA genes per gram of soil. The given 972 

data represents mean values ± standard deviations. 973 

Table S8 Major and selected trace element concentration for regolith samples of the four 974 

primary EarthShape study sites.  975 
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Figure Captions 976 

Figure 1 Intrusion age and spatial extension of the granitoid rocks in the four primary EarthShape 977 

study sites (open squares) along the Chilean Coastal Cordillera from north to south: Pan de 978 

Azúcar, Santa Gracia, La Campana, and Nahuelbuta (map modified from SERNAGEOMIN, 2003).  979 

Figure 2 Compilation of precipitation (A) and temperature (B) data from climate stations in vicinity 980 

of the respective EarthShape study sites (Ministerio de Obras Públicas, 2017). Bars on the very 981 

right-hand side of both panels show climate data from April ’16 to April ‘17 at the EarthShape 982 

climate stations within the study sites (Ehlers et al., 2017). 983 

Figure 3 Photographs of the S-facing mid slope regolith profile (AZPED 50) in Parque Nacional 984 

Pan de Azúcar (AZ) including horizon boundaries (white dashed line), a schematic depth profile 985 

(a), a cross section through the S-facing catena and adjacent N-facing regolith profile (b). The 986 

regolith in AZ developed on a coarse-grained, feldspar-rich granite. Its cover lacks fine-grained 987 

particles which are removed by wind (c). Fractures are either filled with clay-sized particles of 988 

unknown composition or gypsum and carbonate (d). 989 

Figure 4 Photographs of the S-facing mid slope pit (SGPED 40) in Reserva Natural Santa Gracia 990 

(SG) including horizon boundaries (white dashed line), a profile sketch, and a cross section 991 

through the S-facing catena and adjacent N-facing pit. The catena developed on a medium grain 992 

size granitic substrate. The regoliths’ upper layer is characterized by bioturbation and a high root 993 

density (a). At the pits’ base, two major joint sets are preserved. Here, roots penetrate the fractures 994 

and weather the adjacent rock face (b). 995 

Figure 5 Photographs of the S-facing mid slope pit (LCPED 20) in Parque Nacional La Campana 996 

(LC) including horizon boundaries (white dashed line), a profile sketch, and a cross section 997 

through the S-facing catena and adjacent N-facing pit. Both coarse- and fine-grained granodiorite 998 
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comprise the substrate of the regolith (boundary shown by the red dashed line) (a); scale bar size: 999 

10 cm. Mid slope pits (S- and N-facing) are affected by mass movement downslope, leading to an 1000 

accumulation of angular fragments in the soil columns (b). 1001 

Figure 6 Photographs of the S-facing mid slope pit (NAPED 20) in Parque Nacional Nahuelbuta 1002 

(NA) including horizon boundaries (white dashed line), a profile sketch, and a cross section 1003 

through the S-facing catena and adjacent N-facing pit. Very high organic matter content, 1004 

characterise the upper horizons of the four pits (a). Fragments are absent in the regoliths’ A-1005 

Horizon; they occur in the B-Horizon in the form of weathered granodiorite (b). Rare fragments of 1006 

mafic composition are also found. 1007 

Figure 7 Classification diagrams for siliceous igneous and volcanic rocks. (a) Total alkali versus 1008 

silica diagram introduced by Le Bas et al. (1986). (b) Q-AnOr diagram of Streckeisen and LeMaitre 1009 

(1979), where the mineral modes were determined from XRF analyses by the CIPW norm 1010 

calculation. Field association as follows: a - Alkali-feldspar granite; b - Syenogranite; c - 1011 

Monzogranite; d - Alkali-feldspar Quartz Syenite; e - Quartz Syenite; f - Quartz Monzonite; g - 1012 

Quartz Monzodiorite; h - Syenite; i - Monzonite; j - Monzogabbro; k – Diorite 1013 

Figure 8 Depth-dependent major element composition (corrected for LOI following Eq. 1) of the 1014 

four primary EarthShape study sites (regolith profile names indicated above). Differences between 1015 

sites are attributed to large-scale bedrock variations and differences within the single catenae to 1016 

small-scale lateral and vertical bedrock heterogeneities. Vertical variations within a profile (i.e. 1017 

LCPED30, NAPED20, NAPED40) reflect a change in substrate. Dashed lines indicate the soil – 1018 

saprolite boundary. 1019 

Figure 9 Weathering trends for regolith profiles in Pan de Azúcar (red), Santa Gracia (yellow), La 1020 

Campana (green), and Nahuelbuta (blue) in the ternary space of A-CN-K (a) and A-CNK-FM (b) 1021 
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as introduced by Nesbitt and Young, 1982 (molar proportions). Note that (a) corresponds to the 1022 

CIA which is 100 at pure Al2O3, and 50 at connecting line between Pl and Kfs. The grey diamonds 1023 

represent idealized mineral compositions: Bt - biotite; Cpx - clinopyroxene; Fsp - feldspar; Gbs - 1024 

gibbsite; Hbl - hornblende; Ilt -illite; Kfs - K-feldspar; Kln - kaolinite; Ms - muscovite; Pl - 1025 

plagioclase; Sme – smectite 1026 

Figure 10 Ti and Zr concentration measured in soil, saprolite, and bedrock at the four primary 1027 

EarthShape study sites. Solid lines (with error envelope, dashed) indicate the weathering 1028 

enrichment line for bedrock composition, constructed from initial element ratios from bedrock 1029 

samples and their uncertainty, as quantified by the Ti and Zr concentration of multiple bedrock 1030 

samples. 1031 

Figure 11 Chemical Depletion Fraction (CDF) for each study sites’ averaged A horizon (top), B 1032 

horizon (middle) and saprolite (bottom) samples. See legend in panel a for the explanation of the 1033 

uncertainty bars. The accuracy of the absolute CDF values is limited by the variability in the 1034 

respective sites’ bedrock Zr concentration as indicated by the gray 1σ bar at the graphs’ bottom. 1035 

Note that the Y-axis scale is expanded by a factor of three for the A and B horizon in Pan de 1036 

Azúcar. 1037 

Figure 12 Elemental mass transfer coefficient (τ, the fractional element loss that was calculated 1038 

here relative to the sample at the base of the regoliths profile) for each study sites’ averaged A 1039 

horizon (top box), B horizon (middle box), and saprolite (bottom box) samples. The upper graphs 1040 

show τ values for Si, Mg, and P, whereas the lower graphs show τ values for Na, K, and Ca. Note 1041 

that the shown τ values are only stacked for visualization reasons and represent τ values averaged 1042 

over the study sites’ specific horizons. Further, the Y-axis scale is expanded by a factor of three 1043 

for the A and B horizon in Pan de Azúcar. 1044 
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Figure 13 Volumetric strain (ε) for each study sites’ averaged A horizon (top), B horizon (middle) 1045 

and saprolite (bottom) samples. Positive values denote to expansion and negative values to 1046 

collapse of the regolith profile. See legend in panel a for the explanation of the uncertainty bars. 1047 

The accuracy of the absolute ε values is limited by the variability in the respective sites’ bedrock 1048 

Zr concentration as indicated by the gray 1σ bar at the graphs’ bottom. Note that the Y-axis scale 1049 

is expanded by a factor of three for the A and B horizon in Pan de Azúcar. In this study site, no ε 1050 

is available for the saprolite, as bulk density has not been determined for these samples. 1051 

Figure 14 Ratios of Al and Fe concentrations of the pedogenic oxide fraction (oxalate extracted, 1052 

closed symbols; dithionite extract, open symbols) relative to total sample concentration. Regolith 1053 

profile names are indicated above and dashed lines indicate the soil – saprolite boundary. 1054 

Figure 15 Concentration of extracted DNA, averaged over the entire sampled saprolite depth. Box 1055 

plots represent the sum of values of all topographic positions combined in Nahuelbuta (NAPED), 1056 

La Campana (LCPED), Santa Gracia (SGPED) and Pan de Azúcar (AZPED). Median lines are 1057 

indicated within the boxes of which the size corresponds to ± 25% of the data, whereas the 1058 

whiskers show ± 1 st dev of all data. DNA was extracted from saprolite samples in triplicates. 1059 

Figure 16 Abundance of bacterial (open) and archaeal (patterned boxes) 16S rRNA gene copy 1060 

numbers per gram of regolith in the primary study sites, averaged over the entire sampled saprolite 1061 

depth. Saprolite samples were collected along the hillslope catena at four different positions. Box 1062 

plots represent the sum of all replicate samples, each measured in quadruplicate qPCR reactions. 1063 

Median lines are indicated within the boxes of which the size corresponds to ± 25% of the data, 1064 

whereas the whiskers show ± 1 st dev of all data. S=South facing, N=North facing. 1065 

Figure 17 Mixing model between average Na and Mg concentrations of Nahuelbuta saprolites 1066 

(Na2O: 1.64 wt% and MgO: 1.50 wt%) and andesitic ash (Na2O: 3.40 wt% and MgO: 4.81 wt%), 1067 
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respectively. The black line represents the mixing line between 0% volcanic ash input to the left 1068 

and 100% volcanic ash input to the right. Symbols represent samples from the A and B horizons 1069 

at Nahuelbuta. The model indicates that the contribution of ash at the Nahuelbuta site is, if existing 1070 

at all, insignificant.  1071 
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