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Abstract

On May 2, 2008, the Chaitén volcano, located in Chilean Patagonia, thought to be inactive for
almost 10,000 years, erupted, emitting pyroclastic materials (ash and pumice) of rhyolitic
composition. The ejected materials partially burned the forest vegetation in a wide radius, blocked
the river systems, causing local flooding, and forced the majority of the inhabitants to abandon
the nearby village of Chaitén.

In 2005 and 2009, the authors surveyed and sampled a number of paleosols and tephra sections
located just north of the village. The present work shows the results of pedological,
micromorphological, petrographic, and geochemical analyses, accompanied by radiocarbon
dating, The studies have shown the presence of different soil complexes (Andosols), developed
from pyroclastic materials and separated by erosional surfaces. Under the modern saill,
consisting only of A horizons, paleosols follow with pedogenized horizons overlying altered and
hardened volcanic materials. The mineralogical and geochemical analyses confirmed the
sequence of these complexes and distinguished a double origin of the materials from which they
developed: the most recent and superficial soil, although not significantly affected by the
depositions of the last eruption, presented an evident geochemical and mineralogical affinity with
tephra of the Chaitén volcano, differently from those of the deeper paleosols which have been
found to derive from the ejecta of Michinmahuida volcano. The evolutionary model of the soils of
the area has also been confirmed by the dates measured along the studied sections that are
comparable with the dates of volcanic events during the Holocene already ascertained by the

most recent volcanological studies..
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1. Introduction

The area under investigation is dominated by the presence of two main
volcanoes, Michinmahuida and Chaitén that are located respectively about 25 km
to the north-northeast and 11 km to the northeast of the Chaitén village in
Chilean Patagonia (Fig. 1). Michinmahuida is a massive ice-covered
stratovolcano whose products are mainly from intermediate to basic composition.
Chaitén is a small volcano which, before 2008, was characterized by a rhyolitic
(obsidian) lava dome preserved within a 3 km in diameter central caldera.
Minimum emplacement age of the lava dome (older than 5.6 kyr) was inferred by
obsidian archeological artifacts, attributed by Stern et al. (2009) and Stern (2008)
to the Chaitén dome and found in the Chan Chan site (400 km north of Chaitén)
occupied from 5.6 to 5.0 kyr. On May 2, 2008, the Chaitén volcano violently
erupted after less than 36 h of precursory seismicity (Lara, 2009; Tilling, 2009;
Pallister et al., 2010; Romero, 2011). The ash plume, directed to the SE, was
about 15 km high and the ash-fall covered a wide region around the volcano,
reaching Argentina up to its Atlantic coasts (Watt et al., 2009; Lara, 2009; Carn et
al., 2009; Martin et al., 2009). The explosive activity lasted the whole month and
tephra falls, floods and lahars caused extensive damage to the river network and
forest cover and forced the majority of the local residents to leave the Chaitén
village. Because the volcano was considered quiescent for almost 10,000 years
(Naranjo and Stern, 2004), the 2008 explosive activity was unexpected and led
the scientific community to search for evidence of other eruptions during the
Holocene.

After new surveys in the concerned region (Watt et al., 2011; Amigo et al., 2013;
Lara et al., 2013; Watt et al., 2013; Major and Lara, 2013; Moreno et al., 2015,
Alloway et al., 2017a, 2017b) new hypotheses on Chaitén volcanic activity have
been proposed: rhyolitic tephra deposits were identified and radiocarbon age
determinations suggested a frequent eruptive activity throughout the Holocene

up to the 17" century.
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The present contribution analyzed 3 soil profiles, located near the Chaitén
village, sampled before 2008 Chaitén eruption and reviewed on 2009. The
profiles were studied through pedological investigations and the results were
compared with those inferred from mineralogical and geochemical data (mainly
REE concentrations and trace elements ratios) to define the provenance of

volcanic materials found in soil horizons.

2. Materials and methods

2.1 Study area description
The area under investigation (Fig. 1) belongs to the Southern Volcanic Zone
(SVZ) of the Andes, between latitudes 33°and 46°S , and is the result of the
subduction of the Nazca plate beneath the South America continental plate. The
subduction-related magmatism has been active since mid-Jurassic times and is
represented by the Early Cretaceous — late Cenozoic Northern Patagonian
Batholith (Pankhurst et al., 1999; Hervé et al., 2007) that intruded late Paleozoic
to Early Mesozoic metamorphic rocks (Adriasola et al., 2005), the Jurassic-
Eocene arc and back-arc volcanism (Parada et al., 2001) and the Holocene
volcanism. In the SVZ region, thirteen volcanoes are associated with
Pleistocene-to-recent magmatism. Most of the volcanic centers (Cay, Mentolat,
Melimoyu, Yate, Huequi, Michinmahuida, Hudson) erupted high-Al basalts with
subordinate andesites and dacites (Naranjo and Stern, 1998; D'Orazio et al.,
2003; Stern, 2008); rhyolites are rare and associated with Chaitén (Kilian and
Lépez-Escobar, 1991; Castro and Dingwell, 2009; Watt et al., 2009; Alfano et al.,
2011), Yate (Mella Barra, 2008; Watt et al., 2011), Puyehue-Cordén Caulle (Lara
et al., 2006; Singer et al., 2008; Castro et al., 2013) volcanic activity. The roughly
N-S distribution of these centers suggests that their emplacement may be related
to the Liquifie-Ofqui fault zone (Thiele et al., 1986; L6épez-Escobar and Moreno,
1994; Wicks et al., 2011), a 1000 km NNE-SSW dextral strike-slip fault system
joined by a series of en-échelon lineaments striking NE-SW (Cembrano et al.,
1996).
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The surveyed area is located on a gently undulating surface west of the Chaitén
riverbed. The whole area is drained by three rivers - Rio Chaitén, Rio Negro and
Rio Yelcho - flowing into the gulf of Chaitén and forming a digitated delta-estuary.
Cool summers and a lack of dry seasons characterize the oceanic temperate
climate (Cfb-type) of Andean Patagonia (Peel et al., 2007). In northern Patagonia
(40% 48 latitude) rainfalls are mainly due to st rong moisture-laden air flows
from the southern Pacific Ocean and increase with altitude (Garreaud, 2009).

In the investigated area, long-term precipitation data are lacking. Pierson et al.
(2013) report a range from 2500 to 7000 mm/yr during 2005-2009. The frequent
volcanic activity in the Southern Andes influences the local weather, especially
the occurrence of heavy rainfalls. During the last explosive phase of the Chaitén
volcano (May 2008) rainfall delivered 600—900 mm of precipitation over 12 days,
with a daily maximum of about 120 mm (Pierson et al., 2013). The monthly
average temperature in Puerto Montt (about 160 km north-northwest of Chaitén)
is 20T during the hottest months (January and Febr uary) and 3T in the coldest
month (July), with an annual average temperature between 8.5 and 9C
(Direccién Meteorolégica de Chile, 2001).

2.2 Soil and paleosols sampling and analyses

Three soil/tephra/paleosols sections (P16, P17 and P18) were studied and
analyzed, in an area close to Chaitén village (Fig.1; Tab.1).

Field investigations and descriptions (FAO, 2006; Schoeneberger et al., 2012)
allowed recognizing several horizons characterized by different degrees of
pedogenesis and weathering of pyroclastic parental materials. Soil horizons and
tephra layers were named according to the World Reference Base for Soil
Resources (IUSS Working Group WRB, 2015).

Twenty-four samples were collected from pedogenic horizons and tephra layers
in all the described sections.

Chemical, mineralogical and geochemical analyses were performed on selected
samples. Other volcanic and rocky materials were sampled and analyzed for
geochemical comparison in order to ascertain the provenance of the materials:
three samples from 2008 Chaitén eruption (CHA-1, CHA-2, CHA-3); one sample
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from Laguna Pinto Concha area, close to Hornopirén village (LP-1); two samples
collected along the Rio Amarillo which drains the slopes of Michinmahuida
volcano (MIC-1, MIC-2); one sample from the Corcovado volcano (COR-1); one
sample of granodiorite, bedrock of P18 profile (R-GRD) (Tab. 1). Soil chemical
data were obtained according to standard methods (van Reeuwijk, 2002).
Four undisturbed samples from deep horizons in profile P16 (2Bt, 3CBd) and
P17 (2Btgd, 3CBd) were impregnated (according to Murphy, 1986) for thin
section morphological analyses (Bullock et al., 1985; Stoops, 2003).
Two samples of P18 profile (AE, 5CBd) were investigated through X-ray
diffraction. Spectra were obtained on total soil powder and on fractions below 60
um and between 60 and 250 ym. Random oriented powders were analyzed with
a Panalytical XPERT-PRO PW 3050 X-ray diffractometer with Cu Ka radiation at
40 kV and 40 mA (a counting time of 71 s per 0.02° step was used for 20 in the
4-70°range). Two polished thin sections were prepared on fraction above 250
um and representative minerals, lithics and glass were analyzed for major and
minor elements using a JEOL 8200 Superprobe at University of Milano.
Analytical conditions were optimized for standard silicates and oxides on
wavelength-dispersive spectra at 15 kV and 5 nA.
Horizons and layers recognized in the field were analyzed for major, minor and
trace elements at ACME Laboratories in Canada. Analytical methods are
described at www.acmelab.com. For geochemical considerations, all major
elements of P16, P17 and P18 samples were recalculated on volatile free basis.
Primitive Mantle (PM) and Chondritic (Ch) values for Rare Earth Elements (REE)
are from Sun and McDonough (1989).
The chemical index of alteration (CIA) (Nesbitt and Young, 1984) was calculated
according to the formula:

CIA = [Al,O3 / (Al,03 + CaO* + Na,O + K;0)] x 100
where oxides are expressed as molar proportion and CaO* is the content in
silicate minerals only. The CIA index represents the degree of alteration of
feldspars to clay minerals in the course of hydrolytic weathering, and indicates

the relative contents of clay minerals. Values for unweathered igneous rocks are
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about 50, whereas intensely weathered materials rich in kaolinite and gibbsite
can approach 100.

From the total geochemical compositional data, rare earth elements content and
distribution have been observed to detect lithological discontinuities and different
tephra origins.

A cluster analysis (average linkage method, Euclidean distance) was performed
based on geochemical composition data, in order to detect similarities in
geochemistry between soil horizons and tephra origins. The vegan package
(Oksanen et al., 2017) in the R software was used.

Five radiocarbon ages were obtained from organic matter fractions (humins and
humic acids) extracted from P16, P17, P18 selected horizons at the Poznan
Radiocarbon Laboratory (www.radiocarbon.pl), with the AMS technique for
sample preparation. All data were given as calibrated years BP using OxCal4.2
(Bronk Ramsey and Lee, 2013) and the Southern Hemisphere calibration curve
SHCal04 (McCormac et al., 2004). BP refers to years before 1950 A.D. Results

are quoted at 95.4% confidence intervals.

3. Results

3.1.Landforms and features of soil profiles

Pedological and physical features of the studied sections are summarized in Tab.
2.

The sequence of the P16 consisted of six complexes composed of tephra layers
and buried pedogenic horizons (Fig. 2, Fig. 3a; Tab. 2). From the surface to the
depth of 30 cm the horizons Oi and Ah are typical of modern volcanic soils. From
30 to 125 cm a weathered horizon 2Bwh and an illuvial 2Bt occurred, both
belonging to an independently evolved soil profile developed from tephra and
truncated at the top by ancient erosion processes. From 125 cm to 245 cm, a
pedogenized and hardened cineritic layer, 3CBd, was recognized. A layer of
moderately weathered lapilli (4C) occurred at a depth between 245 and 265 cm,
underlain by a thin layer (5Csm), extending from 265 to 270 cm, of partially

cemented and weathered ferruginous ash. Between 270 and 275 cm, grey



184 weathered ashes (6C) lied on grey unweathered metapelites. All layers and

185 buried soil horizons had a field assessed sandy texture. Measured pH(H.O)

186 values ranged from 4.2 (extremely acidic) on the surface to 5.7 (moderately

187 acidic) at depth, associated with the very low base saturation value (3-9%) due to
188 heavy leaching caused by local strong rainfall. The pH(NaF) exceeded the critical
189 value of 9.5 (Tab. 3) along the entire profile indicating abundance of allophane
190 and/or Al-organic complexes in mineral horizons (IUSS Working Group WRB,
191 2014).

192  Eight complexes were recognized in the P18 profile (Fig. 2, Fig. 3b; Tab. 2).

193  From the surface to the depth of 30 cm the horizons (Oi-Ah-AE) were rich in

194  organic matter and showed features of modern pedogenesis. Only P18 AE

195 horizon was strongly depleted in Al (both total and oxalate extractable), and

196 showed a low pH(NaF), evidencing possible leaching associated with incipient
197  podzolization.

198 From 30 to 180 cm, after a sharp erosional limit, three buried organic matter-rich
199 B horizons (2Bwh1-2Bwh2-2Bth), developed from older tephra deposits. A thin
200 horizon (30a) of highly decomposed organic material and an equally thin

201 ferruginous cemented ashy horizon (4Bsm) separated at 185 cm the older

202 section, mainly represented by weakly pedogenized to hardened cineritic

203 horizons extending as far 290 cm. Three C horizons occurred, composed of

204  weakly weathered tephra materials, with different degrees of cementation. The
205 8C horizon (325-345 cm) was mainly composed of ash with volcanic lithics and
206 few granodiorite fragments. It represents the basis of the P18 sequence and is
207 lying on the sheep-back shaped and unweathered granodiorite (R-GDR).

208 Although P18 had more organic matter through the upper 2 meters, chemical
209 characters were almost similar to P16, confirming strong leaching and high

210 content in allophane or Al-organic complexes.

211 P17 profile (Fig. 3c) showed similar features and stratigraphy but the weathered
212  old soil was thicker (3 meters) than in P16 and P18 and no substrate was

213 exposed. Under a 35 cm thick surface Ah horizon, six B horizons developed

214  down to 340 cm including (top to the bottom) weathered (2Bwh sequence),
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illuvial (2Bth sequence) and gleyed, hardened (2Btgd) horizons. Underneath up
to 380 cm very hard ashy materials (4CBd) occurred.

The correlation between three schematic groups of horizons among the three
described sections are shown in Fig.2: modern volcanic soils on the top (group
I); weathered, well developed older soils (group I1); weakly pedogenized,

cemented tephra and bedrock (group IlI).

3.2. Micromorphology

The abundance of volcanic fragments in the coarse fractions and the
undifferentiated b-fabric of the micromass confirm the volcanic origin of the
parent materials of the P16 and P17 profiles (Sedov et al., 2010). All thin
sections showed isotropic clay coatings and infillings. Their presence was related
to pedogenic processes (i.e. amorphous clay illuviation) or in situ precipitation of
Al and Si (i.e. authigenic clay coatings, Sedov et al., 2010). Redoximorphic
features (small Fe-Mn nodules and few Fe-Mn hypocoatings and impregnations)
were also observed in all samples.

P16-2Bt and P17-2Btg showed a fair degree of past pedogenic development and
it was characterized by angular blocky structure and microstructure, biogenic
channels, some rounded phytorelicts and isotropic clay coatings and few pore
infillings. The coatings were also visible at the macroscopic scale. These features
appeared to be indicative of long-term clay illuviation. A few reddish or dark Fe-
Mn nodules and impregnations were also observed. Some pore walls had
layered spongy reddish coatings, probably composed of amorphous materials
likely associated with organic matter (Fig.4a).

On the contrary, the P16 3CBd and P173BCd horizons had a sandy-silty
appearance and was mainly composed of volcanic materials with few clay
coatings (illuvial or authigenic in origin), thus suggesting a weak pedogenic
development. No aggregation was observed at the microscopic scale. A few

opaline bodies were observed within the hard groundmass (Fig.4b).
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3.3. Mineralogy
The mineralogy of P18-AE and P18-5CBd horizons was determined by X-ray

diffraction, thin sections and mineral chemistry (Tabs. S1 to S5). Mineral
abbreviations are after Whitney and Evans (2010).

XRD patterns (Fig. 5a) of P18-AE showed significant amount of glass and
negligible quantities of clay minerals. Prevalent phases were: glass, quartz (Qz),
cristobalite (Crs), plagioclase (Pl) and augite (Aug). Crs was mainly concentrated
in the fraction below 60 um; on the contrary, Qz prevailed in the fraction between
60 and 250 um. The thin section analysis of the fraction above 250 ym revealed
glass, crystals and lithics which did not show evidence of weathering. Olivine was
absent. Fragments of crystals (0.6-0.8 mm in size) were mainly constituted by
green clinopyroxenes (Cpx, Fig. 6a) and colorless orthopyroxenes (Opx). Both
pyroxenes showed large compositional variation: mg-number for Opx ranged
from 58 to 73 and Cpx from 63 to 77. Opx with enstatite (En) content lower than
60% was detected in thin crystals within glass shards. Pl was slightly zoned
(cores An 43-44% and rims An 38-41%) and locally showed resorbed structures.
Rare crystals of deep-brown hornblende occurred (Fig. 6a). These amphiboles
were not euhedral and lacked marginal reaction rims. They were ferri-titanian-
tschermakite, were Al-rich (11.56-11.78 wt%) and had TiO, up to 3.26 (wt%).
Angular lithics were represented by deformed polycrystalline aggregates and
granodiorite fragments (Fig. 6b) similar to the bed-rock of P18 site. Qz, green
Hbl, Pl with deformation twinnings (oligoclase An 30-32%), biotite (Bt), K-feldspar
(Kfs) and Qz are the main phases in granodiorite fragments. Most of the lithics
(0.5-1.0 mm in size) were well rounded and oxidized volcanic rocks. In a lesser
amount, fragments were constituted by well-preserved volcanics with thin laths of
Pl (An 34-37%). Glass shards were highly vesicular (Fig. 6¢) and showed strong
fluidal textures. In these fragments, small microphenocrystals of Pl (An 43-50%)
were recognized. The glass was rhyolitic in composition but had lower silica
content with respect to pumice and glassy block fragments of 2008 eruption
(70% and > 75% respectively). All analyzed glasses were slightly peraluminous

(with normative corundum).
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Diffractogram (Fig. 5b) of P18-5CBd showed clay minerals mainly in the fraction
between 60 to 250 um characterized by a peak for possible interlayered
vermiculite- or smectite-illite minerals at around 6°2 8 (ca. 24 A). Main phases
were plagioclase (Pl) and augite (Aug). Thin section (above 250 um fraction)
showed that tephras were more oxidized, generally covered with patina and had
finer grain size (between 0.4 and 0.6 mm) than those identified in sample P18-
AE. Weathered rounded fragments of volcanic rocks prevailed on crystals. The
volcanic lithics had PI (An 61-68%), Cpx and Ol (xOpx). Opx showed limited
variation and the mg-number falls within a very narrow range (72-73) indicating
no significant zoning; on the contrary Cpx has a wider mg-number range,
between 64 and 75, CaO content decreases with FeO increasing. Colorless
glass shards are mainly dacitic in composition and present Fe-enrichment. The
brown glasses have thin laths of Pl (An 50-54%) and Ol (Fo 69%), present low
silica content (basaltic-andesite), are metaluminous and are enriched in TiOy,
MgO, FeO, CaO. PI, Ol and Cpx mainly constitute crystal fragments. No
granodiorite lithics were found. In this sample, olivine presents two different
compositions (Fig. 6d). Pale-green, generally isolated (single) crystals with dark-
brown glass inclusions (rhyolitic in composition) reveal low forsterite (Fo) content
ranging from Fo19 8 and Fo226. The low Fo content is coupled with high MnO
content (2.4-2.6 wt%). No NiO was detected. Colorless olivines are instead
present as phenocrystals in volcanic lithics (PI, Px, Ol and basaltic-andesite
glass). These olivines have Fo which spans from Fogg 7 to Fo703 and present low
contents of MnO and NiO (0.40-0.51 wt%, < 0.14 wt% respectively).

3.4 Geochemistry
Elemental analysis (Tab. 4) of the three soil/paleosols profiles and of other rock
samples from different volcanoes in the area clearly showed the difference
between soil horizons and lithic materials. The first were characterized by large
loss on ignition (LOI), and high contents of C, derived from organic materials
since all samples are carbonate-free; Ca content was derived only from silicate

minerals.
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The three groups identified through pedological approaches are also supported
by geochemical data.

The topsoil horizons (group I, P18: Ah, AE; P16-Ah) had low CIA values, ranging
from 51 and 61. The intermediate horizons (group Il, P16: 2Bwh, 2Bt; P18:
2Bwh1, 2Bwh2, 2Bth, 30a) form a separate cluster and showed an advanced
degree of weathering with CIA between 81 and 86 units. The upper two horizons
of group Il (P16: 3CBd, 4Cr, 5Csm; P18: 4Csm, 5CBd, 6Cr, 7Cs, 8C) had low
CIA values (59 and 55) in P18 profile, but were higher in P16 profile (70-61). The
lowermost layers P16-5Csm and P18-7Cs presented CIA values (70)
approaching those calculated for group 1l samples.

Other geochemical tools, such as concentration of major and trace elements,
rare earth elements (REE), rock-chondrite ratios confirm the existence of distinct
groups and different volcanic sources of parental material.

On volatile free basis the silica content of group | samples was about 70 wt%
with low MgO and TiO, contents. Major elements suggest a slightly peraluminous
rhyolitic composition of the parental material. These samples were characterized
by large-ion lithophile elements (LILE) enrichments and low contents in
compatible elements such as Cr, Ni, Sc and V. The REE contents (Fig. 7a) were
generally low (ZREE 76-81 ppm) with enrichment in light rare earth elements
(LREE) (66-69 ppm) over heavy rare earth elements (HREE) (5-6 ppm),
(La/Yb)n between 8.07 and 10.54 and negligible Eu anomaly (Eu/Eu* = 0.74-
0.86). On a PM-normalized spider diagram (Fig. 7b), all samples show similar
patterns with well-developed K and Pb positive peaks, troughs at Nb-Ta, Ba, and
P and peaks at Th-U and Nd-Zr.

The group Il horizons had the highest Al,O3 but the lowest SiO, and alkalis
concentrations. In P18 profile, Al,O3 contents increased and Fe,Os3; decreased
downward whereas both these oxides were quite constant in P16 profile (~32
and 18 wt % respectively). On volatile free basis, all these samples revealed low
silica contents consistent with basic composition. All samples, with respect to
group | horizons, showed LILE depletion, particularly in Rb and Ba, and higher
values of Cr, Ni, Sc and V (up to 55, 22, 41, 346 ppm respectively). The REE
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contents (Fig. 7c) were from 105 and 144 ppm. LREE (78-111 ppm) were higher
than HREE (14-20 ppm), but the patterns were smooth with (La/Yb)y ratios
varying from 1.71 and 4.23. Eu/Eu* ranged between 0.84 and 0.86. On a PM-
normalized spider diagram (Fig. 7d), all these samples showed similar patterns
with well pronounced troughs at Rb-Ba, Sr-P. The Nb-Ta was less marked
because of negative K anomaly. Pb positive peak was similar to those shown by
group | horizons.

The group Il deepest horizons (on volatile free basis) were characterized by
silica ranging from 44 up to 54 wt% suggesting a basaltic or basaltic-andesite
composition and presented high MnO (0.2-0.3 wt%) and P,0Os (up to 0.72 wt%)
contents. Compared with group Il samples, group Il shows a more pronounced
LILE enrichment (Fig. 7f). Lowest horizons of both profiles (P18-6C and P16-
5Csm) had the highest Nb contents (16-19.3 ppm), Zr (306-405 ppm), Y (53.8-
65.9 ppm), Hf (8.6-10.9 ppm). The ZREE ranged from 147 and 279 ppm. A LREE
(117-226 ppm) enrichment and a relative depletion in HREE (13-29 ppm) were
observed. Samples show a more fractionated trends with (La/Yb)y ratios varying
between 3.32 and 4.68 (sample P18-8C= 6.36) and a more pronounced Eu
anomaly (Eu/Eu* = 0.68-0.86, Fig. 7e) with respect to group Il. The P18-8C
presented silica content of about 60 wt%, lower Al,O3, P,Os, and MnO contents
than other levels of group Ill. This could be explained by the large amount of

granodiorite lithics that masks the real composition of tephra.

3.5 Dating

Radiocarbon datings were measured at different soil depths in P16, P17 and P18
respecting the horizon sequence as defined in the three described main groups
(Tab. 5).

The youngest ages were obtained from the surface rhyolitic-dacitic horizons
(P18-Ah and P18-AE), dating 345+30 **C yr BP and 1320+30 **C yr BP
respectively. Calibrated ages range from 454-304 yr BP to 1283-1087 yr BP,
corresponding to 1571+75 AD for the surface horizon and 765+98 AD for the

lowermost.



367
368
369
370
371
372
373
374

375

376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396

The P17-3CBd horizon, although sampled at the greatest depth (-340cm)
represents the upper level of the third group of horizons and gave an age of
767060 **C yr BP, with a calibrated age ranging between 8558 and 8317 yr BP
(8.6-8.3 kyr BP). The Fe-cemented P16-5Csm (-270 cm) yielded a radiocarbon
age of 8230+60 “C yr BP and a calibrated age between 9397 and 8998 yr BP
(9.4-9.0 kyr BP). The last one is comparable with the P18-7Cs horizon (-306 cm),
that gave an age of 9110+60 **C yr BP and a calibrated age between 10407 and
9935 yr BP (10.4-10.0 kyr BP).

4. Discussion

All the analyses converge to the identification of two main sources of volcanic
materials composing the studied soil-tephra sections. Field and pedological
evidences (chemical analysis and micromorphologic interpretations) describe the
alternation of polycyclic soil-forming events and erosional phases. Beneath
modern A horizons, B horizons were characterized by a stronger weathering of
volcanic products, by clay formation and its downward translocation. In depth
weakly weathered CB horizons stood over C layers of lapilli and ashy materials in
evident discontinuity with the bed-rock, only partially involved in soil genesis.
Although P16 and P18 profiles did not have the same horizon sequence, they a
showed similar pedogenic history. In these profiles, Ah horizons were
characterized by high pH(NaF), high value of Feo/Fed ratio and low value of the
(Fed-Feo)/Fetot. These indexes and the low base saturation suggest a low
degree of pedogenic development, corresponding to the characters of Dystric
Vitric Andosols. Moreover, Al and Fe leaching characterizes P18-AE horizon,
and considering the low pH(NaF) should be associated with an incipient
podzolization (Zdfiiga et al., 2019). A and B horizons were separated by a sharp
erosional surface. B horizons are illuvial and can be interpreted as a preserved
part of former Dystric Silandic Andosols developing towards Alisols (Andic).

The surface horizons of the P17 section presented andic properties with a high
pH(NaF) value, that characterizes a Dystric Silandic Andosol, while the

underneath sequence of B horizons fits well with the preserved part of a Dystric
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Bathigleyic Silandic Andosol developing towards Alisols (Andic). The deepest
layers in all the three sections were represented by hardened CBd horizons,
relict hardpans (locally known as tepetate or cangahua) preserved after another
erosional event. This local pedomarker was separated from the above standing
horizons by a sharp erosional surface: few phytorelicts found in the upper part of
any of these horizons confirmed the presence of previous eroded horizons.

All the investigated sections show that soils had been influenced by similar
pedogenic processes: a strong climatic leaching associated with a low base
saturation value and acidic reaction; a high content of paracrystalline minerals,
as represented by various Fe ratios and pH(NaF); clay translocation during past
periods; cementation of volcanic materials at depth.

According to the processes characterizing all sections, three groups of horizons
and layers have been distinguished. In particular, group | includes recent A soill
horizons characterized by organic matter association with Al-rich amorphous
materials and low CIA values; group Il represents quite strongly weathered
and/or clay illuviated B horizons with high CIA values; group Il gathers
hardened weakly pedogenized materials (CB horizons and C layers) with low CIA
values.

Mineralogical and geochemical investigations confirm the identification of these
three main groups of horizons and allow recognizing two main provenances of
volcanic materials. Whole rock data indicate a good correlation among the
profiles and cluster analysis (Fig. 8) shows that surface A horizons seem to be
associated with Chaitén tephra; another cluster, including most of the deeper
horizons, is correlated with dacite from Michinmahuida volcano.

All samples are sub-alkaline with calc-alkaline affinity. PM-normalized multi-
element spider diagrams (Fig. 7) show that all samples have LILE enrichment
and Nb-Ta anomaly typical of subduction related rocks.

The surface A horizons showed marked differences in petrographic and
geochemical characteristics with respect to the lower layers. These horizons
have rhyolitic-dacitic composition, are slightly peraluminous, present high La/Yb
(11.25-14.70), Rb/Ba (0.16), Ba/Sr (2.86-3.13), Sr/Y (9.9-13.28), Hf/Nb (0.36-
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0.40). In the investigated area, three main occurrences of rhyolites are described
associated with Chaitén, Yate and Cordén Caulle eruptions. All the geochemical
data point to a Chaitén provenance of volcanic materials found in top soil
horizons because Yate (this study and Mella Barra, 2008; Watt et al., 2011) and
Cordon Caulle (Castro et al., 2013) rhyolites are enriched in ZREE (Yate >120
ppm, Cordén Caulle > 160, Chaitén <104 ppm), have more pronounced Eu
anomaly and higher ratios between refractory elements such as Zr/Nb (Yate 30-
34, Corddn Caulle 39-54, Chaitén 12-13) and Nb/Hf (Yate 0.9-1, Cordon Caulle
0.9-3.0, Chaitén 0.3-0.4; Fig. 9). XRD and mineral chemistry also confirms the
Chaitén provenance of these materials. Ti-rich brown amphibole and cristobalite
were recognized in sample P18-AE. These two minerals were identified in
pyroclastic fall deposits following the 2008 Chaitén eruption. In particular, the
brown amphibole (high in Al,O3 and TiO,) presents the same features as those
described by Lowenstern et al. (2008; 2012). As reported by Reich et al. (2009),
Horwell et al. (2010) and Alfano et al. (2011) the 2008 Chaitén ash contains a
significant amount of cristobalite as well as P18-AE sample, in which this mineral
has been identified through XRD in the fraction below 60 pm (Qz prevails in the
coarser fraction)..

With respect to A levels, the group 1l and group Il horizons are more mafic in
composition (basalt, basaltic-andesite), present lower LILE but higher HREE
contents (14-29 ppm) and are less fractionated (La/Yby 1.7-4.5). All these data,
element ratios (Fig. 9) and comparison with other volcanos of SVZ of similar
composition, suggest that the Michinmahuida is the most probable source of
volcanic materials found in B and C horizons. Mineral chemistry data for
Michinmahuida products are rare, but Cpx (mg-number 75-64), Ol (Fogs.70) and PI
(Aneg.g1) have composition comparable with those reported by Lopez-Escobar et
al. (1993). Furthermore, it is important to point out the occurrence of olivine rich
in fayalite (F022-20). In the B horizons of the studied sections, this olivine is
commonly present as single crystal but, as shown in Fig. 6d, also occurs in lithic
fragment associated with plagioclase Anzs. Two main occurrences of fayalite in

evolved rocks of SVZ are reported: Triassic fayalite granites (Vasquez and
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Franz, 2008; Vasquez et al., 2009) in the Cobquecura pluton (36°S) and
Holocene fayalite rhyolites associated with Cordon Caulle volcano domes
(4032’S, Singer et al., 2008). These rocks are enriched in FeO* over MgO
(FeO*/(FeO*+MgO) = 0.91-0.93) as the rhyolitic brown glass inclusions (0.96)
found in fayalite-rich olivine. Lower MgO content in glass is coupled with higher
Fo content (Faz7.go) in olivine with respect to granites (Fase.g9g). On the basis of
the available data, the fayalite lithics found in P18-CBd, similar to the fayalite
granites of the Cobquecura pluton, could represent basement fragments
incorporated into the magma during Michinmahuida eruption.

14C age determinations on P18-Ah1 and P18-AE horizons suggest that the
explosive activity of the Chaitén volcano is characterized by two distinct periods
of activity: 345+30 yr BP (454-304 calibrated years BP) and 1320430 *C yr BP
(1283-1087 calibrated years BP) respectively. The first age matches well with the
recent radiometric data of Lara et al. (2013), who correlate it with an historical
17"-century (AD 1625-1658) eruption of the Chaitén volcano, and with the data
published by Moreno et al. (2015). The event recorded in the P18-AE horizon at
132030 *C yr BP (1283-1087 calibrated years BP) is not been previously
documented in any recent research.

Lowermost horizons evidenced three main eruptive events occurred at 10.5-9.9
ka BP, 9.4-9.0 ka BP and 8.6-8.3 ka BP. The oldest age could be related to the
“Amarillo ignimbrite” (10.5-10.2 ka BP) event as defined by Amigo et al. (2013),
although, in this case, the volcanic material emplaced as tephra fall. The
youngest ages are not reported in any recent research, but confirm the

continuous eruptive activities of the Michinmahuida volcano.

5. Conclusions

The present paper describes a multidisciplinary approach to the study of the
soil evolution in the area just to the north of Chaitén village, in Chilean
Patagonia. Chemical, micromorphological, mineralogical, and geochemical

analyses led to recognize two different origins of the pedogenized materials,
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producted by the two main active volcanoes in that area: Chaitén and

Michinmahuida.

* The investigated sections present a comparable organization of different
soil complexes: modern soil represented by uppermost A horizons,
covering an older truncated sequence of weathered and illuvial B
horizons, lying in stratigraphic discontinuity on a dense pedomarker
horizon formed of weakly weathered tephra. Granodiorite or metapelites
form the bed-rock of the sequences.

» All the soils sequences were separated by erosional events.

* Mineral chemistry and geochemical investigations performed on selected
samples demonstrate two different provenances of volcanic soil parent
materials: the uppermost modern soil complex resembles Chaitén tephra;
differently the lowermost older relict soils correlate with the
Michinmahuida ejecta.

This model of the soils evolution fits well other recent studies on the volcanic

history of the area: **C dating of our recognized soil complexes results

comparable with the age of known volcanic events reported by other cited

Authors and confirms the repeated explosive activity of both volcanoes during

the Holocene.
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Figure captions

Fig. 1. Location map of some volcanoes of the Southern Volcanic Zone (a). The inset (b)
shows the location of the investigated field sites in the Chaitén village area and the effects of
the 2008 Chaitén eruption.

Fig. 2. Stratigraphic columns of the investigated soil-tephra sequences.

Fig. 3. The studied tephra-layers/soil-horizons sequences before last Chaitén eruption
(February 2005): a) P16 section; b) P18 section; c) P17 section.

Fig. 4. Thin section photographs derived from P17-2Btg (a) and P16-3CBd. In P17-2Btg, the
red clay mass and the spongy, organic-matter rich coatings on pore walls are well visible; a
few black redoximorphic Fe-Mn concentrations are visible as well (frame dimension is 0.5
mm). In P16-3CBd, the compact structureless groundmass is visible, with a few vughs. Fe-Mn

nodules and concentrations are visible as well (frame dimension is 5 mm).
Fig. 5. X-Ray diffraction patterns of P18-AE (a) and P18-5CBd (b) samples.

Fig. 6. Representative minerals, lithics and glasses separated from samples P18-AE and
P18-5CBd (fraction above 250 um). Microprobe analyses are shown in supplementary
materials (Tab. S1 to S5). P18-AE: a) deep-brown amphibole, Ti-rich tschermakite; unzoned
and showing the same features and chemistry as the amphibole found in 2008 Chaitén tephra
(Lowenstern et al., 2008; 2012); b) granodiorite lithic; the assemblage (PI, Kfs, Qz, Hbl, Bt,
[lIm, Mag) and mineral chemistry show strong similarities with P18 bed-rock; c) highly
vesicular fluidal pumice; d) P18-5CBd: lithic of light-green olivine (Fo2,) with glass inclusion
and plagioclase; the olivine single crystals are colorless and have higher forsterite content
(Fo70).

Fig. 7. Chondrite-normalized REE distribution patterns (a, c, €). Primitive-mantle normalized
multi-element (b, d, f) for studied samples. Normalization data are from Sun and McDonough
(1989).

Fig. 8. Cluster dendrogram (average linkage clustering method, euclidean distance) of the

different samples, based on geochemical composition.



Fig. 9. Refractory inter-element ratio plot. Fields of some volcanoes in the SVZ are compiled
from Lépez-Escobar et al. (1993), Mella Barra (2008), Watt et al. (2011), Amigo et al. (2013).
Symbols and fields in color are the studied samples.



Table 4 - Geochemical analyses of studied samples for major elements (at®prid REE (ppm).

Site
Sample

Long. (W)

Lat. (S)
W%
Sio,
TiO,
Al,0,
E szoatot
MnO
MgO
CaO
NaO
K,0
P05
LOI
Sum
TOT/C
CIA
ppm
Cr

Sc
Mo
Cu
Pb
Zn

Ni

As
Au (ppb)
Ba
Be
Co
Cs
Ga
Hf

Nb
Rb

Sr

Ta
Th

U

\%

w

Zr

Y

La
Ce
Pr

Nd

P16 P18 Chaiten (2008 er uption) L ago Pinto Michinmahuida Cor covado
Ah  2Bwh2 2Bt 3CBd 4C 5Csm 4CBd Ah AE 2Bwhl 2Bwh2 2Bth 30a 4Csm 5CBd 6C 7Cs 8CDR-GR CHA-1 CHA-2 CHA-3 LP-1 MIC-1 MIC-2 COR-1
72°42'16" 72°42'53"  72°43'05" 72°42'16" 72°42'52" 72°42'52"  72°1920"  72°25'44" 72°29'18"  72°51'53"
42°54'45" 42°54'39"  42°54'36" 42°54'45" 42°55'03" 42°55'17"  41°51'05"  42°51'14" 42°57'55"  43°14'42"
51.13 28.18 26.81 35.18 43.49 4532 36.11 46.12 52.61 23.44 22771 2237 1474 2155 4125 48.67 43.4 56.78 65.09 74.6 74.37 73.56 70.13 45.95 64320 52.
0.62 171 205 183 154 1.35 1.80 0.96 0.45 1.48 177 186 122 124 182 151 155 135 0.55 0.15 0.13 0.14 0.52 1.54 0.9889 0.
9.93 226 2297 199 1949 18.88 20.40 11.74 9.48 19.47 2132 2154 16.96 1444 19.2 18.00 19.54 157 15.79 14.00 13.79 13.92 13.83 19.66 1536 18.
3.78 1246 1293 13.77 10.65 10.21 12.11 3.87 212 793 450 373 3.82 3255 12.06 10.2 10.06 9.85 5.22 1.46 1.4 1.37 3.17 9.52 6.497 8.
0.05 0.04 0.06 023 0.26 025 0.47 0.05 0.04 004 004 0.04 003 043 022 020 020 0.15 0.10 0.06 0.06 0.06 0.06 0.18 0.0.15
0.59 146 187 392 208 115 3.40 0.60 0.43 1.25 149 147 0.97 160 34 219 108 203 2.13 0.29 0.27 0.28 0.79 21931 5.62
1.34 1.06 155 318 3.85 2.09 3.95 128 151 1.28 170 171 097 115 5.01 453 233 3.67 4.82 1.52 1.36 1.44 2.35 BED 9.25
2.30 095 099 122 262 208 1.62 212 254 085 092 091 052 061 201 312 192 243 3.34 4.14 4.09 4.17 3.9 3.04 4.8804
1.59 048 039 045 0.87 0098 0.42 141 175 0.36 0.28 0.26 018 022 052 107 079 1.07 2.4 3.02 3.13 3.07 3.42 0.84 2.9665
0.13 0.14 0.2 040 049 020 0.59 0.13 0.11 0.17 021 023 017 018 062 046 022 0.08 0.1 0.06 0.05 0.05 0.12 0.41 0.3315 0.
28.4 30.7 300 196 144 172 18.9 316 288 436 449 457 603 258 13.6 9.8 187 6.7 0.3 0.6 1.2 1.8 15 8.00 0.3
99.98 99.89 99.88 99.86 99.89 99.89 99.84 99.95 99.98 99.93 99.92 99.92 99.94 99.85 99.86 99.89 99.91 99.81 99.85 100.01 99.98 99.96 99.94 99.89 9985
11.65 386 355 083 0.34 0.79 0.95 11.71 1419 10.09 11.07 1152 19.62 221 030 0.08 1.14 0.39 0.00 0.12 0.06 0.04 0.1 0.83 0.08
55.56 84.93 8250 70.62 61.39 69.50 66.44 61.52 51.80 8255 81.28 8150 85.77 81.24 59.66 5533 70.31 57.25 48.36 52.15 52.27 52.08 49.00 48827 45.17
27 55 62 62 27 75 48 34 bdl 48 41 41 34 34 48 14 103 bdl bdl bdl bdl bdl bdl bdl bdl 68
6 38 41 38 34 26 37 10 5 31 36 34 27 28 35 31 26 20 13 3 2 9 2 27 19 27
0.5 11 11 0.6 1.4 1.2 1.8 0.5 0.3 0.9 0.6 0.5 0.5 11 0.7 0.8 11 1.2 0.5 0.2 0.3 0.3 0.3 0.3 08 1 0.
6.4 549 444 727 421 211 52.7 7.3 4.1 29.7 39.6 431 255 507 594 365 211 213 9.9 0.3 2.7 4.2 35 92.9 10.8 4 23.
9.3 17.4 162 135 183 17 11.2 9.6 7 11.7 12.8 126 12 95 117 154 176 125 15 1.7 3.3 4 5.4 7.7 53.4 1.8
7 59 65 94 78 62 68 9 12 40 52 58 45 76 73 74 52 35 31 4 6 16 2 58 46 23
25 185 191 279 121 8.8 18.1 2.1 13 9.8 146 164 101 224 214 8.2 5 6.7 bdl 0.4 5.1 7 5.2 13.6 2.6 225
5.4 6.5 4.2 4.8 5.8 5.3 4.7 3.6 15 5.3 3.3 3.3 4.1 5 5.1 5.1 4.6 2.2 0.8 1.3 2.4 0.9 0.9 1.3 1 bdl
6 3.8 2.9 19 254 7.6 0.9 21.9 2 bdl 1.7 0.7 bdl 1.9 1.2 2.2 6.3 bdl 1.9 bdl bdl 17 bdl bdl 0.7 bdl
373 206 211 516 359 719 306 368 453 148 176 200 186 218 356 465 590 482 435 659 656 658 669 335 597 199
1 bdl bdl 2 2 3 2 1 2 1 2 2 1 2 1 3 3 bdl bdl 2 2 2 3 3 3 bdl
2.3 142 163 362 203 19.1 46.7 3.6 2.4 9.0 118 116 104 583 269 172 114 136 11.0 1.0 0.8 6.6 0.9 21.2 57 4 30.
4.0 1.4 1.2 1.7 1.8 2.4 1.7 3.7 4.9 0.9 0.9 1.0 0.9 11 1.4 2.1 1.8 1.6 2.8 7.2 7.1 4.3 7.4 16 33 8 0.
14.0 221 243 208 21.7 245 21.9 177 122 209 228 232 217 163 199 230 281 251 14.7 13.2 12.9 15.7 12,5 19.2 18.24 16.
3 6 6.9 55 8.9 8.6 5.7 4.1 3.2 55 6 6.1 5.8 45 59 10.9 8.7 3.8 4.1 3.7 33 6.6 3.6 4.9 9.7 2.2
8.3 11 134 104 171 16 10.6 10.5 8.1 9.7 105 111 115 7.7 102 193 162 9.9 4.8 8.6 8.6 6.4 17.9 9.2 16.7 2.8
58 17 11 13 23 32 12 59 73 12 8 7 10 6 15 31 25 27 74 110 110 94 109 23 68 15
113 88 114 181 256 177 221 129 145 99 126 141 181 88 287 288 231 207 254 150 142 258 147 439 285 389
0.6 0.9 1 0.6 1 11 0.7 0.8 0.6 0.6 0.6 0.6 0.6 0.5 0.6 0.9 11 0.6 0.4 0.9 0.9 0.5 4.4 0.6 11 0.2
8.1 6.3 6 4.7 87 112 4.3 9.5 8.9 6.0 4.9 5.1 5.1 3.6 4.5 9.1 9.1 6.8 7.3 12.6 135 10.6 12.8 3.8 8.4 2.1
2.6 1.8 1.6 1.2 2.1 3.2 15 2.7 2.6 17 1.4 1.4 11 0.9 1.4 2.2 3.2 21 1.2 3.5 3.7 2.6 3.7 12 25 5 0.
72 276 346 276 178 223 286 114 49 276 261 214 269 268 258 181 234 239 106 bdl bdl 86 bdl 222 29 217
3.0 15 1.0 0.7 15 2.8 0.8 3.1 3.1 11 0.8 0.8 0.9 0.6 1.0 1.7 2.0 1.8 bdl 4.7 4.6 1.7 4.2 bdl 15 bdl
102 226 242 213 361 306 208 140 98 205 209 220 222 170 212 405 304 153 134 105 99 220 110 182 366 82
11.3 204 285 285 436 538 39.8 123 109 250 319 304 250 279 448 644 659 60.7 20.1 11.9 12.1 26.0 11.3 36.9 5243 17.
16.6 10.6 108 178 246 326 22.6 16.2 17.2 13.9 19.0 187 143 188 236 359 358 423 18.4 23.9 24.0 235 21.7 19.0 32.8.8
33 379 448 648 101.8 1327 101.6 347 338 443 57.0 527 408 665 711 969 787 466 37.0 475 475 475 48.9 50.3 728.4
3.55 514 6.33 6.4 8.68 11.27 7.27 376 371 542 654 632 488 546 795 11.33 10.56 10.28 4.18 4.88 4.94 4.89 5.82 6.83 9.2.76
13.1 244 288 285 384 496 32.0 150 127 24.1 29.1 293 219 239 347 487 450 411 16.7 17.6 17.0 17.6 24.1 30.3 4313.4



Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu

bd! - below detection limits

2.08
0.49
1.95
0.32
1.87
0.36
1.04
0.17
1.19
0.18

5.72
1.54
5.35
0.89
5.34
1.05
3.08
0.50
3.35
0.51

7.36
2.08
7.28
121
7.16
1.47
4.38
0.66
4.52
0.69

5.97
1.70
5.92
0.99
5.84
1.18
3.32
0.52
3.52
0.51

8.48
2.25

8.3
1.39
8.49

1.7
5.00
0.76
5.32
0.78

10.56
2.47
10.63
1.73
10.34
2.09
6.34
0.97
6.66
1.00

7.12

1.9
7.13
1.22
7.22
1.47
431
0.65
4.26
0.64

2.49
0.68
2.36
0.41
2.27
0.43
1.25

0.2
1.44
0.21

211

0.5

1.8
0.31
1.68
0.33
1.08
0.17
117
0.19

5.5
1.52
5.43
0.95
5.17
1.04
2.97
0.44
2.88
0.42

6.59
1.84
6.59
1.12
6.67
1.33
3.65
0.56
3.52
0.51

6.06
1.75

6.3
1.08
6.01
1.22
3.36
0.48
3.17
0.45

4.91
1.46

5.1
0.87
5.18
1.02

2.8
0.42
2.78
0.41

5.00
1.39
5.07
0.87
4.83
1.01
2.99
0.43
2.88
0.42

7.4
1.98

7.9
1.28
7.49
157
4.45
0.63
4.26
0.64

10.45
2.49
10.51
1.78
10.48
2.19
6.74
0.99
6.49
1.01

8.84
2.09
9.81
1.63
9.44
2.01
6.00
0.87
5.52
0.88

9.23
212
10.49
1.54
8.68
2.00
6.03
0.85
4.77
0.83

3.41
0.91
3.35
0.53
3.38
0.75
2.16
0.32
2.24
0.36

2.55
0.5
2.05
0.33
1.87
0.38
1.15
0.18
1.28
0.21

2.56
0.47
1.92
0.34
1.86
0.38
1.2
0.17
1.32
0.21

2.61
0.48
1.88
0.32

1.87
0.36
1.16

0.2

1.29

0.21

4.61
0.98
4.35
0.73
431
0.93
2.85
0.43
2.84
0.46

6.81
1.76
6.764
1.1
6.2
1.383
3.76
0.56
3.648
0.536

8.2.91
2.@r95
8. 3.06
1.4853
8.3.21
1.0.65
5.4392
0.8429
5.1.94
0.0.29




Table 5 - Radiocarbon dates for the Chitén area

. ——
Site No. Location Sample No. Radiocarbon age, *Calibrated age range,

years BP {10) cal. years BP
P16 W72°42'16"/S42°54'45" P16-5Csm 8280 9397-8998
P17 W72°42'53"/S42°54'39" P17-4CBd 7680 8558-8317
P18 W72°43'05"/S42°54'36" P18-Ah %21 454-304
P18-AE 132@30 1283-1087
P18-7Cs 911660 10407-9935

*Calibrated using OxCal4.2 (Bronk Ramsey and L&4,3 and the Southern Hemisphere calibration
curve SHCal04 (McCormac et al., 2004), BP referngetars before 1950 A.D.



Tab.1: Coordinates of described soil/tephra sections and rock sampling sites

Sample Long. Lat. Sample type & Location Elevation

[° W] [°S] [m asl]
P16 72°42'16"| 42°54'45' soil section — north Chaitdlage 25
P17 72°42'53"| 42°54'39" soil section — La Tranquera 49
P18 72°43'05"| 42°54'36]" soil section — Piedra B&anc 22
CHA-1 | 72°42'16"| 42°54'457 ash - Piedra Blanca 25
CHA-2 | 72°42'52" | 42°55'03] pumice - Puente Los Gsgio 2
CHA-3 | 72°42'52" | 42°55'17 coarse pumice - southit&havillage 5
LP-1 72°19'20" | 41°51'05] rhyolite - Lago Pinto Chac 915
MIC-1 | 72°25'44" | 42°51'14" dacite - Michinmahuida 003
MIC-2 72°29'18" | 42°57'55' stream sediment - Michaimida 271
COR-1 | 72°51'653"| 43°14'42"" basalt - Corcovado 42




Tab. 2: Morphological and physical properties of soil/tephra sections. *

(10YR3/2)

phytorelicts and common lapilli

Profile Horizon Depth Munsell colour (dry) Horizon boundary Field description Structure ConS|s_tence Cementation
or layer (cm) (moist)
. black . ) . ) not cemented nor
0i 5-0 (10YR 2/1) abrupt and smooth litter of fresh vegetal fibres laminar friable compacted
B very dark brown . . . weak and . not cemented nor
Ah 0-30 (10YR 2/2) clear and smooth organic matter-rich modern horizon granular friable compacted
dark brown - . blocky and . not cemented nor
2Bwhl 30-50 (10YR 3/3) clear and smooth buried weathered horizon subangular friable compacted
brown . . - blocky and . not cemented nor
2Bwh2 50-75 (10YR 4/3) abrupt and smooth buried weathered horizon withlilghosts subangular friable compacted
) dark yellowish brown S . . . - blocky and . not cemented nor
2Bt 75-125 (10YR 4/4) abrupt and wavy buried illuvial horizon with clagatings and lapilli ghosts subangular friable compacted
P16 very dark greyish brown
} (10YR 3/2) moderately weathered dense cineritic  layer ithblocky and continuos compacted
3CBd 125-245 and light brown abrupt and wavy phytorelicts(hardpan) angular hard but not cemented
(7.5YR 6/4)
} brown weathered reddish and black lapilli low to moderat@stant tq . broken compacted
4C 245-265 (7.5YR 4/4) abrupt and smooth excavation massive very hard but not cemented
5Csm 265-270 brown abrupt and smooth ferruginous pan of weatheredlilapi massive slightly hard moderately cemented
(10YR 4/3)
i grey . . not cemented nor
6C 270-275 (10YR 5/1) abrupt and wavy weathered grey ash single grain loose compacted
R 275-350+ - - greyish metapelites - bedrock - - -
. black . ) . ) not cemented nor
0] 3-0 (10YR 2/1) abrupt and smooth litter of fresh vegetal fibres laminar friable compacted
very dark brown moderate not cemented nor
Ah 0-35 (10YR 2/2) clear and smooth organic matter-rich, high poroodem horizon blocky friable compacted
subangular
. blocky
l yellowish brown . e . ) . not cemented nor
2Bwh1l 35-52/53 (10YR 5/3) gradual and smooth buried with infilled burrows atiered horizon subanntﬁglrar/grc friable compacted
] brown buried weathered horizon with fine concentrationoofanic| blocky and . not cemented nor
2Bwh2 52/53-80 (10YR 5/4) clear and smooth matter subangular friable compacted
2Bth1 | 80-110 brown clear and smooth | buried illuvial horizon with femall lithics Q‘SE’S?@Z& slightly hard not cemented nor
P17 (10YR 4/3) prismatic compacted
dark grayish brown L . . moderate to not cemented,
2Bth2 110-150 (10YR4/2) clear and smooth ltthl:]rilcedhlgggal horizon with few rusty mottles armbmmon strong blocky firm moderately
9 subangular compacted
dark brown moderate to compacted but not
2Bth3 150-230 (10YR3/3) abrupt and smooth buried illuvial horizon with igdime lithics strong coarse firm cpe mented
prismatic '
. moderate to
2Btgd 230-340 dark brown (10YRS3/3) with abrupt and irregular buried illuvial gleyed horizeith common lapilli ghosts strong coarse firm compacted but not
many rusty mottles prismatic cemented,
3CBd 340-380+ very dark grayish brown unknown hardpan - moderately weathered dense cineriticr layih massive hard continous compacted

but not cemented




(Table 2 continued)

Horizon

Depth

Consistence

Profile o layer (cm) Munsell colour (dry) Horizon boundary Field description Structure (moist) Cementation
. black . ) . . not cemented nor
Oi 2/5-0 (10YR 2/1) abrupt and smooth litter of fresh vegetal fibres milzar friable compacted
’ very dark brown : . : weak and : not cemented nor
Ah 0-9 (10YR 2/2) clear and smooth organic matter-rich modern horizon granular friable compacted
B very dark greyish brown o . . weak and . not cemented nor
AE 9-30 (10YR 3/2) clear and wavy very rich in organic matter modesrizon granular friable compacted
dark brown . . . : blocky and . not cemented nor
2Bwh1l 30-100 (10YR 3/3) clear and smooth buried organic matter-rich weathéorizon subangular friable compacted
brown . . . . blocky and . not cemented nor
2Bwh2 | 100-135 (10YR 4/3) clear and wavy buried organic matter-rich weathéyariizon subangular friable compacted
) dark yellowish brown : ; g it 8 ) .1 blocky and : not cemented nor
2Bth 135-180 (10YR 4/4) abrupt and wavy buried organic matter-rich illuiakizon with some argillang subangular friable compacted
very dark greyish brown
i (10YR 3/2) . . . . . not cemented nor
b18 30a 180-182 and light brown abrupt and wavy buried organic horizon laminar alfte compacted
(7.5YR 6/4)
4Csm 182-185 @ g:%v 2 14) abrupt and smooth Fe cemented ash layer massiye ry hael continuos cemente
brown L . compacted but not
5CBd 185-292 (10YR 4/3) abrupt and smooth moderately weathered densetairlagier hardpan massive hard cemented
grey
6Cr 292-306 (10YR 5/1) abrupt and wavy weathered grey lapilli low to maderresistant to excavation single grain loose not cemented nor
and strong brown compacted
(7.5YR 5/6)
dark reddish brown : : . ; continous weakly
7Cs 306-325 (5YR 3/3) clear and wavy reddish ferruginous ash massive htsligpard cemented
} dark yellowish brown . granodiorite alterite mixed with weakly weathefgcey) . . . not cemented nor
8C 325-345 (10YR 4/4) abrupt and irregular volcanic ash with some rock fragments single grain friable compacted
R 23& - - sheep-back shaped granodiorite - bedrock - - ontilcuos hard rock|

* Descriptions according to FAO (2006) and Schoerggeet al. (2012)



Tab.3:

Chemical characteristics of P16, P17 and P18 sections

_ pH pH Organic Exch. bases Basé Al Al, Fe Fey Fe, Fe, Fe, Fe, | (FesFey)
Horizon Matter CEC =
Section - -+ -+ N + | sat o & | Fa | Fa Fe
layer Depth (H20) | (NaF) Ca Mg Na K total | oxalate | total | dithionite | oxalate
(cm) (gkg™) (cmokkg™) (%) (gkg?) %
Ah 0-30 42 9.6 141| 36.90| 1.10| 0.58| 0.23| 0.17| 6 6.4 7.0 264 13.5 11.9| 0.88| 0.61| 0.45 6.3
2Bwh2 | 50-75 5.5 11.0 35| 18.30| 0.56| 0.26| 0.12| 0.03| 5 38.1 19.3| 87.1 31.6 3.1| 0.10| 0.41| 0.04| 32.6
P16 2Bt 75-125 54 11.1 33| 18.60f 0.37( 0.13| 0.06| 0.03| 3 37.8 19.6| 904 34.7 3.8] 0.11| 0.44| 0.04 34.1
3CBd | 125-245 54 110 8| 23.80|] 0.90| 0.23] 0.21| 0.08] 6 28.1 18.4| 96.3 22.3 7.7 0.35| 0.26| 0.08 15.1
4C 245-265 57 10.6 3| 18.70| 0.80| 0.22| 0.10{ 0.06] 6 28.9 13.9| 745 13.1 7.8 0.59| 0.16| 0.10 7.1
5Csm | 265-270 54 10.6 7| 25.40| 1.30{ 0.47| 0.27| 0.20| 9 495 141 714 32.8 13.3| 0.41| 0.45| 0.19 27.3
Ah 0-35 53| 11.6 77| 38.30| 0.51| 0.17| 0.10| 0.07| 2 35.3 18.5| 53.6 20.7 18.1| 0.82| 0.39] 0.34 4.8
2Bwh1 | 35-52/53 53| 11.4 61| 33.50| 0.62| 0.27| 0.04| 0.02| 3 32.6 18.5| 57.1 23.7 13.7| 0.58| 0.41| 0.24| 17.6
2Bwh2 | 52/53-80 55| 11.4 49| 29.00, 0.83| 0.28| 0.06| 0.02| 4 32.9 18.9| 58.6 245 10.9| 0.45| 0.43| 0.19| 23.2
P17 2Bth1l | 80-110 5.6/ 11.1 37| 24.20| 0.58| 0.21| 0.05| 0.02| 3 38.6 20.2| 62.9 26.3 7.2| 0.27| 0.42| 0.11] 30.5
2Bth2 | 110-150 5.8/ 11.0 31| 23.10| 0.82| 0.55| 0.09| 0.02| 6 34.9 18.7| 70.6 254 6.2| 0.24| 0.36| 0.09| 27.3
2Bth3 | 150-230 5.8/ 11.0 27| 22.60| 0.47| 0.16| 0.21| 0.05| 4 49.0 18.5| 68.2 27.1 5.3| 0.20| 0.37| 0.08] 31.9
2Btgd | 230-340 5.8/ 11.0 32| 23.00| 0.48| 0.17| 0.11| 0.03| 3 45.7 19.1] 93.0 39.9 5.1 0.13| 0.45| 0.05| 374
3CBd | 340-380 5.7| 10.8 10| 26.30| 1.22| 0.23| 0.11] 0.07| 6 32.3 17.2| 84.7 18.7 6.0/ 0.32| 0.22| 0.07| 15.0
Ah 0-9 44| 10.8 99| 27.80| 0.75| 0.25| 0.17| 0.10| 5 36.9 115/ 27.1 8.9 7.8/ 1.00| 0.28| 0.29 4.1
AE 9-30 37 7.1 140| 34.10| 4.15| 1.05| 0.30| 0.30| 17 21.9 2.0l 1438 2.2 1.6| 0.97| 0.11| 0.11 4.0
2Bwh1 | 30-100 48 115 97| 29.10| 0.29| 0.12| 0.07| 0.03| 2 43.5 17.7| 55.5 17.3 12.7| 0.73] 0.32| 0.23 8.4
2Bwh2 | 100-135 49 116 100| 43.00{ 4.51| 0.34| 0.10| 0.02| 12 42.0 17.9| 315 7.4 5.1 0.70| 0.20| 0.16 7.1
P18 2Bth | 135-180 49 116 112| 54.30| 0.59| 0.16| 0.09| 0.01| 2 44.9 17.6| 26.1 4.1 1.8| 0.44| 0.12| 0.07 8.8
30a | 180-182 54 117 196| 68.10| 2.40| 0.33| 0.20| 0.06| 4 33.3 18.3| 26.7 7.3 6.2| 0.85| 0.23| 0.23 4.1
4Csm | 182-185 55 10.7 21| 33.70| 1.22| 0.28| 0.14| 0.08 5 28.5 12.6| 227.7 142.9 32.4| 0.23| 0.61| 0.14| 485
5CBd | 185-292 5.4 10.3 2| 15.50| 1.63| 0.30| 0.19| 0.10| 14 35.7 10.0| 844 14.0 10.8| 0.77| 0.17| 0.13 3.9
6C 292-306 59 97 1| 10.20f 1.95| 0.43| 0.17| 0.18| 27 19.7, 8.0 71.3 11.4 5.7| 0.50| 0.16| 0.08 7.9
7Cs 306-325 5. 10.2 10| 29.50| 4.57| 0.89| 0.48| 0.58| 22 49.6 13.0| 704 30.3 12.3| 0.41| 0.44| 0.17| 25.6
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Highlights

* Modern soils, paleosols and tephra have been studied in a volcanic area in Chilean
Patagonia

* The integrated approach of pedology, micromorphology, geochemistry and mineralogy
has allowed to reconstruct the evolution of soils and to recognize their genesis from
pyroclastic materials coming from two different eruptive centers

« The validity of the evolutionary model was ascertained by comparing the dates
measured by *C in the different soils studied, with the chronology of volcanic events
recognized by recent geological studies in the area



